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INTRODUCTION: Bachman's Sparrow, 
formerly known as the Pinewoods Sparrow, 
was described in the 1830s by John J. 
Audubon in honor of his colleague, John 
Bachman, who collected the first specimen 
in South Carolina in April 1832 (Bent 1968). 
The scientific name translates to "a summer, 
thicket-loving bird". This describes the 
species fairly well since it is most often 
heard in the "summer" months and is not 
often seen because it is "thicket-loving". 
This species is best located by its rich, 
melodic song which is usually a two part 
song made up of a clear whistle followed by 
a long trill on a different pitch, which is sung 
from early February through September. It is 
the only species of the genus Aimophila that 
occurs throughout the pineywoods ecoregion 
of the southeastern United States (Wolf 
1977).  

DISTRIBUTION: In Texas, the Bachman's 
Sparrow occurs only in the far eastern 
portion of the state (Oberholser 1974, T. O. 
S. 1995). The TBBAP data indicate that the 
breeding range of this species is within an 
area bound by  

I-30 to the north, the Trinity River to the 
west, I-10 to the south and the Louisiana 
border to the east. Within this area, this 
sparrow inhabits areas described as either 
open, mature pine (Pinus sp.) forests with a 
grassy understory, regenerating pine 
clearcuts (1-7 years post replanting), or open 
grassy habitat (Brooks 1987, LeGrand and 
Schneider 1992, Dunning 1993). In Texas, 
Bachman's Sparrow is most abundant in 
forests on the south side of the Angelina 
National Forest (personal observation). 
These areas are managed for open longleaf 
pine (P. palustris) savannah that the Red-
cockaded Woodpecker (Picoides borealis) 
frequents. Here, frequent prescribed burning 
maintains the preferred and historical grassy 
understory among the mature longleaf pines. 

SEASONAL OCCURRENCE: The 
Bachman's Sparrow is a permanent resident 

 
Image by Greg Lasley 

photographed 12 September 1991. These 
latter dates appear to be quite late for the 
species, but a very wet and rainy spring and 
summer may have contributed to these late 
nesting bouts or a second nesting attempt.  

BREEDING HABITAT: The Bachman's 
Sparrow prefers areas with a high density of 
herbaceous cover and a low density of mid 
and overstory (Hardin et al. 1982). The 
pineywoods portion of the southeastern U. 
S. with its historically vast, mature, open 
pine forests and savannahs maintained by 
frequent fires, was where this species once 
thrived (Jackson 1988). Today with the 
dramatic decline of this forest type, this 
sparrow seems to tolerate treeless, grassy 
areas, abandoned fields, or early stages of 
regenerating clearcuts (Hardin and 
Probasco 1983, Wan A. Kadir 1987, 
Dunning and Watts 1991, Dunning 1993).  

The nest of the Bachman's Sparrow is 
usually a dome-type ground nest made of 
woven grasses (Wolf 1977, Meanley 1989, 
Dunning 1993). Finding the nest of this 
skulking species can be difficult since it is 
usually located at the base of a clump grass 
like bluestem (Schizachrium sp.) or 
broomsedge (Andropogon sp.) where it 
blends in perfectly with the surrounding 
ground cover.  
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that sings very early in the year. From 
October through January, it is usually silent 
and secretive, but it can usually be flushed 
by walking through its preferred habitat. 
Only 13.5% of the 37 TBBAP records 
represent confirmed breeding records; the 
remainder include 45.9% probable breeding 
records and 40.5% possible breeding 
records. All five confirmed records were 
from the Angelina National Forest (latilong 
31094).  

Territory sizes in Florida (n = 6) averaged 
5.1 ha (12.5 acres), while singing males with 
unknown territories were found at one male 
per 33 ha (1.2/100 acres) (McKitrick 1979). 
In the Missouri glades, Hardin et al. (1982) 
mapped 13 territories that averaged 0.62 ha 
(range 0.3-1.3 ha). In 1993 in Texas, 
Shackelford (unpubl. data) censused 
Bachman's Sparrows in the Angelina 
National Forest and found an average of one 
singing male per 36.8 ha (1.1/100 acres) 
from February through August, but the peak 
was on 24 March with one singing male per 
21.5 ha (1.9/100 acres).  

Oberholser (1974) states that nesting occurs 
from mid-April to late July. TBBAP data 
confirmed one nest with eggs in 1990 on 9 
May, while three were located in 1991 on 13 
and 26 April and 4  May. The fifth 
confirmed breeding record was a family 
group with fledged young that was

STATUS: The Bachman's Sparrow is 
declining throughout its range (Tate 1986, 
Sauer et al. 1996) especially in Texas where 
populations are fragmented and disjunct. 
This species occurs in open forests that are 
constantly logged due to the high value of 
wood products. The suppression of fire has 
diminished the amount of native grasses as 
important understory to this species. The 
conversion of preferred grassy habitats to 
agricultural fields comprised of non-native 
grasses maintained by grazing or mowing is 
probably detrimental to the existence of this 
sparrow.  

Pine plantations (regenerating clearcuts) 
seem to accommodate the Bachman's 
Sparrow for a short period until the young 
trees grow too dense (Liu et al. 1995). 
These areas would need to remain in the 
early seral stage of regeneration if deemed 
important to this sparrow, which is 
impractical from a management standpoint. 
This ephemeral, open habitat resembles the 
grass-forb layer of the pine savannah 
habitat in the fire disclimax, longleaf pine 
ecosystem which once dominated the 
southern uplands and is the preferred 
nesting habitat of the Bachman's Sparrow in 
the South. 

Text by Clifford E. Shackelford (ca. 
1997) 
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WHITE-TAILED HAWK 

Buteo albicaudatus  
White-tailed Hawk, one of the most 
attractive of the Buteo species, is essentially
a Texas specialty for United States birders. It 
is accidental at best in Arizona with an 1897 
breeding record considered questionable. 
Even in adjacent Sonora, Mexico this hawk 
is rare with no breeding evidence (Munson 
1998). 

White-tailed Hawks feed on a variety of 
mammals, birds, reptiles, amphibians, 
insects and other arthropods. Hunting is 
usually done from perches and starts as early 
as an hour after sunrise and may continue as 
late as sunset. These hawks also search for 
prey while hovering. Prey items range from 
birds as large as Northern Bobwhite (Colinus 
virginianus) to insects captured in the air 
(Farquhar 1992).   
DISTRIBUTION. During the 1987-1992 
field work seasons of the TBBA project, 
atlasers found 21 confirmed,  28 probable 
and 39 possible breeding sites for White-
tailed Hawks south of the 30th parallel, east 
of the 100th meridian and west of the 95th

meridian. Most of these were in the Coastal 
Sand Plain, Coastal Prairies and South Texas 
Brush Country regions (see the region map 
in Lockwood and Freeman [2004]). The 
highest North American Breeding Bird 
Survey route averages came from Brazos 
(1.9), Kleberg (1.2) and Brooks (1.0) 
counties (Price et al. 1995). 

Outside Texas the range of this hawk 
extends locally through Mexico, Central and 
South America (east of the Andes) to central 
Argentina (Howell and Webb 1995, Am. 
Ornithol. Union 1998). 

SEASONAL OCCURRENCE. White-tailed 
Hawks are resident in their range and breed 
in Texas  from late January to July or even 
late August, based on egg collection dates of 
February 1 to August 4 (Oberholser 1974, 
Lockwood and Freeman 2004). 
 
BREEDING HABITAT. In Texas these 

Image needed 

(12 ft) and canopy diameters averaging 5.5 
m (18 ft). Crested Caracaras (Caracara 
cheriway), also nesting in savannas, chose 
taller trees and shrubs with broader and 
denser canopies. Red-tailed Hawks (B. 
jamaicensis) nest in woodlands adjoining 
these savannas (Actkinson et al. 2007).   

The nest is loosely constructed of dried 
branches, twigs ,grasses and forb stems. The 
flat, elliptical nest is, about 46.5-54 cm 
(18.5-21.5 in) in outside dimension and 8 cm 
(3 in) cup depth. Additional nests may be 
built and not used.  In this cup the female 
usually lays 2 (range 1-4) dull white, usually 
unmarked, eggs at 1-2 day intervals. Most 
incubation is done by the female and takes 
about 31 days, starting with the laying of the 
first egg. The young remain in the nest about 
7 weeks, then stay with their parents for as 
long as 7 months or until the next breeding 
season. Incubating birds usually leave their 
nest when a human is still far away, either 
disappearing or soaring high overhead 
(Harrison 1979, Farquhar 1992). 
 
STATUS. White-tailed Hawks are currently 
considered uncommon to locally common in 
Texas (Lockwood and Freeman 2004) and 
fairly common to uncommon, but local, in 
Mexico (Howell and Webb 1995). The 
TBBA map lacks the furthest inland 
breeding locations shown on the map 
in Oberholser (1974). Although the breeding 
range may have decreased since historic 
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hawks breed from near sea level to about 50 
m (160 ft) elevation (Oberholser 1974). On 
the Coastal Sand Plain of south Texas, 
White-tailed Hawks nest in savannas in short 
trees and shrubs with average heights of 3.5 
m  

times, many of the population and  range 
changes described by Oberholser (1974) and 
Farquhar (1992) have been at least partly 
reversed. 

Text by Robert C. Tweit (2008) 
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Allens Creek Reservoir

Allens Creek Reservoir is a planned water storage
lake permitted for construction on Allens Creek, a
tributary of the Brazos River, in Austin County. The
permit to build the lake was originally issued to
Houston Lighting and Power (Reliant Energy) in 1974
by the Texas Natural Resource Conservation
Commission, now known as the Texas Commission
on Environmental Quality (TCEQ).

The reservoir was originally to have served as a
cooling lake for a nuclear power plant. When Reliant
Energy abandoned plans to construct the nuclear
power plant at the Allens Creek site in the 1980's, the
property was purchased by the City of Houston and
the Brazos River Authority with the purpose of
building a water storage reservoir.

The new reservoir will provide water to meet the
future needs of the City of Houston and surrounding
communities. When complete, the reservoir will
supply 92,000 acre-feet of water supply and access
to water recreation for the area. Swimming, boating,
fishing and camping facilities will be available to the
general public. Construction is expected to begin by 2018.
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Allens Creek Reservoir 

Allens Creek Reservoir is a planned water storage 
lake permitted for construction on Allens Creek, a 
tributary of the Brazos River, in Austin County. The 
permit to build the lake was originally issued to 
Houston Lighting and Power (Reliant Energy) in 1974 
by the Texas Natural Resource Conservation 
Commission, now known as the Texas Commission 
on Environmental Quality (TCEQ).  

The reservoir was originally to have served as a 
cooling lake for a nuclear power plant. When Reliant 
Energy abandoned plans to construct the nuclear 
power plant at the Allens Creek site in the 1980's, the 
property was purchased by the City of Houston and 
the Brazos River Authority with the purpose of 
building a water storage reservoir.  

The new reservoir will provide water to meet the 
future needs of the City of Houston and surrounding 
communities. When complete, the reservoir will 
supply 92,000 acre-feet of water supply and access 
to water recreation for the area. Swimming, boating, 
fishing and camping facilities will be available to the 
general public. Construction is expected to begin by 
2018.  
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Allens Creek Reservoir

Allens Creek Reservoir is a planned water storage
lake permitted for construction on Allens Creek, a
tributary of the Brazos River, in Austin County. The
permit to build the lake was originally issued to
Houston Lighting and Power (Reliant Energy) in 1974
by the Texas Natural Resource Conservation
Commission, now known as the Texas Commission
on Environmental Quality (TCEQ).

The reservoir was originally to have served as a
cooling lake for a nuclear power plant. When Reliant
Energy abandoned plans to construct the nuclear
power plant at the Allens Creek site in the 1980's, the
property was purchased by the City of Houston and
the Brazos River Authority with the purpose of
building a water storage reservoir.

The new reservoir will provide water to meet the
future needs of the City of Houston and surrounding
communities. When complete, the reservoir will
supply 92,000 acre-feet of water supply and access
to water recreation for the area. Swimming, boating,
fishing and camping facilities will be available to the
general public. Construction is expected to begin by 2018.
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Power Plants

View map

Freestone Energy Center

The Freestone Energy Center is a natural gas-fired combined-cycle
facility located on approximately 506 acres near Fairfield, Texas. The
plant was Calpine’s first facility built in the northern part of the Electricity
Reliability Council of Texas (ERCOT) market.

The Freestone Energy Center consists of four combustion turbines, four
heat recovery steam generators and two steam turbine generators,
configured in two largely independent power blocks. The construction of
the plant was coordinated and managed by Calpine using a general
contractor.

The Freestone Energy Center sells the power it generates to Calpine
Energy Services. The facility interconnects to the Oncor transmission
system. Freestone employs 26 full-time employees, many of whom were
hired locally from the surrounding community.

In 2009, the plant was granted Bronze-level membership status in the
Clean Texas Program, sponsored by the Texas Commission on
Environmental Quality (TCEQ). Clean Texas provides recognition for
companies who serve as leaders among Texas workplaces that seek to
achieve significant environmental results, create environmental
awareness and protect air, water and land resources in Texas.

Location: Freestone County, TX

Commercial Operation Date: July 2002

Baseload Capacity: 1036 megawatts

Baseload Capacity with Peaking: 1036 megawatts

http://www.calpine.com/power/map.asp
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Ownership: Calpine 100%

Technology: Natural gas-fired, combined-cycle

Turbines: GE combustion, GE steam

NERC Region: ERCOT



CPS Energy Outlines Its Commitment to Sustainability

http://windtricity.com/About_CPS_Energy/News_Features/News/012009_sustainability_NR.asp[2/17/2009 10:56:19 AM]

“CPS Energy is transforming itself from a company focused on providing low-cost power to a company
providing competitively priced power from a variety of sustainable sources,” said Steve Bartley, deputy
general manager, in a presentation today to the CPS Energy Board of Trustees.

To back up its commitment to sustainability, Bartley said CPS Energy already has spent $369 million on
sustainability-related projects and plans to allocate another $5.3 billion in the next 12 years. 

“All together, that’s $5.7 billion committed to sustainability in the not-too-distant future,” he said.  “This
commitment is at the core of Vision 2020, our plan for transitioning CPS Energy to a stronger, more-
sustainable company in the long run for the benefit of our customers.

“Sustainable energy development is development that meets our current needs without compromising the
ability of future generations to meet theirs.  CPS Energy will uphold its commitments to environmental
responsibility, social equity and economic viability, and still provide reliable and competitively priced
energy to our community.”

San Antonio Mayor Phil Hardberger, one of five members of the Board of Trustees, lauded CPS Energy
for the direction the company is taking toward sustainability.

“CPS Energy definitely has an important role to play in the community-wide sustainability initiative that
we have been coordinating at the City of San Antonio,” Mayor Hardberger said.  “I’ll share specifics of the
overall plan later this month, but I’m very pleased to see that CPS Energy is making a significant financial
commitment to sustainable energy development.”

Bartley, who will soon name a CSO (chief sustainability officer) for CPS Energy, said the company is
making substantial sustainability progress on multiple fronts:

Energy efficiency/conservation – The Save for Tomorrow Energy Plan (STEP) aims at saving
771 megawatts (MW) – the equivalent of a large electrical generating unit – by 2020.  To achieve
this ambitious goal, CPS Energy is committing millions of dollars to customer incentives and
rebates for the installation of high-energy-efficiency appliances, lighting, insulation, etc.
Renewable energy – CPS Energy’s renewable energy portfolio of wind, landfill  gas and solar
exceeds 500 MW and currently equates to more than 11 percent of peak demand.  Among
municipally owned utilities, CPS Energy ranks number 1 nationally in wind capacity.  Meanwhile,
the company plans to acquire100 MW of solar-generated electricity.  Thus, CPS Energy is well on
its way to achieving a lofty goal – renewable-energy capacity equal to 20 percent of peak demand
by 2020 – that will further solidify the company’s position as a national leader. 
Environmental commitment – In addition to equipping the coal-fired power plant it has under
construction with the latest in emissions-control systems, CPS Energy is upgrading existing
generating units that use coal units and natural gas.  The total financial commitment for these
environmental initiatives approaches a billion dollars.
Smart grid – This year, CPS Energy will begin installing advanced electric and gas meters that
will provide a two-way communications link between the company and the customer’s premises. 
Such technology will make it possible for new rate structures such as time-of-use that will help
customers better control their energy use and enable CPS Energy to better manage energy
demand.
Compliance with state energy conservation programs – In 2001, Texas Senate Bill  5
encouraged public entities like CPS Energy to reduce electric use by 5 percent each year for five
years.  The company was one of only a handful to achieve that goal.  Now Senate Bill  12 is
calling for further reductions of 5 percent a year over a six-year period.  In the past two years,
CPS Energy has trimmed its electric use by 16 percent.
Energy research and development – CPS Energy has an R&D staff that researches new
developments that might be applicable for the Greater San Antonio area.  For example, the staff is
working with a builder on constructing Peak Performance Homes that will help homeowners
drastically reduce energy use.  They are also involved in a utility-scale energy storage project as
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well as renewable-energy projects such as a large commercial solar installation as part of the
Pearl Brewery redevelopment. 
Other sustainability-related initiatives – CPS Energy has formed a Sustainability Council to
make company operations more sustainable as well as a Water Planning Committee and a Solar
Committee.  The company already has aggressive materials recycling and wastewater recycling
programs; it has tree-planting and anti-pollution programs (for example, Mow Down Smog that
offers customers rebates to purchase non-polluting lawn equipment); and it has a
decommissioned power plant (Mission Road) that’s being redeveloped in conjunction with San
Antonio River improvements.  Furthermore, CPS Energy is in the midst of compiling a detailed
carbon inventory.

“We believe we have a strong commitment to sustainability that’s embodied in our Vision 2020 strategic
planning initiative,” Bartley said.  “We will continue to firm up our sustainability goals and request approval
for future funding from our Board of Trustees and ultimately the San Antonio City Council.”

CPS Energy is the nation's largest municipally owned energy company providing both natural gas and
electric service. Acquired by the City of San Antonio in 1942, the company serves approximately 690,000
electric customers and almost 320,000 natural gas customers in and around America's seventh-largest
city. CPS Energy ranks among the nation's lowest-cost energy providers, owns the highest financial
ratings of any electric system in the U. S., and stands number 1 in wind-energy capacity among
municipally owned utilities across the country.
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The Mammals of Texas - Online Edition 

Red Wolf 
Order Carnivora : Family Canidae : Canis rufus Audubon and Bachman 

Description. A rather small, slender, long-legged wolf resembling the coyote in color but often blackish; typically larger, 
with wider nose pad, larger feet and coarser pelage; smaller and more tawny than the gray wolf. Dental formula as in the 
coyote. External measurements of an adult male: total length, 1,473 mm; tail, 362 mm; hind foot, 235 mm; a female, 1,448-
355-216 mm. Large males weigh 30-40 kg; large females 20-30 kg. 

Distribution in Texas. Formerly, red wolves ranged throughout the eastern half of Texas but their numbers and range 
quickly declined under pressure of intensive land use in the region. Also, early lumbering and farming practices 

allowed the coyote to expand its range into East Texas; hybrid offspring of interbreeding red wolves and coyotes more 
closely resembled coyotes and the genetic identity of the red wolf was gradually suppressed. 

In 1962 Howard McCarley, who had assiduously searched for them in East Texas for several years, held the opinion that they 
no longer occurred there. John Paradiso reported in 1965, however, that seven specimens taken near Anahuac (Chambers 
County) in 1963-1964, and one specimen from Armstrong (Kenedy County) taken in 1961, were definitely red wolves. All of 
the recent, so-called red wolves we have examined from eastern Texas have proven to be large coyotes. It appears that in 
Texas, red wolves are now extinct. 

The following comparisons are derived mainly from a review of the status and knowledge of the red wolf prepared by G.A. 
Riley and R.T. McBride. 

  

  RED WOLF  COYOTE

Weight (in kg): 
means and extremes

 22.7 (17.3-34.5) Male 
20.0 (16.3-24.5) Female

 15.0 (10.0-16.0) Male 
13.1 ( 9.5-15.9) Female

Total length (m)  1.42 (1.32-1.60) Male 
1.34 (1.22-1.42) Female

 1.27 (1.21-1.35) Male 
1.20 (1.12-1.30) Female

Hind foot (cm)  23.1 (21.0-24.9) Male 
22.1 (20.3-24.1) Female

 20.5 (19.0-21.3) Male 
19.8 (17.8-21.6) Female

Ear length (cm)  12.7 (11.4-14.0) Male 
12.2 (11.4-12.7) Female

 11.6 (10.7-12.2) Male 
10.9 ( 8.6-12.2) Female

Width of nose pad (mm)  More than 25  Less than 25

Length of skull (mm)  More than 215; usually
more than 220

 Less than 215; usually 
less than 210

Tracks (back of heel pad 
to end of longest claw, 
in millimeters)

 102.0 (89.0-127.0)  66.0 (57.2-72.4)

Stride (cm)  65.8 (55.8-76.2)  41.4 (32.4-48.3)

Muzzle and head  Normally broad  Normally narrow

Muzzle coloration  White area around lips 
may extend well up on 
sides of muzzle

 White area around lips
thin and sharply 
demarcated

Threat behavior 
(when trapped or 
cornered)

 Tail held upright; snarl 
exposes only the canines
and a few front teeth; 
ruff on neck and back 
raised

 Tail held between legs;
mouth opened wide and
all teeth exposed; back
arched and ruff may or
or may not be raised
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Red wolf (top) and Coyote (bottom). Notice the facial markings, the length of the ears and the width of the nose pad and 
muzzle.  

  

Habits. Red wolves inhabited brushy and forested areas, as well as the coastal prairies. They are more sociable than coyotes. 
Three or more may maintain a group structure throughout the year. Riley and McBride, on the basis of systematic tracking, 
estimated that the home range is approximately 40-80 km², averaging 56 km². 

They are known to feed on cottontails and other rabbits, deer, native rats and mice, prairie chickens, fish and crabs (along the 
Gulf Coast), as well as upon domestic livestock, especially free-ranging pigs. Riley and McBride list nutria (which they 
consider an important buffer between red wolves and domestic livestock), swamp rabbit, cottontail, rice rat, cotton rat, and 
muskrat as specific food items. 

Breeding occurs in January and February, and the three or four pups are born in March and April. The nursery den normally is 
dug in the slope or crest of a low, sandy mound or hill, or in the bank of an irrigation or drainage ditch. Man-made culverts and 
drain pipes occasionally are utilized. The dens average about 2.4 m in length and normally are no deeper than 1 m. Den 
entrances vary from 60 to 75 cm in diameter and normally are well-concealed. Both sexes take part in rearing the young. 
Frequently, young of the previous year occur in the vicinity of a nursery den, but they do not appear to participate in guarding, 
feeding, or training of the pups of the year. When about 6 weeks old the pups may forsake the nursery den. 

Remarks. The red wolf was apparently extinct in the wild by 1980. However, captive breeding colonies of red wolves have 
been established at several locations throughout the country. Beginning in 1987, red wolves were re-introduced to the Alligator 
River National Wildlife Refuge (ARNWR), located on an island off the coast of North Carolina. Between 1987 and 1992, 42 
wolves were released in ARNWR and at least 23 wolves were born in the wild. As of August 1992, the ARNWR population 
numbered at least 24 wolves. Additionally, red wolf pairs have been released on Bull’s Island, South Carolina, St. Vincent 
Island, Florida, and Horn Island, Mississippi, but breeding and survival on these islands have been limited. Most recently, red 
wolves have been re-introduced to the Great Smoky Mountains National Park. It is doubtful red wolves can be re-introduced in 
Texas because of human population pressures where they formerly occurred. 

Photos courtesy of the U.S. Fish and Wildlife Service. 
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Market realities

• Growth, while slowing from 2.3% to 1.8% annually, is still up

• Reserve margins are increasing 

• Transmission construction and investment still on the way up

• Larger and larger amounts of wind generation coming online 

• Natural gas prices are volatile (around $2/MMBtu when SB 7 
was passed and hovering around $6/MMBtu today—off highs 
around $12)
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The ERCOT Transmission Grid

There are 38,000 Miles of Transmission Lines in Texas…
• 8,000 Miles of 345kV Lines

• 16,000 Miles of 138kV Lines

• 6,200 circuit miles of 
transmission built since 
1999

• 2,538 circuit miles of 
transmission under study

• $3.9 b investment in 
transmission placed in 
service since 1999

• $3 b under development 
(independent of CREZ 
transmission)
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Generation reserves appear adequate until 2014

RESERVE MARGINS 2000 - 2014
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Generation Outlook: 2009 - 2025
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Summer Day Load Shape with Fuel Mix

Generation by Fuel - August 4, 2008
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Generation “In the Queue”

ERCOT is currently tracking  260  active generation 
interconnection requests totaling over 110,000 MW

Fuel Currently Installed 
(MW) Under Review(MW) 

Natural Gas 51,711 31,834 

Nuclear 5,081 12,386 

Coal 15,211 9,506 

Wind 6,234 53,879 

Hydro 442 0 

Other 425 2,538 

Totals 79,104 110,143 
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• The Current Installed Wind Capacity is  
~ 6,234 MW
This makes Texas the largest wind 
power jurisdiction in North America 
(passing California in 2006)

• We’re studying ~ 54,000 MW in 
additional wind interconnection 
development
Additional bulk transmission lines are 
already needed in West Texas 
(independent of CREZ lines)

In ERCOT Today…

ERCOT Renewable Generation – Wind 
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ERCOT Renewable Generation – Wind

(as of October 31,2008)
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On the Horizon

• Nodal “Go Live”

• Wind integration continues to be a challenge for ERCOT grid 
operators

• To keep pace with the state’s growth, more than 20,000 MW of new 
generation may need to be added. ERCOT’s duty is to inform 
policymakers of the need for increased generation resources, but it is 
ultimately up to market participants to put steel in the ground.

• Reducing the ERCOT market’s reliance on natural gas capacity would have 
positive implications for reliability and price volatility

• Advanced metering implementation
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The ERCOT grid covers approximately
75 percent of the land area in Texas.  

COMPANY PROFILE
The Electric Reliability Council of Texas (ERCOT) manages
the flow of electric power to 21 million Texas customers –
representing 85 percent of the state’s electric load and 75
percent of the Texas land area. 

As the independent system operator for the region,
ERCOT schedules power on an electric grid that connects
38,000 miles of transmission lines and more than 550
generation units. 

ERCOT also manages financial settlement for the
competitive wholesale bulk-power market and administers
customer switching for 6 million Texans in competitive
choice areas. 

ERCOT is a membership-based 501(c)(4) nonprofit
corporation, governed by a board of directors and subject
to oversight by the Public Utility Commission of Texas and
the Texas Legislature. 

ERCOT's members include consumers, cooperatives, independent generators, independent
power marketers, retail electric providers, investor-owned electric utilities (transmission and
distribution providers), and municipal-owned electric utilities.

Key Documents
ERCOT 2007 Annual Report 
June 12, 2008 
(06/11/08, .pdf, 1.4 MB)

ERCOT Quick Facts February 2009 
February 09, 2009 
(02/05/09, .pdf, 137 KB)

Today's ERCOT in Plain English 
Presentation to Gulf Coast Power Association, September 2005 
(01/19/06, .pdf, 3.2 MB)
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New gas power plant planned  

Location near Richland-Chambers . . .  

Freestone county is in line as the site for a new 
natural gas-fired electric generating plant to be owned 
and operated by MyPower Corporation of Houston.  

The power plant, named Lakeside Energy Center, will 
generate 640 megawatts of electricity. In comparison, 
Calpine Freestone Energy Center, also a natural gas-
fired facility, generates 1,000 megawatts.  

Location of the proposed MyPower plant is at FM 416 
and CR 196 near Richland-Chambers Reservoir.  

MyPower has filed an air quality permit with Texas 
Commission on Environmental Quality and ran a 
public notice last week in The Fairfield Recorder 
seeking public comments.  

The company is a subsidiary of Mitsui and Company 
(USA), Inc., headquartered in New York, NY.  

Construction is scheduled to start in June 2010 and 
the plant is expected to start operations in March 
2013.  

Electricity is to be generated through a pair of 
combined cycle combustion turbine generators and 
two heat recovery steam generators.  

The site for the plant consists of about 35 acres south 
of FM 416.  

Cost to construct Lakeside Energy Center is not 
available, listed on the TCEQ permit application only 
as in excess of $7.5 million.  

The Calpine plant cost about $200 million to build and 
employed 600 construction workers. Freestone 
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Energy Center now employs 30 people for operations.  

The TCEQ permit is required because the proposed 
plant produce air borne emissions.  

Annual emissions as shown in the permit application 
are 167.72 pounds of nitrogen oxide, 626.09 pounds 
of carbon dioxide, 83.78 pounds of volatile organic 
compounds and 28.51 pounds of sulfur dioxide.  

Lakeside Energy Center will provide power during 
peak use in the area, supplementing electricity 
provided by other generating plants such as the 
coalfired Luminant Big Brown Steam Electric Station 
near Lake Fairfield in Freestone county.  

MyPower predicts the plant is to be started 820 times 
in a year to supplement peak electricity use times. 
Announcement of the proposed natural gas-fired plant 
come on the heels of plans made public by Luminant 
that it has fired a permit application with Texas 
Railroad Commission to open a new lignite coal mine 
in the county.  

The new mine, designated Area D of Big Brown Mine 
will be on the east side of Lake Fairfield. The TRC 
application seeks a permit to mine about 10,000 
acres.  

Lignite produced at Big Brown Mine, and to be dug in 
the new Area D, is blended with coal from the Powder 
River Basin in Wyoming. Powder River coal burns 
hotter than lignite and has a lower sulfur content.  
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ver the past few decades, the American public has become increasingly wary of nuclear power
because of concern about radiation releases from normal plant operations, plant accidents, and nuclear
waste. Except for Chernobyl and other nuclear accidents, releases have been found to be almost
undetectable in comparison with natural background radiation. Another concern has been the cost of
producing electricity at nuclear plants. It has increased largely for two reasons: compliance with stringent
government regulations that restrict releases of radioactive substances from nuclear facilities into the
environment and construction delays as a result of public opposition.

Partly because of these concerns about radioactivity and the cost of containing it, the American public and
electric utilities have preferred coal combustion as a power source. Today 52% of the capacity for
generating electricity in the United States is fueled by coal, compared with 14.8% for nuclear energy.
Although there are economic justifications for this preference, it is surprising for two reasons. First, coal
combustion produces carbon dioxide and other greenhouse gases that are suspected to cause climatic
warming, and it is a source of sulfur oxides and nitrogen oxides, which are harmful to human health and
may be largely responsible for acid rain. Second, although not as well known, releases from coal
combustion contain naturally occurring radioactive materials--mainly, uranium and thorium.

Former ORNL researchers J. P. McBride, R. E. Moore, J. P. Witherspoon, and R. E. Blanco made this
point in their article "Radiological Impact of Airborne Effluents of Coal and Nuclear Plants" in the
December 8, 1978, issue of Science magazine. They concluded that Americans living near coal-fired
power plants are exposed to higher radiation doses than those living near nuclear power plants that meet
government regulations. This ironic situation remains true today and is addressed in this article.

The fact that coal-fired power plants throughout the world are the major sources of radioactive materials
released to the environment has several implications. It suggests that coal combustion is more hazardous
to health than nuclear power and that it adds to the background radiation burden even more than does
nuclear power. It also suggests that if radiation emissions from coal plants were regulated, their capital
and operating costs would increase, making coal-fired power less economically competitive.

Finally, radioactive elements released in coal ash and exhaust produced by coal combustion contain
fissionable fuels and much larger quantities of fertile materials that can be bred into fuels by absorption of
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neutrons, including those generated in the air by bombardment of oxygen, nitrogen, and other nuclei with
cosmic rays; such fissionable and fertile materials can be recovered from coal ash using known
technologies. These nuclear materials have growing value to private concerns and governments that may
want to market them for fueling nuclear power plants. However, they are also available to those interested
in accumulating material for nuclear weapons. A solution to this potential problem may be to encourage
electric utilities to process coal ash and use new trapping technologies on coal combustion exhaust to
isolate and collect valuable metals, such as iron and aluminum, and available nuclear fuels.

Makeup of Coal and Ash

Coal is one of the most impure of fuels. Its impurities range from trace quantities of many metals,
including uranium and thorium, to much larger quantities of aluminum and iron to still larger quantities of
impurities such as sulfur. Products of coal combustion include the oxides of carbon, nitrogen, and sulfur;
carcinogenic and mutagenic substances; and recoverable minerals of commercial value, including nuclear
fuels naturally occurring in coal.

Coal ash is composed primarily of oxides of silicon, aluminum, iron, calcium, magnesium, titanium,
sodium, potassium, arsenic, mercury, and sulfur plus small quantities of uranium and thorium. Fly ash is
primarily composed of non-combustible silicon compounds (glass) melted during combustion. Tiny glass
spheres form the bulk of the fly ash.

Since the 1960s particulate precipitators have been used by U.S. coal-fired power plants to retain
significant amounts of fly ash rather than letting it escape to the atmosphere. When functioning properly,
these precipitators are approximately 99.5% efficient. Utilities also collect furnace ash, cinders, and slag,
which are kept in cinder piles or deposited in ash ponds on coal-plant sites along with the captured fly
ash.

Trace quantities of uranium in coal range from less than 1 part per million (ppm) in some samples to
around 10 ppm in others. Generally, the amount of thorium contained in coal is about 2.5 times greater
than the amount of uranium. For a large number of coal samples, according to Environmental Protection
Agency figures released in 1984, average values of uranium and thorium content have been determined to
be 1.3 ppm and 3.2 ppm, respectively. Using these values along with reported consumption and projected
consumption of coal by utilities provides a means of calculating the amounts of potentially recoverable
breedable and fissionable elements (see sidebar). The concentration of fissionable uranium-235 (the
current fuel for nuclear power plants) has been established to be 0.71% of uranium content.

Uranium and Thorium in Coal and Coal Ash

As population increases worldwide, coal combustion continues to be the dominant fuel source for
electricity. Fossil fuels' share has decreased from 76.5% in 1970 to 66.3% in 1990, while nuclear energy's
share in the worldwide electricity pie has climbed from 1.6% in 1970 to 17.4% in 1990. Although U.S.
population growth is slower than worldwide growth, per capita consumption of energy in this country is
among the world's highest. To meet the growing demand for electricity, the U.S. utility industry has
continually expanded generating capacity. Thirty years ago, nuclear power appeared to be a viable
replacement for fossil power, but today it represents less than 15% of U.S. generating capacity. However,
as a result of low public support during recent decades and a reduction in the rate of expected power
demand, no increase in nuclear power generation is expected in the foreseeable future. As current nuclear
power plants age, many plants may be retired during the first quarter of the 21st century, although some
may have their operation extended through license renewal. As a result, many nuclear plants are likely to
be replaced with coal-fired plants unless it is considered feasible to replace them with fuel sources such as
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natural gas and solar energy.

As the world's population increases, the demands for all resources, particularly fuel for electricity, is
expected to increase. To meet the demand for electric power, the world population is expected to rely
increasingly on combustion of fossil fuels, primarily coal. The world has about 1500 years of known coal
resources at the current use rate. The graph above shows the growth in U.S. and world coal combustion
for the 50 years preceding 1988, along with projections beyond the year 2040. Using the concentration of
uranium and thorium indicated above, the graph below illustrates the historical release quantities of these
elements and the releases that can be expected during the first half of the next century, given the predicted
growth trends. Using these data, both U.S. and worldwide fissionable uranium-235 and fertile nuclear
material releases from coal combustion can be calculated.

Because existing coal-fired power plants vary in size and electrical output, to calculate the annual coal



Coal Combustion - ORNL Review Vol. 26, No. 3&4, 1993

http://www.ornl.gov/info/ornlreview/rev26-34/text/colmain.html[2/23/2009 3:07:21 PM]

consumption of these facilities, assume that the typical plant has an electrical output of 1000 megawatts.
Existing coal-fired plants of this capacity annually burn about 4 million tons of coal each year. Further,
considering that in 1982 about 616 million short tons (2000 pounds per ton) of coal was burned in the
United States (from 833 million short tons mined, or 74%), the number of typical coal-fired plants
necessary to consume this quantity of coal is 154.

Using these data, the releases of radioactive materials per typical plant can be calculated for any year. For
the year 1982, assuming coal contains uranium and thorium concentrations of 1.3 ppm and 3.2 ppm,
respectively, each typical plant released 5.2 tons of uranium (containing 74 pounds of uranium-235) and
12.8 tons of thorium that year. Total U.S. releases in 1982 (from 154 typical plants) amounted to 801 tons
of uranium (containing 11,371 pounds of uranium-235) and 1971 tons of thorium. These figures account
for only 74% of releases from combustion of coal from all sources. Releases in 1982 from worldwide
combustion of 2800 million tons of coal totaled 3640 tons of uranium (containing 51,700 pounds of
uranium-235) and 8960 tons of thorium.

Based on the predicted combustion of 2516 million tons of coal in the United States and 12,580 million
tons worldwide during the year 2040, cumulative releases for the 100 years of coal combustion following
1937 are predicted to be:

U.S. release (from combustion of 111,716 million tons):

Uranium: 145,230 tons (containing 1031 tons of uranium-235)

Thorium: 357,491 tons

Worldwide release (from combustion of 637,409 million tons):

Uranium: 828,632 tons (containing 5883 tons of uranium-235)

Thorium: 2,039,709 tons

Radioactivity from Coal Combustion

The main sources of radiation released from coal combustion include not only uranium and thorium but
also daughter products produced by the decay of these isotopes, such as radium, radon, polonium,
bismuth, and lead. Although not a decay product, naturally occurring radioactive potassium-40 is also a
significant contributor.

According to the National Council on Radiation Protection and Measurements (NCRP), the average
radioactivity per short ton of coal is 17,100 millicuries/4,000,000 tons, or 0.00427 millicuries/ton. This
figure can be used to calculate the average expected radioactivity release from coal combustion. For 1982
the total release of radioactivity from 154 typical coal plants in the United States was, therefore, 2,630,230
millicuries.

Thus, by combining U.S. coal combustion from 1937 (440 million tons) through 1987 (661 million tons)
with an estimated total in the year 2040 (2516 million tons), the total expected U.S. radioactivity release
to the environment by 2040 can be determined. That total comes from the expected combustion of
111,716 million tons of coal with the release of 477,027,320 millicuries in the United States. Global
releases of radioactivity from the predicted combustion of 637,409 million tons of coal would be
2,721,736,430 millicuries.
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For comparison, according to NCRP Reports No. 92 and No. 95, population exposure from operation of
1000-MWe nuclear and coal-fired power plants amounts to 490 person-rem/year for coal plants and 4.8
person-rem/year for nuclear plants. Thus, the population effective dose equivalent from coal plants is 100
times that from nuclear plants. For the complete nuclear fuel cycle, from mining to reactor operation to
waste disposal, the radiation dose is cited as 136 person-rem/year; the equivalent dose for coal use, from
mining to power plant operation to waste disposal, is not listed in this report and is probably unknown.

During combustion, the volume of coal is reduced by over 85%, which increases the concentration of the
metals originally in the coal. Although significant quantities of ash are retained by precipitators, heavy
metals such as uranium tend to concentrate on the tiny glass spheres that make up the bulk of fly ash. This
uranium is released to the atmosphere with the escaping fly ash, at about 1.0% of the original amount,
according to NCRP data. The retained ash is enriched in uranium several times over the original uranium
concentration in the coal because the uranium, and thorium, content is not decreased as the volume of
coal is reduced.

All studies of potential health hazards associated with the release of radioactive elements from coal
combustion conclude that the perturbation of natural background dose levels is almost negligible.
However, because the half-lives of radioactive potassium-40, uranium, and thorium are practically infinite
in terms of human lifetimes, the accumulation of these species in the biosphere is directly proportional to
the length of time that a quantity of coal is burned.

Although trace quantities of radioactive heavy metals are not nearly as likely to produce adverse health
effects as the vast array of chemical by-products from coal combustion, the accumulated quantities of
these isotopes over 150 or 250 years could pose a significant future ecological burden and potentially
produce adverse health effects, especially if they are locally accumulated. Because coal is predicted to be
the primary energy source for electric power production in the foreseeable future, the potential impact of
long-term accumulation of by-products in the biosphere should be considered.

Energy Content: Coal vs Nuclear

An average value for the thermal energy of coal is approximately 6150 kilowatt-hours(kWh)/ton. Thus,
the expected cumulative thermal energy release from U.S. coal combustion over this period totals about
6.87 x 10E14 kilowatt-hours. The thermal energy released in nuclear fission produces about 2 x 10E9
kWh/ton. Consequently, the thermal energy from fission of uranium-235 released in coal combustion
amounts to 2.1 x 10E12 kWh. If uranium-238 is bred to plutonium-239, using these data and assuming a
"use factor" of 10%, the thermal energy from fission of this isotope alone constitutes about 2.9 x 10E14
kWh, or about half the anticipated energy of all the utility coal burned in this country through the year
2040. If the thorium-232 is bred to uranium-233 and fissioned with a similar "use factor", the thermal
energy capacity of this isotope is approximately 7.2 x 10E14 kWh, or 105% of the thermal energy
released from U.S. coal combustion for a century. Assuming 10% usage, the total of the thermal energy
capacities from each of these three fissionable isotopes is about 10.1 x 10E14 kWh, 1.5 times more than
the total from coal. World combustion of coal has the same ratio, similarly indicating that coal combustion
wastes more energy than it produces.
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Consequently, the energy content of nuclear fuel released in coal combustion is more than that of the coal
consumed! Clearly, coal-fired power plants are not only generating electricity but are also releasing
nuclear fuels whose commercial value for electricity production by nuclear power plants is over $7
trillion, more than the U.S. national debt. This figure is based on current nuclear utility fuel costs of 7 mils
per kWh, which is about half the cost for coal. Consequently, significant quantities of nuclear materials
are being treated as coal waste, which might become the cleanup nightmare of the future, and their value
is hardly recognized at all.

How does the amount of nuclear material released by coal combustion compare to the amount consumed
as fuel by the U.S. nuclear power industry? According to 1982 figures, 111 American nuclear plants
consumed about 540 tons of nuclear fuel, generating almost 1.1 x 10E12 kWh of electricity. During the
same year, about 801 tons of uranium alone were released from American coal-fired plants. Add 1971
tons of thorium, and the release of nuclear components from coal combustion far exceeds the entire U.S.
consumption of nuclear fuels. The same conclusion applies for worldwide nuclear fuel and coal
combustion.

Another unrecognized problem is the gradual production of plutonium-239 through the exposure of
uranium-238 in coal waste to neutrons from the air. These neutrons are produced primarily by
bombardment of oxygen and nitrogen nuclei in the atmosphere by cosmic rays and from spontaneous
fission of natural isotopes in soil. Because plutonium-239 is reportedly toxic in minute quantities, this
process, however slow, is potentially worrisome. The radiotoxicity of plutonium-239 is 3.4 x 10E11 times
that of uranium-238. Consequently, for 801 tons of uranium released in 1982, only 2.2 milligrams of
plutonium-239 bred by natural processes, if those processes exist, is necessary to double the radiotoxicity
estimated to be released into the biosphere that year. Only 0.075 times that amount in plutonium-240
doubles the radiotoxicity. Natural processes to produce both plutonium-239 and plutonium-240 appear to
exist.

Conclusions

For the 100 years following 1937, U.S. and world use of coal as a heat source for electric power
generation will result in the distribution of a variety of radioactive elements into the environment. This
prospect raises several questions about the risks and benefits of coal combustion, the leading source of
electricity production.

First, the potential health effects of released naturally occurring radioactive elements are a long-term issue
that has not been fully addressed. Even with improved efficiency in retaining stack emissions, the removal
of coal from its shielding overburden in the earth and subsequent combustion releases large quantities of
radioactive materials to the surface of the earth. The emissions by coal-fired power plants of greenhouse
gases, a vast array of chemical by-products, and naturally occurring radioactive elements make coal much
less desirable as an energy source than is generally accepted.

Second, coal ash is rich in minerals, including large quantities of aluminum and iron. These and other
products of commercial value have not been exploited.
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Third, large quantities of uranium and thorium and other radioactive species in coal ash are not being
treated as radioactive waste. These products emit low-level radiation, but because of regulatory
differences, coal-fired power plants are allowed to release quantities of radioactive material that would
provoke enormous public outcry if such amounts were released from nuclear facilities. Nuclear waste
products from coal combustion are allowed to be dispersed throughout the biosphere in an unregulated
manner. Collected nuclear wastes that accumulate on electric utility sites are not protected from
weathering, thus exposing people to increasing quantities of radioactive isotopes through air and water
movement and the food chain.

Fourth, by collecting the uranium residue from coal combustion, significant quantities of fissionable
material can be accumulated. In a few year's time, the recovery of the uranium-235 released by coal
combustion from a typical utility anywhere in the world could provide the equivalent of several World
War II-type uranium-fueled weapons. Consequently, fissionable nuclear fuel is available to any country
that either buys coal from outside sources or has its own reserves. The material is potentially employable
as weapon fuel by any organization so inclined. Although technically complex, purification and
enrichment technologies can provide high-purity, weapons-grade uranium-235. Fortunately, even though
the technology is well known, the enrichment of uranium is an expensive and time-consuming process.

Because electric utilities are not high-profile facilities, collection and processing of coal ash for recovery
of minerals, including uranium for weapons or reactor fuel, can proceed without attracting outside
attention, concern, or intervention. Any country with coal-fired plants could collect combustion by-
products and amass sufficient nuclear weapons material to build up a very powerful arsenal, if it has or
develops the technology to do so. Of far greater potential are the much larger quantities of thorium-232
and uranium-238 from coal combustion that can be used to breed fissionable isotopes. Chemical
separation and purification of uranium-233 from thorium and plutonium-239 from uranium require far
less effort than enrichment of isotopes. Only small fractions of these fertile elements in coal combustion
residue are needed for clandestine breeding of fissionable fuels and weapons material by those nations that
have nuclear reactor technology and the inclination to carry out this difficult task.

Fifth, the fact that large quantities of uranium and thorium are released from coal-fired plants without
restriction raises a paradoxical question. Considering that the U.S. nuclear power industry has been
required to invest in expensive measures to greatly reduce releases of radioactivity from nuclear fuel and
fission products to the environment, should coal-fired power plants be allowed to do so without
constraints?

This question has significant economic repercussions. Today nuclear power plants are not as economical
to construct as coal-fired plants, largely because of the high cost of complying with regulations to restrict
emissions of radioactivity. If coal-fired power plants were regulated in a similar manner, the added cost of
handling nuclear waste from coal combustion would be significant and would, perhaps, make it difficult
for coal-burning plants to compete economically with nuclear power.

Because of increasing public concern about nuclear power and radioactivity in the environment, reduction
of releases of nuclear materials from all sources has become a national priority known as "as low as
reasonably achievable" (ALARA). If increased regulation of nuclear power plants is demanded, can we
expect a significant redirection of national policy so that radioactive emissions from coal combustion are
also regulated?

Although adverse health effects from increased natural background radioactivity may seem unlikely for
the near term, long-term accumulation of radioactive materials from continued worldwide combustion of
coal could pose serious health hazards. Because coal combustion is projected to increase throughout the
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world during the next century, the increasing accumulation of coal combustion by-products, including
radioactive components, should be discussed in the formulation of energy policy and plans for future
energy use.

One potential solution is improved technology for trapping the exhaust (gaseous emissions up the stack)
from coal combustion. If and when such technology is developed, electric utilities may then be able both
to recover useful elements, such as nuclear fuels, iron, and aluminum, and to trap greenhouse gas
emissions. Encouraging utilities to enter mineral markets that have been previously unavailable may or
may not be desirable, but doing so appears to have the potential of expanding their economic base, thus
offsetting some portion of their operating costs, which ultimately could reduce consumer costs for
electricity.

Both the benefits and hazards of coal combustion are more far-reaching than are generally recognized.
Technologies exist to remove, store, and generate energy from the radioactive isotopes released to the
environment by coal combustion. When considering the nuclear consequences of coal combustion,
policymakers should look at the data and recognize that the amount of uranium-235 alone dispersed by
coal combustion is the equivalent of dozens of nuclear reactor fuel loadings. They should also recognize
that the nuclear fuel potential of the fertile isotopes of thorium-232 and uranium-238, which can be
converted in reactors to fissionable elements by breeding, yields a virtually unlimited source of nuclear
energy that is frequently overlooked as a natural resource.

In short, naturally occurring radioactive species released by coal combustion are accumulating in the
environment along with minerals such as mercury, arsenic, silicon, calcium, chlorine, and lead, sodium, as
well as metals such as aluminum, iron, lead, magnesium, titanium, boron, chromium, and others that are
continually dispersed in millions of tons of coal combustion by-products. The potential benefits and
threats of these released materials will someday be of such significance that they should not now be
ignored.--Alex Gabbard of the Metals and Ceramics Division
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Icontact Information I 

Groundwater Management Area 8 Home 

Manager: Cheryl Maxwell 
District Clearwater Underground Water Conservation District 
Address: P.o. Box 729 

Belton, TX 76513 
Bus: (254) 933-0120 
Bus: (254) 933-7075 
Fax: (254) 939-0885 
Email: 

Icomponent Counties I 

• Bell • Coryell • Franklin • Lamar • Rains 
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• Bowie • Delta • Hamilton • Limestone • Rockwall 
• Brown • Denton • Hill • McLennan • Somervell 
• Burnet • Eastland • Hood • Milam • Tarrant 
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IOesired Future Conditions and Managed Available Groundwater I 

Adopted DFCs 

• Desired Future Conditions Adopted - March 16, 2009 m 3.0 MB 
o Blossom Aquifer 
o Nacatoch Aquifer 

• Desired Future Conditions Adopted - September 17, 2008 ~ 6.1 MB 
o Northern Trinity Aquifer 

• Desired Future Conditions Adopted - May 19, 2008 m 7.7 MB 
o Ellenburger-San Saba Aquifer 
o Hickory Aquifer 
o Marble Falls Aquifer 

• Desired Future Conditions Adopted - December 17, 2007 m 9.0 MB 
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o Blossom Aquifer 
o Brazos River Alluvium Aquifer 
o Edwards (BFZ) Aquifer 
o Nacatoch Aquifer 
o Woodbine Aquifer 

MAG Reports 

• Managed Available Groundwater report (AA08-02mag) m 9.4 MB 
- Marble Falls Aquifer 

• Managed Available Groundwater report (GR08-10mag) m 150 KB 
- Northern Edwards (BFZ) Aquifer 

• Managed Availab le Groundwater report (GR08-14mag) m 398 KB 
- Woodbine Aquifer 

• Managed Available Groundwater report (GR08-84mag) m 4.2 MB 
- Northern Trinity Aquifer 

• Managed Available Groundwater report (AA07-05mag) m 9.8 MB 
- Brazos River Alluvium Aquifer 

Technical Studies Conducted by TWDB in Support of Desired Future 
Conditions Development 

Groundwater Availabilitv Models 
(from Groundwater Availability Modeling Section) 

• Baseline Run of Trinity-North (GR07-09) - June 2007 m 15.8 MB 

• Baseline Run of Edwards-North (GR07-15) - October 2007 m 0.6 MB 
• Baseline Run of the Northern Edwards (Balcones Fault Zone) GAM (GR07-21) - October 2007 m 0.6 MB 
• Availability Run of the Northern Trinity GAM (GR07-30) - October 2007 m 1.7 MB 

• Availability Run of the Northern Trinity GAM (GR08-05) - January 2008 ~ 15.7MB 

• Availability Run of the Northern Trinity GAM (GR08-06) - January 2008 m 15.7 MB 

• Avai lability Run of the Northern Edwards (BFZ) GAM (GR08-10) - December 2007 m 150 KB 

• Availability Run of the Northern Edwards (BFZ) GAM (GR08-59) - July 2008 m 420 KB 

• Avai lability Run of the Northern Edwards (BFZ) GAM (GR08-60) - July 2008 rn 421 KB 

• Availability Run of the Northern Trinity GAM (GR08-64 draft) - February 2009 ~ 2.6 MB, and 
Addendum (GR08-83) draft report m 1.9 MB 

• Availability Run of the Northern Trinity GAM (GR08-06) - February 2009 rn 2.4 MB 

IGroundwater Conservation Districts (either partially or completely included) I 

• Central Texas Groundwater Conservation District Management Plan rn 0 .7 MB 

• Clearwater Underground Water Conservation District Management Plan m 1.7 MB 

• Fox Crossing Water District Management Plan 

• McLennan County Groundwater Conservation District Management Plan 

• Middle Trinity Groundwater Conservation District Management Plan m 0.4 MB 

• Northern Trinity Groundwater Conservation District 
Management Plan 

• Post Oak Savannah Groundwater Conservation District 
Management Plan 

• Saratoga Underground Water Conservation District 
Management Plan 
Management Plan 

• Tablerock Groundwater Conservation District Management Plan 
• Upper Trinity Groundwater Conservation District 

IAguifers (either partially or completely included) I 

I I 
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Major Aquifers 

• Edwards (Balcones Fault Zone) Aq. m 0.3 MB 

• Trinity Aquifer m 0.4 MB 

2007 State Water Plan aquifer sheet ~ 0.5 MB 

2007 State Water Plan aquifer sheet m 0.7 MB 

Minor Aquifers 

• Blossom Aquifer m 0.1 MB 

• Brazos River Alluvium Aquifer m 0.2 MB 

• Ellenburger-San Saba Aquifer m 0.2 MB 

• Hickory Aquifer m 0.3 MB 

• Marble Falls Aquifer ~ 0.2 MB 

• Nacatoch Aquifer m 0.2 MB 

• Woodbine Aquifer m 0.4 MB 

2007 State Water Plan aquifer sheet ~ 0.3 MB 

2007 State Water Plan aquifer sheet ~ 0.4 MB 

2007 State Water Plan aquifer sheet m 0.4 MB 

2007 State Water Plan aquifer sheet ~ 0.5 MB 

2007 State Water Plan aquifer sheet m 0.4 MB 
2007 State Water Plan aquifer sheet m 0.4 MB 

2007 State Water Plan aquifer sheet m 0.4 MB 

IGroundwater Availability Models 

Major Aquifers 

• Edwards Aquifer (northern segment) 

• Trinity Aquifer 

Minor Aquifers 

• Blossom Aquifer 
• Brazos River Alluvium Aquifer 
• Llano Uplift Aquifers: Hickory, Ellenburger-San Saba, & Marble Falls Aquifers 

• Nacatoch Aquifer 
• Trinity Aquifer (northern part) and Woodbine Aquifer 

IGroundwater Data 

• Bell • Coryell • Frankl in • Lamar • Rains 

• Bosque • Dallas • Grayson • Lampasas • Red River 
• Bowie • Delta • Hamilton • Limestone • Rockwall 

• Brown • Denton • Hill • McLennan • Somervell 
• Burnet • Eastland • Hood • Milam • Tarrant 
• Callahan • Ellis • Hopkins • Mills • Taylor 
• Collin • Erath • Hunt • Montague • Travis 
• Comanche • Falls • Johnson • Navarro • Williamson 
• Cooke • Fannin • Kaufman • Parker • Wise 
• Water Information Integration & Dissemination (WnD) Portal 

IMaps 

• State GCD and GMA Boundaries ~ 2.0 MB 

• GMA 8 Administrative and Major Aquifer Boundaries m 1.0 MB 

• GMA 8 Administrative, Major and Minor Aquifer Boundaries, GAM grids ~ 16.2 MB 

• Texas Counties with Water Well Grids ~ 0.6 - 2.2 MB 

-- Select a County -- I Go! I 
• Major Aquifer Map with State Well Number Gridding System ~ 4.3 MB 

• Minor Aquifer Map with State Well Number Gridding System ~ 3.2 MB 

IPublications 

General Publications 

• State Water Plan (2007) - Document GP-8-1 
• Major and Minor Aquifers of Texas (1995) - Report 345 
• Ground Water Quality of Texas - An Overview of Natural and Man-Affected Conditions (in 
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association with Texas Water Commission, now the Texas Commission on Environmental 
Quality) (1989) - TWC 89-01 

• Conference Proceedings: 100 Years of Rule of Capture: from East to Groundwater 
Management (2004) - Report 361 

• Climatic Atlas of Texas (1983) - LP 192 ~ 6.9 MB 

• Major & Historical Springs of Texas (1975) - Report 189 
• Surveys of Irrigation in Texas - Report has been updated with Year 2000 data (2001) - Report 

347 

• Areas Experiencing Significant Water-Level Decline, 1985-1995 (1996) - Hydrologic Atlas 7 ~ 
0.4 MB 

• A Study of Droughts in Texas (1959) - Bulletin 5914 
• USGS Bibliography of Ground-Water References for All 254 Counties in Texas, 1886-2001 

(2005) - Open-File Report 2005-1270 
Select Counties from Interactive Map or County Listing ~ 

• NEW Balancing the Groundwater Checking Account Through House Bill 1763 (2007) ~ 50 KB 

Groundwater Reports (Regional) 

• Hydrologic Studies of Small Watersheds Little Elm Creek, Trinity River Basin Texas, 1956-62 
(1966) - Report 14 

• Base-Flow Studies Big Elkhart and Little Elkhart Creeks Trinity River Basin, Texas: Quantity & 
Quality, Seprember 15-16, 1965 (1966) - Report 26 

• Quality of Water of Big Mineral Arm and Tributaries Lake Texoma, Texas, January 18-20 & 
February 10-11, 1966 (1966) - Report 35 

• Ground Water in the Flood Plain Alluvium of the Brazos River, Whitney dam to Richmond 
(1967) - Report 41 

• Hydrologic Studies of Small Watersheds Pin Oak Creek, Trinity River Basin Texas, 1956-62 
(1967) - Report 54 

• Reconnaissance of the Chemical Quality of Surface Waters of the Trinity River Basin, Texas 
(1967) - Report 67 

• Reconnaissance of the Chemical Quality of Surface Waters of the Colorado River Basin, Texas 
(1968) - Report 71 

• Hydrologic Studies of Small Watersheds Cow Bayou, Brazos River Basin, Texas, 1955-64 
(1969) - Report 99 

• Time of Travel of Translatory Waves on the Brazos, Leon and Little Rivers, Texas (1970) -
Report 115 

• Ground Water Resources of Part of Central Texas with Emphasis on the Antlers and Travis 
Peak Formations, Volumes 1 & 2 (v.1 1975, v.2 1976) - Report 195 

• Occurrence, Availability and Chemical Quality of Ground Water in the Cretaceous Aquifers of 
North-Central Texas, Volumes 1 & 2 (1982) - Report 269 

• Ground-Water Resources of the Nacatoch Aquifer (1988) - Report 305 
• Occurrence, Availability, and Chemical Quality of Ground Water in the Blossom Sand Aquifer 

(1988) - Report 307 
• Evaluation of Water Resources in Part of North Central Texas (1990) - Report 318 
• Evaluation of Water Resources in Part of Central Texas (1990) - Report 319 
• Evaluation of Water Resources in Parts of the Rolling Plains Region of North Central Texas 

(1992) - Report 337 
• Updated Evaluation of Water Resources in Part of North-Central Texas, 1990-1999 (1999) -

Report 349 
• Changes in ' Groundwater Conditions in the Edwards and Trinity Aquifers, 1987-1997, for 

Portions of Bastrop, Bell, Burnet, Lee, Milam, Travis and Williamson Counties, Texas (1999) -
Report 350 

• Groundwater Availability Model: Northern Segment of the Edwards Aquifer, Texas (2003) -
Report 358 

Groundwater Reports (County) 

• Occurrence and Quality of Ground Water in Brown County, Texas (1967) - Report 46 
• Ground-Water Resources of Navarro County, Texas (1972) - Report 160 
• Ground-Water Resources of Rains and Van Zandt Counties, Texas (1973) - Report 169 
• Occurrence, Quantity, and Quality of Ground Water in Taylor County, Texas (1978) - Report 

224 
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• Occurrence, Availability, and Quality of Ground Water in Travis County, Texas (1983) - Report 
276 

• Ground-Water Quality Monitoring of the Trinity Aquifer in the Vicinity of Erath County (1991) -
Report 331 

Hydrologic Atlases 

• Water Quality in Woodbine Aquifer (1996) - Hydrologic Atlas 4 (in sections) 

Groundwater Bulletins 

• Ground-Water Resources of Camp, Franklin, Morris and Titus Counties, Texas (1965, Second 
Printing 1975) - Bulletin 6517 

m File in .pdf format. Needs Adobe Acrobat Reader® to view. Please see the Groundwater Management Area home page for a link to the 
Adobe download site. 
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[§f Hot Topics ~ News .iiJ Jobs P Search 

Home About Assistance Planning Data Mapping Publications Search Customer Service 

GwRD Home Groundwater Availability Modeling Groundwater Monitoring Groundwater Technical Assistance 

Groundwater Management Area 12 

GMA 1 • 2 • 3 • 4 • 5 • 6 • 7 • 8 • 9 • 10 • 11 • 12 • 13 • 14 • 15 • 16 

Icontact Information I 

Post Oak Savannah Groundwater Conservation District 

Manager: Gary Westbrook 
Address: P.O. Box 92 

Milano, Texas 76556 
Bus: (512) 455-9900 
Fax: (512) 455-9909 
Email: posgcd@tconl ine.net 

Icomponent Counties I 

• Bastrop • Freestone 
• Brazos • Lee 

• Milam 

Burleson • Leon 
• Navarro • 

• Falls • Limestone 
• Robertson 
• Williamson • Fayette • Madison 

IDesired Future Conditions and Managed Available Groundwater I 
Adopted DFCs 

• Desired Future Conditions have not been adopted for the Carrizo-Wilcox, Trinity, Brazos River 
Alluvium, Queen City, Sparta, and Yegua-Jackson aquifers located within GMA 12 at this time. 

MAG Reports 

• Managed Available Groundwater Reports for the aquifers in this Groundwater Management 
Area will be completed after adoption of the aquifers' DFCs. 

I I 
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Technical Studies Conducted by TWDB in Support of Desired Future 
IIConditions Development 

Groundwater Availability Models 
(from Groundwater Availability Modeling Section) 

• No model runs are scheduled at this time 

IGroundwater Conservation Districts (either partially or completely included) I 

• Brazos Valley Groundwater Conservation District Management Plan 
Management Plan r;J 0.7 MB • Fayette County Groundwater Conservation District 
Management Plan ~ 0.1 MB • Lost Pines Groundwater Conservation District 

• Mid-East Texas Groundwater Conservation District 
Management Plan 

• Post Oak Savannah Groundwater Conservation District 
Management Plan 

IAQuifers (either partially or completely included) I 

Major Aquifers 

• Carrizo-Wilcox Aquifer r;J 0.2 MB 2007 State Water Plan aquifer sheet ~ 0.5 MB 

• Trinity Aquifer ~ 0.4 MB 2007 State Water Plan aquifer sheet ~ 0.7 MB 

Minor Aquifers 

• Brazos River Alluvium Aquifer r;J 0.2 MB 2007 State Water Plan aquifer sheet ~ 0.4 MB 
• Queen City Aquifer r;J 0.2 MB 2007 State Water Plan aquifer sheet r;J 0.6 MB 

• Sparta Aquifer ~ 0.2 MB 2007 State Water Plan aquifer sheet ~ 0.5 MB 

• Yegua-Jackson Aquifer ~ 1.3 MB 
2007 State Water Plan aquifer sheet ~ 0.4 MB 

IGroundwater Availability Models I 
Major Aquifers 

• Carrizo-Wilcox (central part) Aquifer 

• Trinity Aquifer (northern part) and Woodbine Aquifer 

Minor Aquifers 

• Brazos River Alluvium Aquifer 

• Queen City, Sparta, and Carrizo-Wilcox Aquifers 

• Yegua-Jackson Aquifer 

IGroundwater Data I 

• Bastrop • Freestone 
• Milam • Brazos • Lee 

• Burleson • Leon 
• Navarro 

• Falls • Limestone • Robertson 

• Fayette • Madison 
• Williamson 

• Water Information Integration & Dissemination (WIlD) Portal 

IMails I 
I I 
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• State GCD and GMA Boundaries m 2.0 MB 

• GMA 12 Administrative and Major Aquifer Boundaries m 0.9 MB 

• GMA 12 Administrative, Major and Minor Aquifer Boundaries, GAM grids m 6.9 MB 

• Texas Counties with Water Well Grids ~ 0.6 - 2.2 MB 

-- Select a County -- I Go! I 
• Major Aquifer Map with State Well Number Gridding System ~ 4.3 MB 

• Minor Aquifer Map with State Well Number Gridding System m 3.2 MB 

Ipublications 

General Publications 

• State Water Plan (2007) - Document GP-8-1 
• Major and Minor Aquifers of Texas (1995) - Report 345 
• Ground Water Quality of Texas - An Overview of Natural and Man-Affected Conditions (in 

association with Texas Water Commission, now the Texas Commission on Environmental 
Quality) (1989) - TWC 89-01 

• Conference Proceedings: 100 Years of Rule of Capture: from East to Groundwater 
Management (2004) - Report 361 

• Climatic Atlas of Texas (1983) - LP 192 m 6.9 MB 

• Major & Historical Springs of Texas (1975) - Report 189 
• Surveys of Irrigation in Texas - Report has been updated with Year 2000 data (2001) - Report 

347 

• Areas Experiencing Significant Water-Level Decline, 1985-1995 (1996) - Hydrologic Atlas 7 m 
0.4 MB 

• A Study of Droughts in Texas (1959) - Bulletin 5914 
• USGS Bibliography of Ground-Water References for All 254 Counties in Texas, 1886-2001 

(2005) - Open-File Report 2005-1270 
Select Counties from Interactive Map or County Listing ~ 

• NEW Balancing the Groundwater Checking Account Through House Bill 1763 (2007) m 50 KB 

Groundwater Reports (Regional) 

• Ground Water in the Flood Plain Alluvium of the Brazos River, Whitney Dam to Richmond 
(1967) - Report 41 

• Reconnaissance of the Chemical Quality of Surface Waters of the Trinity River Basin, Texas 
(1967) - Report 67 

• Time of Travel of Translatory Waves on the Brazos, Leon and Little Rivers, Texas (1970) -
Report 115 

• Groundwater Resources of the Carrizo-Wilcox Aquifer in the Central Texas Region (1991) -
Report 332 

• Changes in Groundwater Conditions in the Edwards and Trinity Aquifers, 1987-1997, for 
Portions of Bastrop, Bell, Burnet, Lee, Milam, Travis and Williamson Counties, Texas (1999) -
Report 350 

Groundwater Reports (County) 

• Ground-Water Conditions in Anderson, Cherokee, Freestone and Henderson Counties, Texas 
(1972) - Report 150 

• Ground-Water Resources of Bastrop County, Texas, (Second Printing 1972) - Report 109 

• Ground-Water Resources of Brazos and Burleson Counties, Texas (1974) - Report 185 

• Availability and Quality of Ground Water in Fayette County, Texas, (Second Printing 1975) -
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Report 56 

• Ground-Water Resources of Lee County, Texas (1966) - Report 20 

• Ground-Water Resources of Navarro County, Texas (1972) - Report 160 

Limited Publications 

• A Dig ital Model of the Carrizo-Wilcox Aquifer Within the Colorado River Basin of Texas (1989) -
LP 208 ~ 5.2 MB 

Hydrologic Atlases 

• Water Quality in the Sparta Aquifer (1997) - Hydrologic Atlas 5 ~ 1.9 MB 

• Water Quality in the Queen City Aquifer (1997) - Hydrologic Atlas 6 ~ 2.4 MB 

Groundwater Bulletins 

• Availabil ity and Quality of Ground Water in Leon County, Texas (1965) - Bulletin 6513 

~ File in .pdf format. Needs Adobe Acrobat Reader® to view. Please see the Groundwater Management Area home page for a link to the 
Adobe download site. 

GMA 1 • 2 • 3 • 4 • 5 • 6 • 7 • 8 • 9 • 10 • 11 • 12 • 13 • 14 • 15 • 16 

Questions and Comments: lance.christian@twdb.state.tx.us 

Open Records Requests I Privacy Policy I Accessibility Policy I Link Policy I Contact Us I Site Map I Compact with Texans 

Last Modified 11/12/2009 14:37:55 
Texas Water Development Soard (TWOS) - All Rights Reserved 
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Home About Assistance Planning Data Mapping Publications Search Customer Service 

GwRD Home Groundwater Availability Modeling Groundwater Monitoring Groundwater Technical Assistance 

Groundwater Management Area 14 

GMA 1 • 2 • 3 • 4 • 5 • 6 • 7 • 8 • 9 • 10 • 11 • 12 • 13 • 14 • 15 • 16 

Icontact Information 

Bluebonnet Groundwater Conservation District 

Manager: Lloyd Behm 
Address: P.O. Box 269 

Navasota, Texas 77868 
Bus: (936) 825-7303 
Fax: (936) 825-7331 
Email: BGCD@bluebonnetgroundwater.org 

Icomponent Counties 

• Austin • Galveston 
• Brazoria • Grimes 
• Brazos • Hardin 
• Chambers • Harris 
• Fort Bend • Jasper 

• Jefferson 
• Liberty 
• Montgomery 
• Newton 
• Orange 

• Polk 
• San Jacinto 
• Tyler 
• Walker 
• Waller 
• Washington 

IDesired Future Conditions and Managed Available Groundwater 

Adopted DFCs 

• Desired Future Conditions have not been adopted for the Carrizo-Wilcox, Gulf Coast, Brazos 
River Alluvium, Queen City, Sparta, and Yegua-Jackson aquifers located within GMA 14 at this 
time. 

MAG Reports 

• Managed Available Groundwater Reports for the aquifers in this Groundwater Management 
Area will be completed after adoption of the aquifers' DFCs. 
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Technical Studies Conducted by TWDB in Support of Desired Future 
Conditions Development 

Groundwater Availability Models 
(from Groundwater Availability Modeling Section) 

• No model runs are scheduled at this time 

IGroundwater Conservation Districts (either partially or completely included) I 

• Bluebonnet Groundwater Conservation District 
• Brazoria County Groundwater Conservation District 
• Brazos Valley Groundwater Conservation District 
• Lone Star Groundwater Conservation District 
• Lower Trinity Groundwater Conservation District 
• Southeast Texas Groundwater Conservation District 

IAquifers (either partially or completely included) 

Major Aquifers 

Management Plan ~ 0.7 MB 

Management Plan 
Management Plan 
Management Plan ~ 0.1 MB 

Management Plan 
Management Plan 

• Carrizo-Wilcox Aquifer ~ 0 .2 MB 

• Gulf Coast Aquifer ~ 0.3 MB 

2007 State Water Plan aquifer sheet ~ 0.5 MB 
2007 State Water Plan aquifer sheet ~ 0.5 MB 

Minor Aquifers 

• Brazos River Alluvium Aquifer ~ 0.2 MB 

• Queen City Aquifer ~ 0.2 MB 

• Sparta Aquifer ~ 0.2 MB 

• Yegua-Jackson Aquifer ~ 1.3 MB 

IGroundwater Availability Models 
Major Aquifers 

• Gulf Coast (northern part) Aquifer 

Minor Aquifers 

• Brazos River Alluvium Aquifer 

2007 State Water Plan aquifer sheet ~ 0.4 MB 

2007 State Water Plan aquifer sheet ~ 0.6 MB 
2007 State Water Plan aquifer sheet ~ 0.5 MB 
2007 State Water Plan aquifer sheet ~ 0.4 MB 

• Queen City, Sparta, and Carrizo-Wilcox Aqu ifers 

• Yegua-Jackson Aquifer 

IGroundwater Data 

• Austin • Galveston • Jefferson Polk 
Brazoria Liberty • • • Grimes • San Jacinto • • Brazos • Hardin • Montgomery 

• Tyler • Chambers • Harris • Newton 
• Walker • Fort Bend • Jasper • Orange • Waller 
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• Washington 

• Water Information Integration & Dissemination (WIlD) Portal 

IMaps 

• State GCD and GMA Boundaries m 2.0 MB 

• GMA 14 Administrative and Major Aquifer Boundaries m 0.7 MB 

• GMA 14 Administrative, Major and Minor Aquifer Boundaries, GAM grids m 6.8 MB 

• Texas Counties with Water Well Grids m 0.6 - 2.2 MB 

n Select a County n I Go! I 
• Major Aquifer Map with State Well Number Gridding System ~ 4.3 MB 

• Minor Aquifer Map with State Well Number Gridding System m 3.2 MB 

IPublications 

General Publications 

• State Water Plan (2007) - Document GP-8-1 
• Major and Minor Aquifers of Texas (1995) - Report 345 
• Ground Water Quality of Texas - An Overview of Natural and Man-Affected Conditions (in 

association with Texas Water Commission, now the Texas Commission on Environmental 
Quality) (1989) - TWC 89-01 

• Conference Proceedings: 100 Years of Rule of Capture: from East to Groundwater 
Management (2004) - Report 361 

• Climatic Atlas of Texas (1983) - LP 192 m 6.9 MB 

• Major & Historical Springs of Texas (1975) - Report 189 
• Surveys of Irrigation in Texas - Report has been updated with Year 2000 data (2001) - Report 

347 

• Areas Experiencing Significant Water-Level Decline, 1985-1995 (1996) - Hydrologic Atlas 7 m 
0.4 MB 

• A Study of Droughts in Texas (1959) - Bulletin 5914 
• USGS Bibliography of Ground-Water References for All 254 Counties in Texas, 1886-2001 

(2005) - Open-File Report 2005-1270 
Select Counties from Interactive Map or County Listing ~ 

• NEW Balancing the Groundwater Checking Account Through House Bill 1763 (2007) m 50 KB 

Groundwater Reports (Regional) 

• Low-Flow Studies, Sabine and Old Rivers Near Orange, Texas, Quantity and Quality, April 12, 
October 31-November 4, 1966 (1967) - Report 66 

• Reconnaissance of the Chemical Quality of Surface Waters of the Trin ity River BaSin, Texas 
(1967) - Report 67 

• Characteristics of Tide-Affected Flow in the Brazos River Near Freeport, Texas, March 29-30, 
1965 (1967) - Report 69 

• Quantity and Quality of Low Flow in Sabine and Old Rivers Near Orange, Texas, September 
12-15, 1967 (1969) - Report 90 

• Time of Travel of Translatory Waves on the Brazos, Leon and Little Rivers, Texas (1970) -
Report 115 

• Development of Ground Water in the Houston District, Texas, 1966-69 (1972) - Report 152 
• Water Quality of the Livingston Reservoir on the Trinity River, Southeastern Texas (1979) -

Report 230 
• Stratigraphic and Hydrogeologic framework of Part of the Coastal Plain of Texas (1979) -

Report 236 

• Ground-Water Withdrawals and Changes in Water levels in the Houston District, Texas 1975-
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79 (1984) - Report 286 
• Ground-Water Withdrawls and Land -Surface Subsidence in the Houston-Galveston Region, 

1906-80 (1984) - Report 287 ~ 13.6 MB 

• Hydrology of the Jasper Aquifer in the Southeast Texas Coastal Plain (1986) - Report 295 
• Evaluation of Ground Water Resources in the Vicinity of the Cities of Henderson, Jacksonville, 

Kilgore, Lufkin, Nacogdoches, Rusk, and Tyler in East Texas (1991) - Report 327 
• Groundwater Resources of the Carrizo-Wilcox Aquifer in the Central Texas Region (1991) -

Report 332 
• Aquifers of the Gulf Coast of Texas (2006) - Report 365 

Groundwater Reports (County) 

• Grou nd Water Resources of Jasper and Newton Counties, Texas (1967) - Report 59 
• Ground-Water Resources of Austin and Waller Counties, Texas (1967) - Report 68 
• Ground-Water Resources of Liberty County, Texas ( 1968) - Report 72 
• Ground-Water Resources of Tyler County, Texas (1968) - Report 74 
• Ground-water Resources of Chambers and Jefferson Counties, Texas (1971) - Report 133 
• Ground-Water Resources of Montgomery County, Texas (1971) - Report 136 
• Record of Wells, Drillers' Logs and Chemical Analyses of Ground Water in Galveston County, 

Texas, 1952-1970 (1971) - Report 139 
• Ground-Water Resources of Brazos and Burleson Counties, Texas (1974) - Report 185 
• Ground-Water Resources of Grimes County, Texas (1974) - Report 186 
• Records of Wells, Driller's Logs, Water-Level Measurements, and Chemical Analyses of Ground 

Water in Chambers, Liberty, and Montgomery Counties, Texas, 1975-79 (1983) - Report 280 
• Development of Ground-Water Resources in Orange County, Texas, and Adjacent Areas, 

1971-1980 (1984) - Report 283 
• Records of Wells, Driller's Logs, Water-Level Measurements, and Chemical Analyses of Ground 

Water in Chambers, Liberty, and Montgomery Counties, Texas, 1980-84 (1987) - Report 304 
• Evaluation of Water Resources of Orange and Eastern Jefferson Counties, Texas (1990) -

Report 320 
• Evaluation of Water Resources of Fort Bend County, Texas (1990) - Report 321 

Hydrologic Atlases 

• Water Quality in the Sparta Aquifer (1997) - Hydrologic Atlas 5 ~ 1.9 MB 

• Water Quality in the Queen City Aquifer (1997) - Hydrologic Atlas 6 ~ 2.4 MB 

Groundwater Bulletins 

• Geology and Ground-Water Resources of Hardin County, Texas (1964) - Bulletin 6406 
• Geology and Ground-Water Resources of Orange County, Texas (1965, Second Printing 1970) 

- Bulletin 6516 
• Reconnaissance Investigation of the Ground -Water Resources of the Brazos River Basin, Texas 

(1973) - Bulletin 6310 

~ File in .pdf format. Needs Adobe Acrobat Reader® to view . Please see the Groundwater Management Area home page for a link to the 
Adobe download site. 
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Texas Freshwater Fishes
Texas State University - San Marcos

Department of Biology
For a listing of freshwater fishes in Texas, please scroll down this page and click on the

species or drainage link that you wish to view.
 

 

 

                                   To purchase
              Freshwater Fishes of Texas: A Field Guide :

                                                          

Bobby G. Whiteside, Timothy H. Bonner, and Chad Thomas                 
Photograph by Carolyn Whiteside                                    .

 
 
 
 

Permission is given for the use of text or photographs for non-commercial, educational, or scientific purposes. Please credit
the following individuals and literature listed below.

 
Text by Carla Hassan-Williams and Timothy H. Bonner.  Photographs by Chad Thomas.

Texas State University-San Marcos
Biology Department / Aquatic Station 

 
 

The majority of images on this website are taken from
 Freshwater Fishes of Texas: A Field Guide

by
 Chad Thomas, Timothy H. Bonner, and Bobby G. Whiteside 

 Texas A&M Press 2007
 
 

Contact Texas A&M Press if interested in purchasing copyrighted photographs for commercial, non-educational, or non-
scientific use. 

TAMU Press: For subrights and permissions, contact lls@tampress.tamu.edu .
 
 
 
 

Note:  Website updated frequently.
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Please revisit this site for additional information.  
 

     

      

 

The following is a list of freshwater fishes in Texas.  Click on above links for drainage specific species listings. 
I = introduced; X = Likely extinct; EX = Likely extirpated in Texas; * = marine fishes sometimes found in rivers

Petromyzontidae Ichthyomyzon castaneus  chestnut lamprey
 Ichthyomyzon gagei southern brook lamprey
Acipenseridae Scaphirhynchus platorynchus shovelnose sturgeon
Polyodontidae Polyodon spathula paddlefish
Lepisosteidae Atractosteus spatula alligator gar
 Lepisosteus oculatus spotted gar
 Lepisosteus osseus longnose gar
 Lepisosteus platostomus shortnose gar
Amiidae Amia calva bowfin
Hiodontidae Hiodon alosoides goldeye
Elopidae Elops saurus ladyfish *
Anguillidae Anguilla rostrata American eel
Clupeidae Alosa chrysochloris skipjack herring *
 Brevoortia patronus Gulf menhaden *
 Dorosoma cepedianum gizzard shad
 Dorosoma petenense threadfin shad
Engraulidae Anchoa mitchilli bay anchovy *
Cyprinidae Campostoma anomalum central stoneroller
 Campostoma ornatum Mexican stoneroller
 Carassius auratus goldfish (I)
 Ctenopharyngodon idella  grass carp (I)
 Cyprinella lepida plateau shiner
 Cyprinella lutrensis red shiner
 Cyprinella lutrensis blairi Maravillas red shiner (X)
 Cyprinella proserpina proserpine shiner
 Cyprinella sp. Nueces River shiner
 Cyprinella venusta blacktail shiner
 Cyprinus carpio common carp (I)
 Dionda argentosa manantial roundnose minnow
 Dionda diaboli Devils River minnow
 Dionda episcopa roundnose minnow
 Dionda nigrotaeniata Guadalupe roundnose minnow
 Dionda serena Nueces roundnose minnow
 Gila pandora Rio Grande chub

http://nucleus.bio.txstate.edu/~tbonner/txfishes/index.htm
http://nucleus.bio.txstate.edu/~tbonner/txfishes/Brazos.htm
http://nucleus.bio.txstate.edu/~tbonner/txfishes/Canadian.htm
http://nucleus.bio.txstate.edu/~tbonner/txfishes/Colorado.htm
http://nucleus.bio.txstate.edu/~tbonner/txfishes/Guadalupe.htm
http://nucleus.bio.txstate.edu/~tbonner/txfishes/Lavaca.htm
http://nucleus.bio.txstate.edu/~tbonner/txfishes/Neches.htm
http://nucleus.bio.txstate.edu/~tbonner/txfishes/Nueces.htm
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 Hybognathus amarus Rio Grande silvery minnow (EX)
 Hybognathus hayi cypress minnow
 Hybognathus nuchalis Mississippi silvery minnow
 Hybognathus placitus plains minnow
 Hybopsis amnis pallid shiner
 Luxilus chrysocephalus striped shiner
 Lythrurus fumeus ribbon shiner
 Lythrurus umbratilis redfin shiner
 Macrhybopsis aestivalis speckled chub
 Macrhybopsis australis prairie chub
 Macrhybopsis hyostoma shoal chub
 Macrhybopsis marconis burrhead chub
 Macrhybopsis tetranema peppered chub
 Macrhybopsis storeriana  silver chub
 Notemigonus crysoleucas golden shiner
 Notropis amabilis Texas shiner
 Notropis atherinoides emerald shiner
 Notropis atrocaudalis blackspot shiner
 Notropis bairdi Red River shiner
 Notropis blennius river shiner
 Notropis braytoni Tamaulipas shiner
 Notropis buccula smalleye shiner
 Notropis buchanani ghost shiner
 Notropis chalybaeus  ironcolor shiner
 Notropis chihuahua Chihuahua shiner
 Notropis girardi Arkansas River shiner
 Notropis jemezanus Rio Grande shiner
 Notropis maculatus taillight shiner
 Notropis orca phantom shiner (X)
 Notropis oxyrhynchus sharpnose shiner
 Notropis potteri chub shiner
 Notropis sabinae Sabine shiner
 Notropis shumardi silverband shiner
 Notropis simus pecosensis Pecos bluntnose shiner (EX)
 Notropis simus simus Rio Grande bluntnose shiner (X)
 Notropis stramineus sand shiner
 Notropis texanus weed shiner
 Notropis volucellus mimic shiner
 Opsopoeodus emiliae pugnose minnow
 Phenacobius mirabilis suckermouth minnow
 Pimephales promelas fathead minnow
 Pimephales vigilax bullhead minnow
 Platygobio gracilis flathead chub
 Pteronotropis hubbsi bluehead shiner
 Rhinichthys cataractae longnose dace
 Scardinius erythrophthalmus rudd (I)
 Semotilus atromaculatus creek chub
Catostomidae Carpiodes carpio river carpsucker
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 Cycleptus elongatus blue sucker
 Cycleptus sp. Rio Grande blue sucker
 Erimyzon oblongus creek chubsucker
 Erimyzon sucetta lake chubsucker
 Ictiobus bubalus smallmouth buffalo
 Ictiobus cyprinellus bigmouth buffalo
 Ictiobus niger black buffalo
 Minytrema melanops spotted sucker
 Moxostoma austrinum Mexican redhorse
 Moxostoma congestum gray redhorse
 Moxostoma erythrurum golden redhorse
 Moxostoma poecilurum blacktail redhorse
Characidae Astyanax mexicanus Mexican tetra
Ictaluridae Ameiurus melas black bullhead
 Ameiurus natalis yellow bullhead
 Ictalurus furcatus blue catfish
 Ictalurus lupus headwater catfish
 Ictalurus punctatus channel catfish
 Ictalurus sp. Chihuahua catfish
 Noturus gyrinus tadpole madtom
 Noturus nocturnus freckled madtom
 Pylodictis olivaris flathead catfish
 Satan eurystomus widemouth blindcat
 Trogloglanis pattersoni toothless blindcat
Loricariidae Hypostomus plecostomus suckermouth catfish (I)
 Platydoras armatulus southern striped Raphael (I)
 Pterygoplichthys disjunctivus vermiculated sailfin catfish (I)
Esocidae Esox americanus redfin pickerel
 Esox niger chain pickerel
Salmonidae Oncorhynchus clarki cutthroat trout (EX)
 Oncorhynchus mykiss rainbow trout
 Salmo trutta brown trout (I)
Aphredoderidae Aphredoderus sayanus pirate perch
Mugilidae Mugil cephalus striped mullet
 Mugil curema white mullet *
 Agonostomus monticola mountain mullet
Atherinopsidae Labidesthes sicculus brook silverside
 Membras martinica rough silverside
 Menidia beryllina inland silverside
Belonidae Strongylura marina Atlantic needlefish *
Fundulidae Fundulus blairae western starhead topminnow
 Fundulus chrysotus golden topminnow
 Fundulus grandis Gulf killifish
 Fundulus kansae northern plains killifish
 Fundulus notatus blackstripe topminnow
 Fundulus olivaceus blackspotted topminnow
 Fundulus pulvereus bayou topminnow *
 Fundulus similis longnose killifish
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 Fundulus zebrinus plains killifish
 Lucania goodei bluefin killifish (I)
 Lucania parva rainwater killifish
Poeciliidae Belonesox belizanus pike killifish *
 Gambusia affinis western mosquitofish
 Gambusia amistadensis Amistad gambusia (X)
 Gambusia clarkhubbsi San Felipe gambusia
 Gambusia gaigei Big Bend gambusia
 Gambusia geiseri largespring gambusia
 Gambusia georgei San Marcos gambusia (X)
 Gambusia heterochir Clear Creek gambusia
 Gambusia senilis blotched gambusia
 Gambusia nobilis Pecos gambusia
 Gambusia speciosa Tex-Mex gambusia
 Heterandria formosa least killifish
 Poecilia formosa Amazon molly
 Poecilia latipinna sailfin molly
 Poecilia reticulata guppy (I)
 Xiphophorus helleri green swordtail (I)
Cyprinodontidae Cyprinodon bovinus Leon Springs pupfish
 Cyprinodon elegans Comanche Springs pupfish
 Cyprinodon eximius Conchos pupfish
 Cyprinodon pecosensis Pecos pupfish
 Cyprinodon rubrofluviatilis Red River pupfish
 Cyprinodon variegatus sheepshead minnow
Syngnathidae Syngnathus scovelli Gulf pipefish *
Moronidae Morone chrysops white bass
 Morone mississippiensis  yellow bass
 Morone saxatilis striped bass (I)
Centrarchidae Ambloplites rupestris rock bass (I)
 Centrarchus macropterus  flier
 Lepomis auritus redbreast sunfish (I)
 Lepomis cyanellus green sunfish
 Lepomis gulosus warmouth
 Lepomis humilis orangespotted sunfish
 Lepomis macrochirus bluegill
 Lepomis marginatus dollar sunfish
 Lepomis megalotis longear sunfish
 Lepomis microlophus redear sunfish
 Lepomis miniatus redspotted sunfish.
 Lepomis symmetricus bantam sunfish
 Micropterus dolomieu smallmouth bass (I)
 Micropterus punctulatus  spotted bass
 Micropterus salmoides largemouth bass
 Micropterus treculii Guadalupe bass
 Pomoxis annularis white crappie
 Pomoxis nigromaculatus black crappie
Percidae Ammocrypta vivax scaly sand darter
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 Ammocrypta clara western sand darter
 Etheostoma artesiae redspot darter
 Etheostoma asprigene mud darter
 Etheostoma chlorosoma bluntnose darter
 Etheostoma fonticola fountain darter
 Etheostoma fusiforme swamp darter
 Etheostoma gracile slough darter
 Etheostoma grahami Rio Grande darter
 Etheostoma histrio harlequin darter
 Etheostoma lepidum greenthroat darter
 Etheostoma parvipinne goldstripe darter
 Etheostoma proeliare cypress darter
 Etheostoma radiosum orangebelly darter
 Etheostoma spectabile orangethroat darter
 Perca flavescens yellow perch
 Percina apristis Guadalupe darter
 Percina caprodes logperch
 Percina carbonaria Texas logperch
 Percina macrolepida bigscale logperch
 Percina maculata blackside darter
 Percina phoxocephala slenderhead darter
 Percina sciera dusky darter
 Percina shumardi river darter
 Sander vitreus walleye (I)
Sparidae Lagodon rhomboides pinfish *
Sciaenidae Aplodinotus grunniens freshwater drum
 Micropogonias undulatus Atlantic croaker *
Elassomatidae Elassoma zonatum banded pygmy sunfish
Cichlidae Cichlasoma cyanoguttatum Rio Grande cichlid
 Cichlasoma nigrofasciatum convict cichlid (I)
 Oreochromis aureus blue tilapia (I)
 Oreochromis mossambicus  Mozambique tilapia (I)
 Psuedotropheus sp. African lake cichlid (I)
 Tilapia zilli redbelly tilapia (I)
Eleotridae Gobiomorus dormitor bigmouth sleeper
Gobiidae Awaous banana river goby
 Gobiosoma bosc naked goby *
Paralichthyidae Paralichthys lethostigma southern flounder *
Achiridae Trinectes maculatus fasciatus hogchoker *
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Scaphirhynchus platorynchus

shovelnose sturgeon
 

 
THIS ACCOUNT IS IN PROCESS.  PLEASE CHECK BACK LATER FOR ADDITIONAL INFORMATION.
 
 
Type Locality

“Ohio, Wabash, and Cumberland rivers, seldom reaching as high as Pittsburg; also in Mississippi and Missouri
rivers” (Rafinesque 1820); no specific locality designated (Lee 1980).
 

Etymology/Derivation of Scientific Name
Scaphi – a shovel, rhynchus – snout; platy – broad, rhynchus – snout (Scharpf 2005).
 

Synonymy
Acipenser platorynchus Rafinesque 1820:80.
Scaphirhynchus platorunchus (Rafinesque) Cope and Yarrow 1875:639.
Scaphirhynchus platorhynchus
 
See Bailey and Cross (1954) for detailed synonymy.
 

Characters
Maximum size: 108 cm TL (Page and Burr 1991).
 
Coloration: Light brown or buff above and on side, white underside; fins similar in color to surrounding body parts
(Page and Burr 1991; Plieger 1975).
 
Counts: 30-36 dorsal rays; 18-23 anal rays (Pfliger 1975; Page and Burr 1991).
 
Mouth position: Subterminal (Goldstein and Simon 1999).
 
Body shape: Flat, shovel-shaped snout, long, slender caudal peduncle flat in cross section and covered with bony
scutes (Plieger 1975; Page and Burr 1991).
 
External morphology: Four fleshy lobes on lower lip; four fringed barbels; long filament on upper lobe of caudal
fin (sometimes broken off); no spiracle (small opening above and slightly behind eye); scalelike scutes on belly
(except in smallest young); bases of outer barbels in line with, or ahead of inner barbels (Pflieger 1975; Page and
Burr 1991).
 
Internal morphology: Intersex (having both male and female gonads) individuals reported (Harshbarger et al. 2000;
Stahl 2008).
 

Distribution (Native and Introduced)
U.S. distribution: Species once occurred throughout most of the Mississippi and Missouri river drainages; two
specimens were obtained from the Rio Grande in Albuquerque, New Mexico during 1872-1874 fish surveys (Cope
and Yarrow 1875; Bailey and Cross 1954; Nelson et al. 2004; Hubbs et al. 2008).
 
Texas distribution: Found only in the Red River below Dennison Dam (Lake Texoma Reservoir; Hubbs et al.
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2008); Red River system (Bonn and Kemp 1952). Evidence of the presence of this species in the lower Pecos
River, during prehistoric times, strongly suggests that it likely occurred in many Texas rivers (Jurgens 2005; Hubbs
et al. 2008).
 

Abundance/Conservation status (Federal, State, NGO)
State Threatened (Texas; Hubbs et al. 2008). Apparently secure (Scharpf 2005); however, status is Endangered in
Mexico and Ohio; Threatened status in Texas; Special Concern status in Oklahoma; and extirpated in Alabama,
New Mexico, Pennsylvania, and West Virginia. Special Concern status in Mississippi (Ross 2001). Currently
Stable in the southern United States (Warren et al. 2000). According to Morrow et al. (1998), the species was
apparently abundant at the two lower Mississippi (Mississippi) locations sampled. Keenlyne (1997) reported that
Scaphirhynchus platorynchus was classified as a sport fish in 12 of the 24 states in which it occurred and as a
commercial species in 7; the species was considered extirpated in 3 states, was fully protected in 4 states, and was
considered rare, threatened, or of special concern in 8 states; some states had dual classifications for S.
platorynchus and some classified the species differently in various waters. According to Keenlyne (1997),
populations throughout most of the upper Mississippi, lower Missouri, Red, and Atchafalaya rivers were
considered stable; further, Wyoming, West Virginia, and New Mexico had developed plans to reintroduce the
species into areas were it had been extirpated. Page and Burr (1991) reported this species as common in the
Mississippi basin, rare in the Mobile Bay drainage, and extirpated in the Rio Grande.
 

Habitat Associations
Macrohabitat: Bottom of main channels and embayments of large, turbid rivers (Bailey and Cross 1954; Pflieger
1975; Page and Burr 1991; Keenlyne 1997). According to Riggs and Bonn (1959), this species was unknown in
Lake Texoma, but occasionally seen or caught in the tailwaters.
 
Mesohabitat: Frequently inhabits flowing water over sandy bottoms or near rocky points or bars (Bailey and Cross
1954; Pflieger 1975; Page and Burr 1991; Keenlyne 1997). In Pool 13 of the upper Mississippi River,
Scaphirhynchus platorynchus was frequently located at water depths of 2-7 m, where currents were 20-40 cm/s at
the bottom and 40-70 cm/s at the surface (Hurley et al. 1987); during spring high-river stages, fish were most
frequently located downstream from both wing dams and closing dams, and at the border of the main channel
within 50 m of shore; during low river stages in summer, they were found usually found close to or in the main
channel or in upstream side of wing dams and closing dams. During extreme low flow conditions in Pool 13 of the
upper Mississippi River (Iowa-Illinois), species was often found in the main channel and tailwaters (during the
spring) where water velocities were highest; this was in contrast to other studies which indicated this species did
not occupy those areas during years with normal spring flow (Curtis et al. 1997). Quist et al. (1999) studied
overwinter habitat use in the Kansas River (at water temperatures of 2-9°C): 80% of S. platorynchus locations were
in water depths of 1.0-2.0 m, where current velocities were 0.01-1.11 m/s at the surface and 0.02-0.79 m/s at the
bottom; 92% of S. platorynchus locations were over sand substrate; during high discharge (>150 m³/s), fish
appeared to move near shore or downstream of instream cover; movement (km/d) and directional movement (i.e.
upstream or downstream) were unrelated to discharge or water temperature; data indicated that the species utilizes
channel-crossover macrohabitats and areas with bottom velocities of 0.02-0.79 m/s regardless of discharge; fish
apparently do not congregate in deep waters at water temperatures less than 9°C. Allen et al. (2007) investigated
the influence of substrate type, water depth, light, and relative water velocity on microhabitat selection in juvenile
S. platorynchus in an artificial stream system and reported an overall selection for sandy, deep, very dark or dark
habitats. Larval fish drift in the water column for up to 12 days after hatching before settling out of the water
column to begin the benthic phase of life (Kynard et al. 2002; Braaten et al. 2007). Observations of swimming
ability in S. platorynchus indicated that the morphology of this species (streamlined body shape, flat rostrum, and
large pectoral fins) allows it to exploit river bottoms as refugia from current and to maintain position in high
velocities (Adams et al. 1997); species is well adapted for maintaining its position in fast flowing water on river
bottoms (Weisel 1978, 1979).
 

Biology
Spawning season: Occurs in spring at temperatures between 17-21°C (Keenlyne 1997); occurs April to early July
(Lee 1980); spawning in May (Pflieger 1975). Stahl (2008) provided evidence indicating that a fall spawning may
occur in the middle Mississippi River, Illinois.
 
Spawning habitat: In channels of large rivers in a strong current over rocky or gravelly bottoms (Pflieger 1975; Lee
1980). Over rock or gravel substrate downstream from dams, near rock structures, or in tributaries (Keenlyne
1997).
 
Spawning behavior: Nonguarders; open substratum spawner; lithopelagophil – rock and gravel spawner with
pelagic free embryos (Simon 1999). Adults do not spawn every year; frequency of spawning influenced by food
supply and ability to store adequate fat to produce gametes (Keenlyne 1997). Zweiacker (1967) reported that fish in
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the Missouri River spawn 2-3 years after reaching sexual maturity and then every other year.
 
Fecundity: Gravid females from the middle Mississippi River, Illinois, had a mean oocyte diameter of 2.58 mm;
mean fecundity estimate of 20,277 ± 7,570 (Stahl 2008). Kennedy et al. (2006) examined females (49 specimens,
measuring from 601 to 858 mm fork length) from the upper Wabash River, Indiana: relative fecundity ranged from
11,220 to 23,956 eggs kgˉ¹ (mean 18,156 eggs kgˉ¹); absolute fecundity ranged from 14,294 to 65,490 eggs
femaleˉ¹ (mean 30,397 eggs femaleˉ¹) and was positively related to fork length (r² = 0.76) and wet weight (r² =
0.82); number of eggs gˉ¹ of ovary weight ranged from 72 to 170 (mean = 98 eggs gˉ¹) and was negatively
correlated with gonadosomatic index (GSI); GSI values ranged from 9.4 to 27.2 (mean = 19.3) and were positively
correlated to fork length (r² = 0.18). Stahl (2008) reported that mean fecundity estimates for gravid females in
populations from Missouri, Illinois, and Indiana ranged from 18,000-30,000 or 15-22 oocytes per gram of fish with
positive relationships with fork length and/or weight. In South Dakota, Zweiacker (1967) reported mean total egg
count per spawning female 9,210 (range 6,709 to 15,637); mean egg diameter was 2.45 mm.
 
Age/size at maturation: In the middle Mississippi River, Illinois, age at maturation was 10 years for males and 9
years for females (Stahl 2008). Females from the upper Wabash River, Indiana, reached sexual maturity at
approximately 600 mm and age-at-maturity ranged from ages 6-12 (median age = 9; Kennedy et al. 2006). Males
in the Mississippi River reached maturity at a length ranging from 495 mm-559 mm SL; smallest adult female
collected was 635 in length (Barnickol and Starrett 1951). Individuals mature and spawn at 5-7 years of age
(Pflieger 1975; Lee 1980); most males at 5 years, and most females at 7 years (Keenlyne 1997). In areas where
food is not abundant, males and females may become sexually mature at a smaller size (Keenlyne 1997).
Zweiacker (1967) reported that fish in South Dakota ranged from 5-13 years old at first spawning attempt.
 
Migration: Pflieger (1997) noted that this species does not have a restrictive home range relating the following
reports: a specimen tagged in 1978 in the Missouri River near Easley, Boone Co., Missouri, was captured 13 years
later, 560 miles upstream in Nebraska; while another specimen tagged in 1978, in the Mississippi River at the
mouth of the Ohio River was caught in 1985 in the Wasbash River near Vienciennes, Indiana. Although the species
is capable of rapid, long-distance movements, shovelnose sturgeons were found to be generally sedentary (Hurley
et al. 1987), with greatest movement rates in the upper Mississippi River occurred in May, probably during the
spawning period (based on capture of young-of-year specimens in mid-June). In the Missouri River, greatest
movement occurred during the spawning season and lower rates of movement occurred in early spring and summer
(Moos 1978; Hurley et al. 1987).
 
Growth and Population structure: Two-hundred specimens captured from the lower Mississippi River near
Rosedale and Vicksburg, Mississippi, ranged in age from 2 to 16 years; mean fork lengths at capture ranged from
338 mm at age 2 to 707 mm at age 16; annual mortality was 20% for ages 7 and greater (Morrow et al. 1998).
Individuals from the upper Mississippi River reported to average 211 cm fork length when one year old, and
averaged 315 mm, 409 mm, 485 mm, 541 mm, and 599 mm in years 2-6, respectively (Pflieger 1997). Carlander
(1969) summarized growth data from Missouri River specimens collected as reservoirs were filling: 213 mm TL at
age 1, 274 mm TL at age 2, 399 mm at age 5, and 503 mm at age 10 (Keenlyne 1997). 4,849 specimens were
captured in the upper Wabash River, Indiana: ages ranged from 2 to 30, with 95% of fish between ages 9 and 20;
fork length of captured fish ranged from 273 to 858 mm (median 683 mm), but few fish less than 550 mm were
captured; wet weight of fish ranged from 52-3,381 g (median 1,208 g;
Kennedy et al. 2007). Braaten and Fuller (2007) studied growth rates of young-of-year Scaphirynchus
platorynchus in the upper Missouri River.
 
Longevity: 30 years (Kennedy et al. 2007).
 
Food habits: Goldstein and Simon (1999) listed first and second level trophic classifications as invertivore and
benthic, respectively; trophic mode – hunter; feeding behavior – species rakes bottom with sensitive barbels. Bulk
of diet made up of aquatic insect larvae (Lee 1980). In the Missouri River (South Dakota), annual diet was
dominated by aquatic arthropods, particularly larvae of the insect orders Trichoptera, Diptera, and Ephemeroptera;
in the fall, fish extensively utilized the major components of the drift; in the winter, feeding behavior was
characterized by exploitation of a greater diversity of aquatic and terrestrial invertebrates; and during the late
spring and summer, feeding was restricted to benthic foraging; study indicated opportunistic feeding (Modde and
Schmulbach 1977). In the Missouri River, aquatic insect larvae were found to be the most important, while
crustaceans were second (ranked by number, volume and frequency of occurrence), and terrestrial insects were the
third most abundant food item volumetrically (Held 1969). Diet items of specimens from the Mississippi River,
Iowa: 68% Potamyia flava larvae, 7% Cheumatopsyche campyla larvae, 17% Hexagenia naiads; and 8% other
material, which included immature plecopterans, dipterans and odonates (Hoopes 1960). Braaten et al. (2007)
studied diet composition of larval and young-of-year fish in the upper Missouri River, and reported that fish
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initiated exogenous feeding by 16 mm, and individuals 16-140 mm fed exclusively on Diptera and Ephemeroptera;
feeding success was apparently high, with 99 of 100 individuals contained food in the gut. Species is well adapted
for feeding in fast flowing water on river bottoms (Weisel 1978, 1979).
 

Phylogeny and morphologically similar fishes
Colombo et al. (2007) described embryological development.

 
Host Records

Scaphirhynchus platorynchus is a host for the parasitic larvae of the hickory-nut mussel (Coker 1930); also, a host
for glochidia of Lampsilis teres, Quadrula pustulosa, and Obovaria olivaria (Becker 1983; Keenlyne 1997).
Myxidium sp. confirmed in bile ducts of one specimen from the Mississippi River, south of Saint Louis, Missouri,
and a helminth parasite was seen in the liver of another (Harshbarger et al. 2000).

 
Commercial or Environmental Importance

Damming of many rivers within the range of Scaphirhynchus platorynchus has resulted in flow alteration and
habitat fragmentation which negatively impacts the long-term health of the species, specifically by affecting
replacement, reproduction, and gene flow (Keenlyne 1997). Species decline due primarily to dam construction
(Bailey and Cross 1954; Held 1969); the combination of a reduction in current and the covering of a firm bottom
with a heavy layer of flocculent silt occurring behind dams has resulted in a marked decline of this species; dams
may also block spawning migrations (Bailey and Cross 1954).
 
Scaphirhynchus platorynchus harvested for meat and roe (Coker 1930; Keenlyne 1997). Keenlyne (1997) reported
that commercial harvest of this species was allowable in seven states, and about 25 tons was harvested annually. In
Missouri, S. platorynchus is the only sturgeon that remains commercially important, with demand often exceeding
the supply; market values for this species are among the highest of all commercial species ; also, frequently taken
by sport fisherman using trot lines baited with worms or minnows and positioned in drop-off areas near the lower
end of sand bars (Pflieger 1997).
 
Hybridization between S. platorynchus and S. albus (pallid sturgeon) is a concern among sturgeon fishery
managers; possible introgression of genes from the more common S. platorynchus is viewed as a treat to the rare S.
albus (Keenlyne 1997).
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Polyodon spathula

paddlefish
 
 
Type Locality

None given (Walbaum1792).
 

Etymology/Derivation of Scientific Name
Polyodon: many toothed, perhaps in reference to the numerous gill rakers because adult paddlefish lack teeth,
although young fish possess numerous small teeth; spathula: spatula, in reference to the elongate snout (Ross
2001).
 

Synonymy
Squalus spathula Walbaum 1792:522.
Polyodon folium Wailes 1854:332.
Polyodon spathula Hildebrand and Towers 1928:110; Cook 1959.
 

Characters
Maximum size: 2.2 m (Allardyce 1992).
 
Coloration: Dull colored and often mottled; color ranges from bluish-gray to black dorsally, and grades to lighter
on the sides and white ventrally (Jennings and Zigler 2000).
 
Counts: Gill rakers number 550-600 on the outer row of the leading arch (Weisel 1973).
 
Body shape:  Robust, with prominent paddle-like snout and strongly heterocercal tail; mouth large, not protrusible
(Boschung and Mayden 2004).
 
Mouth position: Subterminal (Goldstein and Simon 1999).
 
External morphology: A distinctive rostrum accounts for approximately one-fourth to one-third of the length of the
body; smaller fish have proportionally longer paddles (Ross 2001); maximum rostral development (as % TL)
attained between 200-600 mm TL (Wallus et al. 1990). Smooth-bodied, generally lacking scales; very small scales
may occur on the upper lobe of the heterocercal caudal fin, the base of the pectoral fin, or above the anterior
portion of the lateral line (Russell 1986, Ross 2001). Two 3-4 mm long barbels present on underside of head in
front of mouth (Ross 2001). Gill rakers range from 13-54 mm (Weisel 1973); gill rakers long, slender, numerous;
gill cover extending posteriorly as long, pointed fleshy flap (Boschung and Mayden 2004). Male paddlefish can be
distinguished from females by the papillae that surround the urogenital opening (Carlander 1969), which is
somewhat raised in males, and is more flattened and softer in females (Meyer and Stevenson 1962).
 
Internal morphology: Adult paddlefish lack teeth (Ross 2001). Teeth are small, fanglike, irregularly positioned and
deciduous in single rows along upper and lower jaws and on the floor of the mouth on the basal portions of the gill
arches. In a 63 cm fish, teeth are less than 1 mm long (Becker 1983). Skeleton primarily cartilaginous, with bone
limited to the jaws (Ross 2001).

 
Distribution (Native and Introduced)

U.S. distribution: Originally ranged throughout much of the Mississippi River drainage and eastward of the
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Appalachian Mountain range and the Great Lakes (Hubbs et al. 1991).
 
Texas distribution: Species occurred in every major river drainage from the Trinity Basin eastward, but its numbers
and range had been substantially reduced by the 1950’s (Hubbs et al. 1991). Warren et al. (2000) listed the
following drainage unit for distribution of Poloydon spathula in the state: Red River (from the mouth upstream to
and including the Kiamichi River).
 

Abundance/Conservation status (Federal, State, NGO)
Species is vulnerable in the southern United States (Warren et al. 2000). Graham (1997) reported that in the state
of Texas no sport or commercial fisheries exist; also that the species is classified as endangered in the state, but
that its status is increasing.
Hubbs et al. (1991) listed the species as endangered and noted that a paddlefish restoration project was initiated by
the Texas Parks and Wildlife Department.
 

Habitat Associations
Macrohabitat: Large river systems and their tributaries (Graham 1997; Ross 2001); species thrives in backwaters,
oxbows, and deepwater channel habitats (Paukert and Fisher 2000; Boschung and Mayden 2004). Typically inhabit
low-gradient areas of moderate to large-sized rivers, sluggish pools, backwaters, bayous, and oxbows with
abundant zooplankton (Wallus et al. 1990). Large reservoirs make good feeding areas, with paddlefish moving
from reservoirs into flowing streams in the spring for spawning (Russell 1986).
 
Mesohabitat: Species prefers large, free-flowing rivers rich in zooplankton, but frequents impoundments with
access to spawning sites (Burr 1980). Species confirmed from saline waters (Burr 1980; Wallus et al. 1990;
Boschung and Mayden 2004). In altered reaches of large rivers, fish occur in areas where they may find protection
from strong currents, such as near dikes, revetments, or bridges (Southall and Hubert 1984; Russell 1986). In the
winter, paddlefish usually move into deep water, as in the Nueces River system, Texas, where spring to fall capture
depths averaged 3.9-5.0 m, increasing to 7.6 m in the winter (Pitman and Parks 1994). Large river populations
make extensive spawning migrations in the spring (Russell 1986; Paukert and Fisher 2000); their movement on
these occasions associated with pools during high water, and with tailwater (where dams exist) and turbulent main-
channel border habitats (Southall and Hubert 1984; Moen et al. 1992; Paukert and Fisher 2000). Optimum
temperatures for this species have been shown to range from about 12-24 C (Crance 1987); Paukert and Fisher
(2000) reported that selected water temperatures ranged from 24-29 C in the Keystone Reservoir, in northcentral
Oklahoma.

 
Biology

Spawning season: Spawning occurs between late February and late June when water temperatures are 10-17°C
(Purkett 1961; Pasch et al. 1980; Alexander and McDonough 1983; Pitman 1992; Lein and DeVries 1998). Even at
optimum temperatures, only increased and prolonged river flow will attract fish onto the gravel beds; flow must be
able to maintain a 3-5 m rise in the river for about 10-14 days (Russell 1986; Pitman 1992).
 
Spawning habitat: Nonguarders; open substratum spawners; lithopelagophils – rock and gravel spawners with
pelagic free embryos (Simon 1999). Gravel and gravel plus cobble are the dominant substrates in spawning;
velocity, depth, or substrate may be used as cover, either singly or in combination (Crance 1987; Wallus et al.
1990). Usually in swiftly flowing water over large gravel bars (Purkett 1961; 1963). In the Cumberland River,
Tennessee, Pasch et al. (1980) observed spawning over gravel-rubble substrate in waters 2-12 m deep.
 
Reproductive strategy: Mature fish do not reproduce every year, but spawn every four to seven years (Vasetskiy
1971; Ross 2001). Pitman (1991) noted that mature males are typically capable of annual spawning; however,
females seem to require two years or more to develop mature ova. In the upper Alabama River system, fish may
spawn annually; the capture of tagged gravid females participating in spawning migrations in successive years
indicated the potential for spawning each year (Lein and DeVries 1998). Female paddlefish release eggs in the
upper water column, often breaking the surface with their caudal fins during spawning (Purkett 1961; Pitman
1992). External fertilization, it is supposed, occurs after males release sperm in the water (Pitman 1991; Pitman
1992). Unfertilized eggs are non-adhesive, but become adhesive, sticking singularly at first contact after
fertilization (Purkett 1961; Yeager and Wallus 1982; Russell 1986; Pitman 1992; Jennings and Zigler 2000).
 
Fecundity: About 15,000 to 35,000 ova are produced per kg of body weight. Gravid females have ovaries which
comprise 15-25% of their body weight (Purkett 1961; Pitman 1992). In Lake Ponchartrain, Louisiana, fecundity of
fish from 876-1,137 mm EFL ranged from 65,000-136,800 eggs/female (mean, 100,319; SE, 9,349), and from
6,600-13,300 eggs/kilogram body weight (mean, 9, 484; SE, 696); fecundity was highly variable among individuals
of approximately the same size; egg diameters ranged from 2.1-3.1 mm and averaged 2.67 mm (SD, 0.2; Reed et
al. 1992). Eggs are demersal and adhesive (Yeager and Wallus 1982); oval; dark brown, blackish, or grayish in
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color; bipolar; late embryos with little pigment (Wallus et al. 1990); eggs range from 2.0 to 3.9 mm in diameter
when mature (Larimore 1950; Purkett 1961; Rosen et al. 1982; Yeager and Wallus 1982). Incubation time reported
to range from 155-166 hours at 14.4-18.8 degrees C (Yeager and Wallus 1982); 9 days at 14 degrees C (Ballard
and Needham 1964); and 7 days or less at 18.5-21 degrees C (Purkett 1961).
 
Age at maturation: Varies by population; males reach maturity between 4-9 years and females, between 6-12 years
(Pitman 1992).
 
Migration: Upstream migration in large free-flowing rivers with silt-free gravel bars (Pasch et al. 1980; Wallus et
al. 1990). Fish move extensively at times, particularly during spring spawning migrations, when they may travel
160-322 km upriver, followed by downstream movements after spawning (Russell 1986; Pitman and Parks 1994;
Paukert and Fisher 2001; Ross 2001; Stancill et al. 2002). Where upstream dams impede their upstream travel, fish
often become concentrated in the tailwaters (Pasch et al. 1980; Southall and Hubert 1984).

 
Longevity: 30+ years (Purkett 1963; Pitman 1992; Jennings and Zigler 2000).
 
Food habits: First and second trophic classifications are invertivore/planktivore, and filter feeder, respectively; this
species is likely the best known example of a planktivore ram filtration feeder, straining food with large mouth
(Goldstein and Simon 1999). Wagner (1908) reported diet of plankton material including small crustaceans, algae,
and ephemerid larvae, and Forbes and Richardson (1920) listed food items of entomostracans, larval mayflies,
dragonflies, chironomids, aquatic insects, amphipod crustaceans, and leeches. Ruelle and Hudson (1977) reported
that fish generally feed at night. Optimal temperature for feeding ranged from 7-20 degrees C (though fish occurred
in temperatures up to 28 C; Rosen and Hales 1981). Blackwell et al. (1995) reported fish in the lower Trinity River,
Texas, feeding at temperatures greater than 20 degrees C; stomach analysis of specimens indicated rotifers were
being consumed. Active feeding begins at yolk-sac absorption (Yeager and Wallus 1982), with larvae consuming
zooplankton and insects (Ruelle and Hudson 1977). Young fish (<120 mm TL) are selective, capture feeders
(Rosen and Hales 1981; Wallus et al. 1990). Young fish may be cannalbalistic under intensive culture conditions
(Yeager and Wallus 1982). Active feeding on individual prey organisms continues until fish reach 120-250 mm TL,
and the gill rakers are sufficiently developed to be used as a filter (Rosen and Hales 1981; Michaeletz et al. 1982;
Jennings and Zigler 2000). Larval and juvenile fish feed on zooplankton such as Daphnia spp., Cyclops spp., and
Diaptomus spp., and all stages of aquatic insects, including Hexagenia spp. (Ruelle and Hudson 1977; Rosen and
Hales 1981; Jennings and Zigler 2000).
 
Growth: Newly hatched larvae average about 8.5 mm TL (Purkett 1961; Pasch et al. 1980; Yeager and Wallus
1982; Jennings and Zigler 2000). Early growth is rapid (Wallus et al. 1990). Food abundance seems to be the
prime factor limiting fish growth, and in instances where food was not limited, some young-of-year reached more
than 508 mm TL (Russell 1986; Pitman 1992). In Fort Gibson Reservoir, Oklahoma, fish grew at a rate of 4.3
mm/day and averaged 721 mm TL by December of their 1st year (Houser and Bross 1959; Pitman 1992).
According to Pitman (1991), growth usually slows after the 1st year; by age 5, growth is about 51 mm/year;
however, growth is highly variable.
 

Phylogeny and morphologically similar fishes
No other freshwater fish in North America has an elongate rostrum that is broader at its distal end compared to the
base. The paddle, along with the smooth skin and heterocercal caudal fin makes this a very distinctive species
(Ross 2001).
 

Host Records
Trematoda (6), Cestoda (3), Nematoda (2), Leech (1), Crustacea (1; Hoffman 1967). Becker (1983) noted that this
species is heavily parasitized and is used as a food source by lampreys of the genus Ichthyomyzon.
 

Commercial or Environmental Importance
      The state of Texas is currently utilizing an aggressive stocking program in six east-Texas streams to recover

paddlefish populations; based on early indications, populations are increasing in most of these streams. In Texas,
habitat destruction and water quality continue to be major concerns (Graham 1997). Species is vulnerable to
commercial (both legal and illegal) harvest (Graham 1997).

      Smith (1979) noted that the spatulate snout is believed to serve as a stabilizer to prevent the nose diving that would
otherwise occur as a result of the drag created by water entering the gaping mouth.
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Atractosteus spatula

alligator gar
 
 
Type Locality

None given (Lacepède 1803:333).
 

Etymology/Derivation of Scientific Name
Atractosteus: spindle bone; spatula: spatula, in reference to the broad, elongate snout (Ross 2001).
 

Synonymy
Lepisosteus spatula Lacepède 1803:333; Cook 1959:60.
Lepidosteus spatula Wailes 1854:333.
Atractosteus tristoechus Hay 1881:333.
Lepisosteus tristoechus Evermann 1899:304; Hildebrand and Tower 1928:113 (Ross 2001).
 

Characters
Maximum size: Up to 300 cm TL (Lee and Wiley 1980). In 1951, a 127 kg fish from the Rio Grande in Texas
captured the U.S. hook-and-line record (IGFA 1999).
 
Coloration: Generally dark olivaceous brown above and white to yellowish beneath (individuals in aquaria may be
nearly black dorsally). Numerous dark spots may be present on sides, but only below lateral line anteriorly. Rays of
all fins dark brown, with darker spots on the dorsal, anal and caudal. Young fish have a light median dorsal stripe
which is bordered by dark brown area, extending from tip of snout to origin of dorsal, and from posterior insertion
of dorsal to upper base of caudal fin; dark irregular lateral band present (Suttkus 1963).
 
Counts: 58-62 lateral line scales; 59-66 gill rakers; 7-10 dorsal rays; 7-10 anal rays (Suttkus 1963).
 
Body shape: Elongated, suited for surface feeding.
 
Mouth position: Short but broad. Terminal (Goldstein and Simon 1999).
 
External morphology:  Diamond-shaped and stout ganoid scales; origin of dorsal fin posterior to origin of anal fin;
abbreviated heterocercal caudal fin. 
 
Internal morphology: Large teeth in upper jaw in two rows on each side (Hubbs et al. 1991; 2008).
 

Distribution (Native and Introduced)
U.S. distribution: Gulf of Mexico drainages from Florida to Mexico including Ohio and Missouri rivers of the
Mississippi River drainage (Suttkus 1963; Wiley 1976); a disjunct population reported from the Rio Sapoa and
Lake Nicaragua (Wiley 1976).
 
Texas distribution: Coastal streams from the Red River to the Rio Grande (Hubbs et al. 2008). Warren et al. (2000)
listed the following drainage units for distribution of Atractosteus spatula in the state: Red River (from the mouth
upstream to and including the Kiamichi River), Sabine Lake (including minor coastal drainages west to Galveston
Bay), Galveston Bay (including minor coastal drainages west to mouth of Brazos River), Brazos River, Colorado



alligator gar Atractosteus spatula

http://nucleus.bio.txstate.edu/~tbonner/txfishes/atractosteus%20spatula.htm[1/25/2010 9:51:12 AM]

River, San Antonio Bay (including minor coastal drainages west of mouth of Colorado River to mouth of Nueces
River), Nueces River.
 

Abundance/Conservation status (Federal, State, NGO)
Listed as Vulnerable by the American Fisheries Society; categories of threats: present or threatened destruction,
modification, or reduction of habitat or range; and over-exploitation for commercial, recreational, scientific, or
educational purposes including intentional eradication or indirect impacts of fishing (Jelks et al. 2008). Vulnerable
in southern US (Warren et al. 2000).  Some states are listing alligator gar as a game fish to regulate harvest.
Species appears to be declining in the upstream segment of the lower Rio Grande (Edwards and Contreras-
Balderas 1991).
 

Habitat Associations
Macrohabitat: Large rivers, bays, and coastal marine waters (Suttkus 1963; Lee and Wiley 1980).
 
Mesohabitat: Generally associated with near surface habitats in slack water and backwater habitats of rivers.
Preferred pool, pool-bank snag, pool-channel snag, pool-snag complex, pool-edge, and pool-vegetation habitat
groups, in the Sulphur River, Texas (Gelwick and Morgan 2000).  Zueg et al. (2005) reported collection of four
specimens in the Middle Brazos River, Texas and one in a deep, frequently connected oxbow. Robertson et al.
(2008) collected specimens from the Middle Brazos River, Texas and associated oxbow lakes; abundance
significantly greater in oxbow habitats during a wet year. All specimens collected from oxbows were juveniles
(409-810 mm), while only adults (1474-1850 mm) were captured in the river channel; this perhaps due to large
individuals escaping capture in oxbow sampling, as evidenced by large holes in gillnet and the visual record of a
large individual in an oxbow during flooding. Adults may move into oxbows during flooding to exploit abundant
prey, returning to the river channel later. Factors including enhanced foraging, growth and survival may influence
juveniles to remain in oxbows for extended periods (Robertson et al. 2008). Knapp (1953) noted that adults are
abundant in brackish waters and in coastal harbors where they feed on refuse from fish cleaning houses; young fish
taken in freshwater. Prior to 1955, large adults frequently taken from middle and upper parts of the Red River arm
of Lake Texoma (Oklahoma-Texas); only a few captured annually since that time; no young known to have been
taken in the lake (Riggs and Bonn 1959). May and Echelle (1968) reported collection of three young-of-the-year
fish from shallow, turbid water in Wilson Creek cove (Red River arm of Lake Texoma), in July 1965. McCarley
and Hill (1979) reported collection of two young-of-the-year specimens from a stockpond that connects to the
main body of Lake Texoma when the lake level is high, and capture of a single young-of-the-year specimen from
a cove in Lake Texoma (Red River arm), in July 1978. In May 1950, six larval fish were collected from a
backwater slough off Red River (Oklahoma; Moore et al. 1970).
 

Biology
Spawning season: In Louisiana, April to June (Suttkus 1963; Lee and Wiley 1980); from early to mid-May, in
Oklahoma (May and Echelle 1968); and late May, in Mississippi (Cook 1959).
 
Spawning Habitat: Phytophils; plant material nesters that have adhesive eggs and free embryos that attach to plants
by cement glands (Simon and Wallus 1989; Simon 1999).

 
Spawning behavior: Nonguarders; open substratum spawners (Simon and Wallus 1989; Simon 1999). Cook (1959)
observed spawning, noting that fish struck the water and created an uproar nearby.
 
Fecundity: Mean fecundity 157,291 eggs; mean egg diameter 2,060 microns (Ferrara 2001). Lifetime reproductive
output = 90.4 female offspring per female, in Alabama (Ferrara 2001).
 
Age at maturation: Ferrara (2001) reported age of maturation to be 14 years.
 
Migration:  NA
 
Growth and Population Structure: Unknown; first year growth is rapid (Douglas 1974).
 
Longevity: Long-lived. 50 years, in Alabama (Ferrara 2001).
 
Food habits: First and second trophic classifications are carnivore and whole body, respectively; trophic mode –
ambush; very opportunistic predator (Goldstein and Simon 1999), consuming a variety of food items; primarily
fishes (Bonham 1941) and crabs (Darnell 1958, 1961; Lambou 1961; Suttkus 1963); also birds (Raney 1942) and
refuse (Goodyear 1967). Based on a limited sample size, shad and Suckers (Catastomidae) were the most
important prey for this species in the Middle Brazos River, Texas (Robertson et al. 2008).
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Phylogeny and morphologically similar fishes
Previously placed in Lepisosteus by Suttkus (1963); placed by Wiley (1976) in the genus Atractosteus (Lee and
Wiley 1980). Species is separable from Lepisosteus osseus (longnose gar) and L. oculatus (spotted gar) by its large
size and broad, short snout (Suttkus 1963); young A. spatula distinguishable from young of L. oculatus, L. osseus,
and L. platostomus (shortnose gar) by the light dorsal stripe versus a dark middorsal streak (Suttkus 1963; Simon
and Wallus 1989).
 
Hybridization between A. spatula and L. osseus has been reported (Gilbert 1992). Herrington et al. (2008) provided
conclusive evidence of intergeneric hybridization in A. spatula and L. osseus and described hybrid specimens
spawned in an aquarium: body coloration and transverse scale rows were similar to those of longnose gar; snout
length and shape intermediate between those of longnose and alligator gars; two rows of teeth on the upper jaw as
seen in alligator gar.
 
Descriptions of postlarval A. spatula provided by Moore et al. (1973), and juveniles described by Suttkus (1963)
and May and Echelle (1968). Early development of specimens from Lake Texoma (Oklahoma-Texas) described by
Simon and Wallus (1989).
 

Host Records
Cestoda: Proteocephalus ambloplitis. Trematoda: Clinostomum, Rhipidocotyle lepisostei. Nemata: Contracaecum
spiculigerum, Dechelyne lepisosteus (Wardle 1990; Mayberry et al. 2000), and Crustacea: Ergalis versicolor
(Hoffman 1967).
 

Commercial or Environmental Importance
Popular recreational target for bowfishing; some populations sustain a commercial harvest.  With their large size,
large teeth, and opportunistic feeding behavior, alligator gars are intimidating and often a concern to human
swimmers.  Attacks on humans have not been confirmed.  However, one credible account was described by an old
fisherman from the Rio Grande Valley.  As a young boy, he and his brother were swimming in a deep, slack water
area of the Rio Grande near a makeshift dock.  While swimming, he felt something grasp and scrap his leg. 
Feeling pain, he turned and swum toward the dock.  Halfway to the dock, he felt something attempt to grasp and
then scrap his bare chest.  He immediately grabbed for the attacker, feeling the mouth and head of a gar.  After
reaching the dock, he called for his brother to get out of the water.  By this time his leg and chest were
superficially scraped and bleeding although the gar’s teeth did not penetrate the dermis layer of his skin.  He and
his brother waited for a few minutes on the dock and visually confirmed the presence of an alligator gar in the
immediate vicinity of the attack. 
 
[Additional literature noting collection of this species from Texas locations includes, but is not limited to the
following: Linam and Kleinsasser (1987); Gelwick et al. (2001); Morgan (2002).]
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Hiodon alosoides

goldeye
 

 
THIS ACCOUNT IS IN PROCESS.  PLEASE CHECK BACK LATER FOR ADDITIONAL INFORMATION.

 
 

Type Locality
Ohio River (Rafinesque 1819), probably Falls of the Ohio River at Louisville, Kentucky (Gilbert 1980).
 

Etymology/Derivation of Scientific Name
Hio - tongue or hyoid bone, don - tooth, refering to toothed tongue mooneyes (Hiodontiformes); alosoides -
shadlike, referring to its resemblance to alosine shads (Scharpf 2005).
 

Synonymy
Amphiodon alveoides Rafinesque 1819:421.
Amphiodon alosoides
 

Characters
Maximum size: 51 cm TL (Page and Burr 1991).
 
Coloration: Silver body; blue-green above with silver reflections, silver-white below; clear to dusky fins; gold iris
(Page and Burr 1991).
 
Counts: Usually 9-10 dorsal rays, 29-34 anal rays, 57-62 lateral scales (Page and Burr 1991).
 
Mouth position: Superterminal (Goldstein and Simon 1999).
 
Body shape: Deep, compressed body; dorsal fin origin opposite or behind anal fin origin; large mouth; maxillary
extends behind pupil of eye; blunt, round snout (Page and Burr 1991).

 
External morphology: Fleshy keel along belly extends from pectoral fin base to anal fin (Page and Burr 1991).
Males can be separated from females, during the breeding season, by having anterior rays of the anal fin elongated
forming a distinct lobe (Battle and Sprules 1960).
 
Internal morphology: Pyloric caeca present (Goldstein and Simon 1999).
 

Distribution (Native and Introduced)
U.S. distribution: Ranges from the Northwest Territories, Canada, southward along the Mississippi basin to
Louisiana (Hubbs et al. 2008).
 
Texas distribution: Restricted to the Red River basin (Warren et al. 2000; Hubbs et al. 2008).
 

Abundance/Conservation status (Federal, State, NGO)
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Special Concern (Hubbs et al. 2008); however, species is especially abundant in Lake Texoma. Currently Stable
(Warren et al. 2000) in the southern United States. Common (Scharpf 2005); however, status is Endangered in
Ohio and Wisconsin, Threatened in Pennsylvania, and Extirpated in Alabama. Gilbert (1980) noted that the species
was common in some parts of range, but had disappeared from some areas (e.g. upper Tennessee River) where
man-made changes, particularly impoundments, have modified natural conditions. Riggs and Bonn (1959) reported
that abundance of this species in Lake Texoma (Oklahoma-Texas) had declined since 1956.
 

Habitat Associations
Macrohabitat: Occupies a variety of habitats: medium to large rivers, small lakes, ponds and connected marshes,
and muddy shallows of large lakes (Wallus et al. 1990). Species inhabits large rivers and lakes, and adjacent
backwaters (Battle and Sprules 1960; Gilbert 1980).
 
Mesohabitat: Occurs in areas of moderate to fast current, as well as quiet pools; tolerant of highly turbid conditions
(Gilbert 1980; Wallus et al. 1990). In Lake Texoma (Oklahoma-Texas), species abundant in open water in the
clearer parts of the lake and in the tailwaters; usually taken near the surface; young-of-year are rare (Riggs and
Bonn 1959). Lienesch et al. (2000) reported collection of seven specimens from cove section of Buncombe Creek
(a tributary to Lake Texoma, Oklahoma-Texas). Collected from fast water around dikes and from the slower water
around mud banks, in the Missouri River (Robinson 1977). Optimum temperature range 27-29°C (Becker 1983;
Wallus et al. 1990).
 

Biology

Spawning season: In Canada, May to July, at temperatures of 10-12.8°C (Battle and Sprules 1960; Gilbert 1980;
Wallus et al. 1990). In the Missouri River, Missouri, two ripe females were collected in February when the water
temperature was 0°C; on another occasion, young (less than 25.4 mm) were collected in May (Pflieger 1997).
Species probably spawns in February or March in the Mississippi River at Keokuk, Iowa (Coker 1930).
 
Spawning habitat: Spawning occurs in pools of rivers or backwaters of lakes (Gilbert 1980). According to Wallus
et al. (1990), species reported to ascend tributary streams and spawn; to spawn over gravel shoals; also in shallow
inshore areas of lakes; and in pools in turbid rivers or in backwater lakes and ponds of rivers; spawning believed to
occur in midwater; spawning associated with increasing or decreasing river flows.
 
Spawning behavior: Nonguarder; open substratum spawner; lithopelagophil – rock and gravel spawner with pelagic
free embryos. Embryos have an adhesive chorion that soon become buoyant eggs; free embryos are pelagic by
positive buoyancy or active movement, free embryos have limited embryonic structures, and larvae are
unconfirmed nonphotophobic (Balon 1981; Simon 1999). It is thought that Hiodon alosoides spawns at night
(Wallus et al. 1990).
 
Fecundity: Females sized 300-400 mm FL contained 5,800-25,200 (average 14,150) eggs; eggs are bathypelagic or
semi-buoyant; eggs are spherical, 4 mm in diameter, having a wide perivitelline space, coarsely granular yolk, and
a large oil droplet (Battle and Sprules 1960). In Montana, number of eggs per female varied from 4,288-10,164
(average 6,913; Hill 1966).
 
Age/size at maturation: Age at maturity tends to decrease from north to south with males maturing earlier than
females (Wallus et al. 1990). Sexual maturity may occur at 114 mm TL (age 1); however most males are not
mature until age 3 (265 mm TL) and females not until age 4 (298 mm TL; Miller and Nelson 1974; Wallus et al.
1990). In Montana, most ripe males were 3 years old and most ripe females were 4 years old; however, a few
males were 4 and a few females 3 years old (Hill 1966). In Lake Claire, Alberta, Canada, males reproduce first at
6-9 years of age and females at 7-10 years, while in southern Manitoba, first maturity averages 2 to 3 years earlier
than this (Battle and Sprules 1960).
 
Migration: Species apparently somewhat migratory during spawning season (Trautman 1981; Wallus et al. 1990).
 
Growth and Population structure: In Ohio, young or year specimens were 130-170 mm TL (Trautman 1981).
Average calculated standard length at end of year of life for specimens from Lake Texoma (Oklahoma): 156 mm
SL at end of year 1, and 183 mm, 232 mm, 260 mm, 274 mm, and 294 mm SL at the end of years 2-6, respectively;
females were larger than males after the third year of life (Martin 1954). Average calculated total length at end of
year of life for specimens from Red Lakes, Minnesota: 104 mm at end of year 1, and 211 mm, 287 mm, 328 mm,
358 mm, 381 mm, 401 mm, and 422 mm at the end of years 2-8, respectively (Grosslein and Smith 1959). Average
calculated total lengths for Montana specimens in each year of life: 102 mm TL for year 1, and 203 mm, 259 mm,
290 mm, 307 mm, 328 mm, 394 mm, and 406 mm TL for years 2-8, respectively (Hill 1966).
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Longevity: At least 14 years in some areas (Gilbert 1980).
 
Food habits: Goldstein and Simon (1999) listed first and second level trophic classifications as invertivore and
drift, respectively; trophic mode – surface and water column; species often feeds at the surface; no indication of
strong food influence, species will utilize whatever is most available; diet widely varied; bulk of diet of some fish
comprised of aquatic and other insects. Gilbert (1980) listed food items: surface and aquatic insects, other
invertebrates (including crustaceans and mollusks), occasionally small fishes. Hoopes (1960) reported that mayfly
naiads (Hexagenia spp.) comprised 56% of the stomach contents of Hiodon alosoides collected from the
Mississippi River (Iowa); Potamyia flava larvae made up about 19%; and immature Zygoptera and Odonata and
fish formed the bulk of the remaining contents. Grosslein and Smith (1959) examined stomachs of specimens from
Red Lakes, Minnesota and found that principal food organisms were aquatic insects (larval and adult); common
occurrence of terrestrial insects suggested frequent surface feeding in shallow water; common occurrence of
noctuid moths and fireflies in stomachs suggested that fish often fed at night. Specimens from the Mississippi River
at Keokuk, Iowa fed almost exclusively on insects (listed in order of abundance: may-fly nymphs and imagos;
beetles, mostly terrestrial but Gyrinus-whirlgig beetle and Stenelmis present also; caddisworms, midges, and beach
flies; Corixa-water boatman; dragon-fly and damsel-fly larvae; grasshoppers and crickets; stone-fly nymphs;
dobson-fly larvae or hellgrammites; Coker 1930).
 

Phylogeny and morphologically similar fishes
Order Hiodontiformes (Nelson et al. 2004). Hiodon alosoides differs from herrings and shads in that it has a lateral
line and an untoothed (fleshy) keel along the belly, while herrings and shads lack a lateral line and have a scaled
keel (creating a saw-tooth edge) along the belly (Page and Burr 1991).
 
See Battle and Sprules (1960) and Wallus et al. (1990) for description of egg and larval development. See Hogue
(1967) for additional information regarding identification of larval fish.

 
Host Records

Crepidostomum illinoiense, C. opeongoensis, and C. cooperi have been reported from Hiodon alosoides
(Choudhury and Nelson 2000). A pseudophyllidea cestode (Bothriocephalus), a papillose fluke (Crepidostomum
illinoiense), and immature nematodes (family Camallanidae) reported from Lake Texoma (Oklahoma) specimens
(Self 1954).

 
Commercial or Environmental Importance

Commercially important in some places (Gilbert 1980).
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Anguilla rostrata

American eel
 
 

Type Locality
Cayuga Lake, NY (Lesueur 1817).
 

Etymology/Derivation of Scientific Name
Anguilla, Latin for eel; rostrata, Latin for “beaked or curved”, presumably a characteristic of which only Lesueur
was aware (Scharpf 2005).
 

Synonymy
Muraena rostrata Lesueur 1817:81.
Anguilla chrysypa Evermann 1899:308.
Anguilla rostrata Hay 1883:73; Cook 1959:144 (Ross 2001).
 

Characters
Maximum size: At least 1.2 m (Lee 1980). 
 
Coloration: Mature eels have been described as having metallic sheen, back and sides blackish or bronze with
purple reflections, and black pectoral fins at time of descending streams. Maturing females also reported to have
intensely copper colored flanks, dark dorsal surface, and darkly mottled ventral surface (formerly silvery-white).
Migrating eels found in the ocean were silver, with the dorsal aspect of the pectoral and caudal fins darkly
pigmented. Individuals may transition from bronze to silver as spawning migration progresses.  As individual
matures, the eye develops coloration termed “retinal gold” (Hardy 1978).

 
Counts: D. 183-276, mean 231; A. 167-229, mean 199; C. 8-12 (4-6 + 4-6), means 9-10; P. 14-20, mean 17;
vertebrae 103-111; branchiostegals 9-13, mean 11 (Hardy 1978).
 
Body shape:  Body elongate, serpentine, round anteriorly, compressed posteriorly; snout depressed, broad, blunt
(Hardy 1978).
 
Mouth position: Mouth large, slightly oblique; gape extended to posterior margin of eye (Hardy 1978).
 
External morphology: Scales small, cycloid, placed at right angles to each other, embedded, and often difficult to
see without magnification; well-developed, accentuated lateral line; dorsal, caudal, and anal fins continuous; dorsal
origin far behind pectorals, nearer vent than gill openings (Hardy 1978).
 
Internal morphology: Teeth in bands on jaws and vomer (Hardy 1978).
 

Distribution (Native and Introduced)
U.S. distribution: Atlantic, Caribbean, and Gulf drainages of North America, Central America, and South America.
 
Texas distribution: Originally found in large rivers from the Red River to the Rio
Grande. Extirpated in several drainages, attributed to reservoirs that impede upstream migration (Hubbs et al.
1991). Warren et al. (2000) listed the following drainage units for distribution of Anguilla rostrata in the state: Red
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River (from the mouth upstream to and including the Kiamichi River), Sabine Lake (including minor coastal
drainages west to Galveston Bay), Galveston Bay (including minor coastal drainages west to mouth of Brazos
River), Brazos River, Colorado River, San Antonio Bay (including minor coastal drainages west of mouth of
Colorado River to mouth of Nueces River), Nueces River. Hubbs (2002) reported that dams have precluded young
elvers from repopulating Caddo Lake in northeast Texas.
 

Abundance/Conservation status (Federal, State, NGO):
Currently secure (Warren et al. 2000) although susceptible to extirpations. 

 
Habitat Associations

Macrohabitat: Found in a variety of aquatic environments (streams and reservoirs) in drainages connected to
marine environments (Lee 1980). Adults occasionally found in landlocked lakes, primarily in the northeastern
United States (Facey and Van Den Avyle 1987). Females encountered most frequently in freshwater (Helfman et
al. 1984; Lee 1980).
 
Mesohabitat: Postlarval eels tend to be bottom-dwellers, hiding in burrows, tubes, snags, plant masses, other types
of shelter, or the substrate itself (Fahay 1978; Van Den Avyle 1984). Large eels were associated with slow, deep,
muddy habitats; small eels were associated with faster currents, in upper coastal plain streams of the central
Savannah River drainage, South Carolina (Meffe and Sheldon 1988). In Maryland streams, higher densities of eels
occurred at sites with greater velocity-depth diversity, at which four habitats were present: slow (<0.3 m/s)-deep
(>0.5 m), slow-shallow (<0.5 m), fast (>0.3 m/s)-deep, and fast-shallow (Wiley et al. 2004). Specimens collected
from mud bank habitat with hoop nets in the Missouri River (Robinson 1977). Nocturnal; uses cover during
daylight hours (Van Den Avyle 1984; Baras et al. 1998). Prefers high oxygenated water; tolerance point for oxygen
selection apparently near 2.5 mg/1 at 21°C (Hill 1969).
 

Biology
 

Spawning season: February to April (Facey and Van Den Avyle 1987); possibly January - July (Hardy 1978), or
August (Van Den Avyle 1984).
 
Spawning location: Adults breed in the mid-Atlantic Ocean (Lee 1980).
 
Reproductive strategy: Broadcast spawn eggs.  Eggs and leptocephalus larvae drift in the water column and are
carried by ocean currents to continental drainages along western Atlantic Coast. (Hardy 1978; Wippelhauser et al.
1985).
 
Fecundity: 413,000 to 2,561,000 (latter amount obtained from 724 mm long female, weighing 755 g) based on
counts from females migrating from Chesapeake Bay (Wenner 1972; Wenner and Musick 1974). Ovarian eggs
mostly spherical (smaller developing eggs cuboidal) with centrally located nucleus (Wenner 1972); diameters of
eggs ranged from 0.165-0.356 (Wenner and Musick 1974). According to Facey and Van Den Avyle (1987),
fecundity is between about 0.5 and 4.0 million eggs, with large individuals capable of producing up to 8.5 million
eggs.
 
Age/size at maturation: Sexual maturity not reached until at least 5 years, and often 20+ years for females (Hardy
1978; Haro et al. 2000); mature slowly, in 7 to 30+ years (K. Oliveira, Univ. of Maine, pers. comm. in: ASMFC
2000). Males reported to mature at about 280 mm, and females at about 457 mm; however females may mature at
lesser sizes (Hardy 1978).

 
Migration: Catadromous (Simon 1999); adults breed at sea after living most of their lives in fresh and brackish
waters (Lee 1980). Generally, “glass eels” (larvae) move inshore into brackish or freshwater and transform
(gradually developing pigmentation) into “elvers” in late winter or early spring (Fahay 1978; Helfman et al. 1984).
Elvers remain in fresh water for several or many years, and are called “yellow eels”. Yellow eels may be sexually
differentiated or undifferentiated, or hermaphroditic, but none are capable of reproduction and are therefore
immature. Maturing eels undergo changes in body color and morphology, and migrate downriver and through the
ocean to spawning grounds; these individuals are known as “bronze eels” or “silver eels” (Van Den Avyle 1984).
 
Longevity:  Landlocked eels librated as elvers in Sherman Lake, Michigan lived to 35 – 40 years (Van Den Avyle
1984); yellow eels from northern rivers reported to live 15 to 20 years (Fahay 1978). Adult eels apparently die after
spawning, as none have been observed to migrate up rivers, and spent eels have not been reported (Hardy 1978;
Facey and Van Den Avyle 1987).
 
Food habits:  Invertivore/carnivore; voracious piscivore; main food items are fishes and invertebrates (Goldstein
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and Simon 1999). Three basic feeding modes include: 1) inertial suction of food – drawing small items into mouth
and esophagus; 2) grasp and shake – grasping of larger items in mouth and shaking of head and body, thereby
tearing small pieces from larger item; 3) rotational or spin feeding – grasping of larger items in mouth and spinning
on long axis, thereby tearing larger prey items into smaller pieces (Helfman and Clark 1986). In the James River,
Virginia, young eels fed on aquatic insects in freshwater, shifting to larger insects, crustaceans, and fishes as size
increases; for all eel sizes major aquatic invertebrate prey included larvae of Ephemeroptera, Odonata, Plecoptera,
Coleoptera, Trichoptera, and Lepidoptera, and gastropods, oligochaetes, amphipods, isopods, and mysids; for all
eel sizes terrestrial invertebrate prey consisted mainly of adult Odonata, Orthoptera, Hymenoptera, and arachnids;
and aquatic vertebrate prey consisted of fishes from the families Percidae, Cyprinidae, Ictaluridae, Catostomidae,
and Anguillidae, and adult frogs (Ranidae; Lookabaugh and Angermeier 1992). Polychaetes, crustaceans, and
bivalves were the most important food items of A. rostrata in the brackish water regions of three Virginia rivers
(Lower Chesapeake Bay; Wenner and Musick 1975). Analysis of stomach contents from individuals found in New
Jersey streams indicated a gradual increase in size of food organisms taken with increase in size of eels; specimens
<40 cm primarily consumed Ephemeroptera, Megaloptera, and Trichoptera while specimens >40 cm more
frequently consumed fish and Crustacea (Ogden 1970). In Canada, diet 90% larval aquatic insects (Smith and
Saunders 1955).
 
Growth/Population structure: Growth rates within year classes highly variable, leading to considerable variation in
length at age and poor predictability of age from size (Van Den Avyle 1984). Females grow faster than males
(Helfman et al. 1984; Van Den Avyle 1984; Oliveira 1999). In maritime provinces of Canada, elvers may reach
lengths of at least 8-10 cm during their first year in fresh water (Smith and Saunders 1955). Male silver eels
migrating from Chesapeake Bay averaged 372 mm; female silver eels averaged 633 mm (Wenner and Musick
1974). Specimens from the Altamaha River, Georgia, were smaller, younger, and matured more rapidly than those
at more northern latitudes; glass eels captured in late winter were 49-56 mm long and 250-300 days old; maturing
silver eels captured during late winter – early spring were 353-587 mm long and 3-6 years old (Helfman et al.
1984).
 

Phylogeny and morphologically similar fishes:
Morphologically similar but genetically distinct from the European eel, Anguilla anguilla (Lee 1980); Anguilla
rostrata comprised of one, genetically homogenous population (Avise et al. 1986). Both A. anguilla and A.
rostrata exist in Icelandic habitats, and are known to hybridize within this range (Avise et al. 1990).
 

Host Records: 
The non-indigenous eel swimbladder nematode, Anguillicola crassus, has been documented to have significant
negative impacts on Anguilla rostrata in Texas and South Carolina (ASMFC 2000). Hoffman (1967) listed parasite
species infecting Anguilla rostrata including Protozoa, Trematoda, Cestoda, Nematoda, Acanthocephalan,
Crustacea.
 

Commercial or Environmental Importance:
      Haro et al. (2000) presented evidence for a decline in the population of Anguilla rostrata from several widely

distributed regions of North America from 1984 – 1995, and suggested numerous potential factors which may be
influencing the decline: barriers to migration, habitat loss and alteration, hydro turbine mortality, oceanic
conditions, over-fishing, parasitism, and pollution. The Atlantic States Marine Fisheries Commission developed a
fisheries management plan for Anguilla rostrata, designed to protect and restore the species (ASMFC 2000).

 
      [Additional literature noting collection of this species from Texas locations includes, but is not limited to the

following: Riggs and Bonn (1959); Edwards and Contreras-Balderas (1991).]
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This account is in process. Please check back later for additional information.
 

Brevoortia patronus
Gulf menhaden

 
 
Type Locality

Brazos Santiago, Texas (Goode 1879).
 

Etymology/Derivation of Scientific Name
Brevoortia: named in honor of James Carson Brevoort of Brooklyn, New York; patronus: from patron, in
reference to the parasitic isopod, Olencira praegustator which is often present (Ross 2001).
 

Synonymy
Brevoortia patronus Goode 1879:39; Cook 1959; Hildebrand 1963:365.
Brevoortia tyrannus patronus Evermann 1899:309.
 

Characters
Maximum size:  265 mm TL (Ross 2001).
 
Coloration: The back is a bluish gray to green, and the sides are silvery. There is a large, dark humeral spot,
usually with other smaller spots posterior to it. The spots are present in fish larger than 50-75 mm SL (Ross 2001).
 
Teeth count:
 
Counts: 36-50 SC; 17-21 dorsal rays; 20-23 anal rays; 14-17 pectoral rays; and 29-31 ventral scutes (Ross 2001).
 
Body shape: Relatively deep-bodied, laterally compressed (Ross 2001).
 
Mouth position:
 
External morphology:

 
Distribution (Native and Introduced)

U.S. distribution:  Widespread in estuaries in the Gulf of Mexico, ranging from the Yucatan Peninsula to Tampa
Bay, Florida (Christmas et al 1983).
 
Texas distribution:
 

Abundance/Conservation status (Federal, State, NGO)
 
 

Habitat Associations
Macrohabitat: An estuarine species that moves into brackish or fresh water, especially in the juvenile stages (Ross
2001).
 
Mesohabitat:
 

Biology
Spawning season: October to April, with most spawning activity in January and February (Turner 1969; Christmas
et al. 1983; Lassuy 1983).
 
Spawning habitat: Spawn in offshore marine waters (Turner 1969; Christmas et al. 1983; Lassuy 1983). However,
actual spawning has not been observed nor have sites been delineated (Christmas et al. 1983).
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Reproductive strategy:
 
Fecundity: The number of eggs ranges from 22,000 to 122,000 per female, depending upon fish size (Suttkus and
Sundararaj 1961).
 
Age at maturation:
 
Migration:  The majority of juvenile fish leave the estuaries as the water cools below 20°C in the fall. At the same
time, immigrants from the following year-class may begin entering shallow nursery areas. Immigration into coastal
areas peaks in late winter and early spring, and usually ceases by April (Christmas et al. 1983; Marotz et al 1990).
 
Longevity: Generally, fish do not live beyond four years (Ross 2001).
 
Food habits:  Larval fish feed on small zooplankton and some phytoplankton (Govoni et al. 1983). At about 20-21
mm, juvenile change from selective predators to nonselective filter feeders, consuming phytoplankton, bacteria,
and small zooplankton (Reintjes and Pacheco 1966; Deegan 1986).
 
Growth: Nelson and Ahrenholz (1982) found the mean sizes for Gulf menhaden to be 152 mm at age 1, 186 mm at
age 2, 213 mm at age 3, 227 at age 4.
 

Phylogeny and morphologically similar fishes
The gulf menhaden is easily confused with the scaled sardine, from which it differs in having a higher anal ray
count (25-26 versus 16-18) and in having rows of enlarged scales in front of the dorsal fin (Ross 2001). The
menhaden genus (Brevoortia) belongs to the herring family (Clupeidae) and menhaden are similar in appearance to
the alewife and shad. Three species occur in the Gulf of Mexico: the Gulf menhaden (B. patronus), the finescale
menhaden (B. gunteri), and the yellowfin menhaden (B. smithi). Gulf menhaden are characterized by large scales,
a series of smaller spots on the body behind the scapular spot and prominent and radiating striations on the upper
part of the opercle (Christmas et al. 1983).
 

Host Records
 
 

Commercial or Environmental Importance
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This species account is in process.  Please check back later for additional information.
 

Anchoa mitchilli
bay anchovy

 
 
Type Locality

New York, also Lake Ponchertrain near New Orleans (Valenciennes 1848).
 

Etymology/Derivation of Scientific Name
Anchoa: Spanish, from the word anchova, a herring like fish, anchovy; mitchilli: named in honor of Samuel L.
Mitchill (1764-1831), an American naturalist (Ross 2001)
 

Synonymy
Engraulis mitchilli (Valenciennes 1848:51; Whitehead 1967:129).
 

Characters
Maximum size: 102 mm SL (Burgess 1980).
 
Coloration:
 
Teeth count:
 
Counts: 23-31 anal fin rays; 11-12 pectoral fin rays (Hubbs et al 1991). Gill rakers 21-25 (Whitehead et al. 1988).
 
Body shape:  Variable, less slender in southern populations (Whitehead et al., 1988), compressed (Ross 2001).
 
Mouth position: Fairly blunt snout (Whitehead et al. 1988). Has a large mouth that is overhung by a conical snout
(Ross 2001).
 
External morphology:

 
Distribution (Native and Introduced)

U.S. distribution: Coastal inhabiting species from Maine along the Atlantic and Gulf coasts to Yucatan (Hubbs et
al 1991). Includes the Florida Keys (Whitehead et al. 1988).
 
Texas distribution: Abundant in most bays and estuaries (Hubbs et al 1991).
 

Abundance/Conservation status (Federal, State, NGO)
 
 

Habitat Associations
Macrohabitat: Marine, pelagic, coastal, down to about 36 m, but more commonly in shallow tidal areas with
muddy bottoms and brackish waters, tolerating a wide range of salinities (virtually fresh to fully saline or even
hypersaline (Whitehead et al. 1988).
 
Mesohabitat:
 

Biology
Spawning season: Spring-summer spawner over much of the Atlantic coast, but reproduction occurs year around in
southern Florida (Houde in Jones et al. 1978).
 
Spawning location:
 
Reproductive strategy:
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Fecundity:
 
Age at maturation: 
 
Migration: 
 
Longevity:
 
Food habits: Feeds mostly on Mysis and copepods, also small fishes, gastropods and isopods (Hildebrand, 1963).
 
Growth:
 

Phylogeny and morphologically similar fishes
Daly (1970) clearly separated his Florida A. mitchilli from A. hepsetus on pectoral finray counts. The A. mitchilli
having 10-11 (usually 9-12) and A. hepsetus having 13-16 (usually 14 or 15).
 

Host Records
 
 

Commercial or Environmental Importance
Very important forage species for predatory fishes and water birds (Burgess 1980).
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Ctenopharyngodon idella

grass carp
 
 
Type Locality

"China" (Valenciennes in Cuvier and Valenciennes 1844).
 

Etymology/Derivation of Scientific Name
Ctenopharyngodon: Cteno, comb; pharynx, throat; odon, tooth, referring to comblike pharyngeal teeth; and idella:
presumably derived from the Greek idios, distinctive or peculiar (Scharph 2005).
 

Synonymy
Leuciscus idella Valenciennes in Cuvier and Valenciennes 1844:362.
 

Characters
Maximum size: Adult size is 75-125 cm (Guillory 1980; Page and Burr 1991).
 
Coloration: Silvery pale-gray color with scales of dorsum and sides having prominent dark edges, producing cross-
hatched effect (Robison and Buchanan 1988).

 
Counts: Pharyngeal teeth 2,4-4,2 or 2,5-4,2 (Page and Burr 1991) with prominent parallel grooves (Hubbs et al.
2008); fewer than 10 soft rays on dorsal fin (Hubbs et al. 2008); 37-47 lateral line scales; 6 or 7 scale rows above
lateral line; 8 (rarely 9) dorsal fin rays; 9 (rarely 8 or 10) anal fin rays; 15-20 pectoral rays (Robison and Buchanan
1988).
 
Body shape: Elongate, stout body; blunt head (Robison and Buchanan 1988). Distance from anal fin origin to end
of caudal peduncle goes 3 or more times in distance from tip of snout to anal fin origin (Hubbs et al. 1991, 2008).
 
Mouth position: Terminal (Robison and Buchanan 1988).
 
External morphology: Dorsal fin origin situated over or in front of pelvic insertion; anal fin situated far posteriorly
(Robison and Buchanan 1988). Breeding males develop tubercles on pectoral fins (Robison and Buchanan 1988).
 
Internal morphology: Ratio of digestive tract to total length = DT 1.5-3.0 TL; intestine long with several loops
(Goldstein and Simon 1999).

 
Distribution (Native and Introduced)

U.S. distribution: Widely distributed throughout much of the United States and Canada (Guillory and Gasaway
1978; Pflieger 1978; Guillory 1980). Species found in every U.S. state, except AK, ME, MT, RI, and VT; in
Canada, inhabits Lake Erie and ponds in MT and AB (Scharpf 2005). Introduced into the United States in 1963 at
Auburn, Alabama and Stuttgart, Arkansas; spread rapidly as a result of widely scattered research projects, agency
stockings to solve aquatic weed problems, interstate importation by individuals from private hatcheries, and natural
dispersal from stocking sites (Greenfield 1973; Guillory and Gasaway 1978; Guillory 1980). Pflieger (1978)
reported that no evidence for natural reproduction of this species was found in Missouri; Greenfield (1973) and
Guillory (1980) reported that the species was not known to be established at most areas of stocking. However,
Hargrave and Gido (2004) presented evidence of natural reproduction of the grass carp in the Red and Washita



grass carp Ctenopharyngodon idella 

http://nucleus.bio.txstate.edu/~tbonner/txfishes/ctenopharyngodon%20idella.htm[1/25/2010 11:49:56 AM]

rivers (Lake Texoma, Oklahoma-Texas), and previous publications reported natural reproduction in the lower and
upper Mississippi, Illinois, and Missouri rivers, and in the Trinity River, Texas (Conner et al. 1980; Pflieger and
Grace 1987; Zimpfer et al. 1987; Brown and Coon 1991; Howells 1994; Raibley et al. 1995; Elder and Murphy
1997; Howard and Murphy 1997; Hargrave and Gido 2004).
 
Texas distribution: Found widely scattered in the Canadian, Red, Sabine, Trinity, and Rio Grande basins;
introduced from Asia and rapidly extending its range in the state, primarily from initial stockings (Hubbs et al.
1991). Juveniles captured in Lake Texoma (Oklahoma-Texas), evidenced natural reproduction in the Red and
Washita rivers (Hargrave and Gido 2004). Reproduction documented in the Trinity River (Howells 1994; Elder and
Murphy 1997).
 

Abundance/Conservation status (Federal, State, NGO)
 
 

Habitat Associations
Macrohabitat: Ponds, lakes, rivers. In native range (Pacific slope of Asia from Amur River of China and Siberia
south to West River in southern China and Thailand), inhabits low gradient stretches of large rivers (Guillory
1980). Juveniles are found in lakes closely connected to rivers, or reservoirs into which the rivers empty (Stanley et
al. 1978).
 
Mesohabitat: Prefer areas with submergent vegetation (Bain et al. 1990). Found in deep holes in river beds, during
the winter (Cudmore and Mandrak 2004). Tolerant of a wide range of environmental conditions: water
temperatures 0-35°C; salinities up to 10 ppt; oxygen concentrations as low as .0005 ppt (Guillory and Gasaway
1978; Guillory 1980); preferred temperature of 35°C (Galloway and Kilambi 1984). Species is capable of surviving
and migrating through brackish waters to at least 12 ppt, but not for extended periods (Kilambi 1980;
Abdusamadov 1987). Temperature required for survival of larvae ranges from 19-30°C. Within two days post-
hatching, larvae must find their way from flowing water to a suitable nursery area characterized by quiet water in
which aquatic or submerged terrestrial vegetation is present
(Stanley et al. 1978).
 

Biology
Spawning season: In the Trinity River, Texas reproduction occurred in May – July, possible as early as April (Elder
and Murphy 1997). Fish begin moving into spawning areas as water temperatures reach 15-17°C and spawning
usually occurs above 18°C, with peaks at 20-22°C (Stanley et al. 1978; Chilton and Muoneke 1992).
 
Spawning habitat: Species is an open substratum spawner – broadcast spawner discharging ova and sperm in large
numbers (Simon 1999). In large rivers or canals, where current velocity exceeds 0.6 m/s and volume is about 400
m³/s, and having well-vegetated, flooded lowlands (Stanley et al. 1978; Hargrave and Gido 2004). Turbulent areas
at the confluence of rivers or below dams are focal points for reproduction (Stanley et al. 1978). Results of an
experiment conducted at Econfina Creek, Florida, showed that eggs were sufficiently transported by a current of
.23 m/s; theoretically, hatching could occur at this flow rate if river is long enough (Leslie et al. 1982). Some
prairie streams, such as the Trinity, Washita, and Red rivers (U.S.A.) have suitable environmental conditions for
spawning of this species (Elder and Murphy 1997; Hargrave and Gido 2004).
 
Reproductive strategy: Nonguarder; pelagophil (Simon 1999; Balon 1981). Once appropriate water temperature is
reached, spawning seems to be initiated after a sudden rise (>1.2 m within a 12-hour period) in the river, usually
after heavy rains (Greenfield 1973; Zimpfer et al. 1987; Chilton and Muoneke 1992). During natural spawning,
males generally outnumber females by about two to one. Fish typically swim into the strongest current in mid-
stream, where swimming and chasing occur; the male then pushes his head against belly of female and leans to one
side; this is believed to be the time when eggs and milt are released and fertilization takes place (Chilton and
Muoneke 1992).
 
Fecundity: Females are highly fecund, producing on average 1 million eggs per year (Stanley 1976). Abdusamadov
(1987) reported average absolute individual fecundity of 756,000 eggs (range 210,500-1,230,700 eggs from
females 4-8 years, 63-88 cm in length, from the Terek region of the Caspian Basin). Fecundities of females in the
Trinity River, Texas were variable, ranging from 607 eggs/kg – 361,080 eggs/kg, with a mean of 85,528 eggs/kg;
significant increase in fecundity with total length for length classes <900 mm (Elder and Murphy 1997). Upon
release from ovaries, eggs are small, measuring 2.0-2.5 mm diameter (Chilton and Muoneke 1992). Eggs are
semipelagic, and require temperature ranging from 19-30°C and well oxygenated water for successful incubation;
hatching was observed at 26-28 hours at 24°C, in Arkansas (Stanley et al. 1978). Hatching occurs in 24-30 hours at
25°C (Greenfield 1973).
 



grass carp Ctenopharyngodon idella 

http://nucleus.bio.txstate.edu/~tbonner/txfishes/ctenopharyngodon%20idella.htm[1/25/2010 11:49:56 AM]

 

Age/size at maturation: Highly variable; from 1-10 (Greenfield 1973; Abdusamadov 1987; Chilton and Muoneke
1992) or 11 years; females range from 58-67 cm SL while males mature an average of one year earlier from 51-60
cm SL (Shireman and Smith 1983). Temperature required for sexual maturation ranges from 19-30°C (Stanley et
al. 1978).
 
Migration: Species capable of extensive migrations once released in open systems (Guillory and Gasaway 1978;
Bain et al. 1990), though larger fish tend to move more than smaller fish (Bain et al. 1990). Species undergoes
spawning migration, usually in large shoals (Greenfield 1973).
 
Longevity: Usually 5-11 years, with some individuals reaching15 years old; specimen from North Dakota found to
be >33 years old (Cudmore and Mandrak 2004).
 
Food habits: Herbivore, particulate feeder, browser; feeds on macrophytes, but consumes insects and small fish
when vegetation is unavailable (Greenfield 1973; Chilton and Muoneke 1992; Goldstein and Simon 1999). Feeding
strongly affected by temperature; fish begin active feeding as temperatures rise above 7-8°C, with peak
consumption at 20-26°C (Chilton and Muoneke 1992). Larvae begin feeding on rotifers at 2-4 days, changing to
larger zooplankton in about a week (Stanley et al. 1978). Adults feed on a variety of plants (Kilambi 1980),
consuming filamentous algae, aquatic vascular plants, and terrestrial plant material (Pflieger 1978). Bain et al.
(1990) reported that the aquatic weed, Hydrilla, was a preferred food. Mean percent composition of diet for
individual fish in the Trinity River, Texas was 87% terrestrial detritus, 8% aquatic vegetation, 4.5% terrestrial
grasses, and <1% algae and invertebrates (Elder and Murphy 1997).
 
Growth/Population structure: In the Trinity River, Texas growth rates were variable, apparently highest during the
first year (>200 mm), remaining above 100 mm per year through age 7, beginning to decline at age 9; mean annual
growth after the first year was about 107 mm per year. Females represented 63% of the sample; overall, the lengths
and weights of females were significantly greater than those of males (Elder and Murphy 1997). Juveniles collected
from Lake Texoma (Oklahoma-Texas) ranged in length from 15.2-60 mm TL, with two apparent size groups
(modes of 18 and 41 mm; Hargrave and Gido 2004). Highly variable growth  – individuals attain the size of 1.5 m
in length in river waters within 5-6 years; specimens stocked in Alabama lakes as two-year-olds grew up to 2.7 kg
the first year (Greenfield 1973). In the Terek region of the Caspian Basin, the ratio of females to males was 1:1.2
(Abdusamadov 1987). Grass carp tend to grow larger in larger areas (i.e. larger ponds), even when stocking
densities are identical (Chilton and Muoneke 1992).
 

Phylogeny and morphologically similar fishes
In monotypic genus Ctenophayngodon (Guillory 1980). Both the goldfish (Carassius auratus) and the common
carp (Cyprinus carpio) differ from Ctenopharyngodon idella in having a long dorsal fin, deeper body, and spines
in the dorsal and anal fins; further, C. carpio has barbels, and C. auratus lacks dark-edged scales (Page and Burr
1991).  C. idella larvae, as well as C. auratus and C. carpio larvae, exhibit a large preanal length relative to total
length (>65%). However, C. idella larvae may be distinguished from that of the latter species by the presence of
30-33 preanal myomeres. Larger larvae develop only 7-9 dorsal fin rays; C. auratus and C. carpio develop more
than 15 (Fuiman et al.1983). For description of larval C. idella see Soin and Sukhanova (1972), Conner et al.
(1980); and Shireman and Smith (1983).
 
In an effort to develop a sterile form of the grass carp, preferably having the same useful feeding habits,
hybridization with the common carp (Cyprinus carpio) was attempted, but fertile hybrids were produced (Chilton
and Muoneke 1992).
 

Host Records
The Asian tapeworm (Bothriocephalus opsarichthydis), native to China and the Amur River basin, was first
reported in several native North American fish species in the 1970’s following introduction of the parasite via the
infected grass carp (Hoffman and Schubert 1984; Cudmore and Mandrak 2004).
 
Lernaea cyprinacea reported from this species in Arkansas (Stevenson 1965); Bothriocephalus opsarichthydis
(listed as B. acheilognahti), reported from Puerto Rico (Bunkley-Williams and Williams 1994). Shireman and
Smith (1983), Hoffman and Schubert (1984), and Cudmore and Mandrak (2004) list diseases and parasites of
Ctenopharyngodon idella.
 

Commercial or Environmental Importance
Ctenopharyngodon idella species was introduced in the U.S. in an effort to control nuisance plant growth, but in
some ecosystems it may negatively impact aquatic plants and invertebrate foods that provide beneficial habitat for
desired species (Taylor 1984; Chilton and Muoneke 1992; Fuller et al. 1999; Cole 2006). In Lake Conroe, Texas,
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stocking of C. idella and the resultant removal of vegetation altered the invertebrate community and led to
noticeable changes in the abundance of both inland (Menidia beryllina) and brook (Labidesthes sicculus)
silversides (Bettoli et al. 1991). A feeding preference study found showed this species avoided the aquatic plants,
creeping water primrose (Jussiaea repens) and the water buttercup (Ranunculus longirostris); Murphy et al. (2002)
noted that Ranunculus species contain a vesicant toxin called ranunculin that is released upon mastication, and
suggested further study of the avoided plants as to their potential effectiveness in aquatic amphibian habit
rehabilitation in areas negatively affected by aquatic macrophyte removal following introduction of the grass carp.
 
C. idella eggs (2.33 million) were experimentally released in the United States where divers observed voracious
predation by species including the blacktail shiner (Cyprinella venusta) and redbreast sunfish (Lepomis auritus)
resulting in a 99.9% reduction of released eggs over 3.2 km (Shireman and Smith 1983). Predaceous invertebrates,
especially copepods, reported to attack C. idella eggs (Shireman and Smith
1983).                                                                               
 
A survey of fourteen Missouri fisherman found that most Ctenopharyngodon idella were caught in trammel nets or
hoop nets, and a few were caught on trot lines baited with green sunfish (Lepomis cyanellus) or common carp
(Cyprinus carpio). Fisherman generally agreed that grass carp are easy to clean, yield a large amount of usable
flesh, have good flavor, and are more readily marketable than carp (Pflieger 1978). Alabama fisherman reported
the grass carp to be an excellent sportfish, with outstanding eating qualities (Greenfield 1973).
 
[Additional literature noting collection of this species from Texas locations includes, but is not limited to the
following: Bettoli et al. (1993); Gido et al. (2002).]
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Cyprinella venusta

blacktail shiner
 
 
Type Locality

Rio Sabinal at Sabinal, Uvalde Co., TX (Girard 1857).
 

Etymology/Derivation of Scientific Name
Cyprinella, Latin, meaning diminutive carp; venusta, Latin, meaning “beautiful, like Venus” (Pflieger 1997).
 

Synonymy
According to Mayden (1989), at least ten names have been used for this species.
Cyprinella venusta Girard 1857:198.
Cyprinella notata Girard 1857:198.
Cyprinella cercostigma Cope 1868:157.
Luxilus chickasavensis Hay 1881:506.
Notropis cooglei Hildebrand and Towers 1928:118.
Notropis venustus Cooper et al. 1982:166; Grady et al. 1983:96.
 

Characters
Maximum size: 152 mm SL (Gilbert and Burgess 1980).
 
Coloration:  Dorsal region dark olive with dark middorsal stripe; lateral region silvery-white with large, black
caudal spot; ventral region white; with intense pigments in interradial membranes of dorsal fin.  Breeding males
have blue dorsal and lateral regions with fins yellow-white. Peritoneum silvery with thick speckling of
melanophores (Goldstein and Simon 1999).
 
Pharyngeal teeth count:  1,4-4,1 or 2,4-4,2.
 
Counts: Lateral line scale rows 37 or less; anal soft fin rays 8-9; dorsal soft fin rays 8; pectoral soft fin rays 13-17;
pelvic soft fin rays 8.
 
Body shape: Deep.
 
Mouth position: Terminal to slightly subterminal and oblique.
 
External morphology: Diamond-shaped scales (common for Cyprinella); slightly decurved lateral line; large eye. 
Breeding males with numerous moderately large tubercles in scattered pattern on head (Mayden 1989).
 
Internal morphology: Short gut (Goldstein and Simon 1999).
 

Distribution (Native and Introduced)
U.S. distribution:  Gulf slope drainages from Texas to Florida (Gilbert and Burgess 1980; Kristmundsdottir and
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Gold 1996).
 
Texas distribution: In all major drainages in Texas. Introduced in the Rio Grande (Conner and Suttkus 1987).
 

Abundance/Conservation status (Federal, State, NGO)
Currently stable (Warren et al. 2000).

 
Habitat Associations

Macrohabitat: Small to large-size streams.
 
Mesohabitat:  Ubiquitously distributed among pools, runs, and riffles with silt, gravel, and bedrock substrates. In
the Blanco River, Texas, C. venusta were most abundant in swift runs in the spring and summer (Littrell 2006).
Species occurred throughout the year in riffle and sandbank habitats, in Village Creek (Neches River), Texas.
During summer, greatest number collected from sandbank habitats; also found in deep channel and riffle (though
none >47 mm SL occurred in riffles) habitats. Individuals <17 mm SL were found predominately in riffle habitats,
during fall and winter. Juveniles occurred almost exclusively in sandbank mesohabitat, during spring (Moriarty and
Winemiller 1997). Riggs and Bonn (1959) reported that C. venusta was commonly found in sandy or rocky areas
of Lake Texoma, Oklahoma-Texas, generally in clearer water of the downstream area; occasionally abundant in the
tailwaters, and rarely found in the headwaters.
 

Biology
Spawning season: April through September, in Texas (Littrell 2006). In Mississippi, late March – early October,
with most females reproductive from April- early September (Heins and Dorsett 1986). According to Moriarty and
Winemiller (1997), in Village Creek (Neches River), Texas, C. venusta revealed size distribution patterns
consistent with a protracted spawning season. Edwards (1997) noted that specimens <18 mm SL are present in
research museum collections from Texas from all except the coldest winter months suggesting a protracted
spawning season; spawning activities may occur from mid-February through late November or early December.
 
Spawning habitat: In fractional crevices (Heins 1990); generally located in flowing water, preferring crevices in
current velocities of 30 cm/s (Baker et al. 1994). Populations in reservoirs shifted their preference of current
velocity, choosing crevice sites in locations of much lower current speeds (Baker et al. 1994).  In the Blanco River,
Texas, C. venusta observed depositing eggs underneath small boulders and large cobble in a bedrock riffle in
swiftest current velocities available. 
 
Spawning behavior: Males respond to sounds produced by spawning females and are able to distinguish these
sounds from those produced by related female red shiners (Delco 1960).  Males are territorial, defending a crevice
from other males.  Breeding pair swims along the crevice, the female deposits eggs; usually the sperm has already
been released into the crevice, so the eggs are deposited into a crevice with viable sperm.  Immediately after
spawning, the male doubles back and eats any eggs that failed to make it into the crevice. Small males (sneakers)
try to fertilize eggs by darting between the dominant male and spawning female.  Both large and small males will
enter another male's territory and deposit sperm in a crevice before the male courts a female to lay eggs in the
crevice (Heins 1990).
 
Fecundity: Up to 340 in females from the Blanco River, Texas (Littrell 2006). In southwestern Mississippi, clutch
sizes ranged between 139 and 459 ova in females 48.6-72.0 mm SL; average mature ovum diameter was 1.15 mm
(±0.02); ovaries in mature females comprised 5.8-19.1% of the somatic body weight (Heins and Dorsett 1986).
Females from the Pearl River, Mississippi, spawned 20-46 clutches during the reproductive season (Baker et al.
1994).
 
Age/size at maturation: Age 1, possibly age 0; smallest sexually mature female was 32 mm SL; all females greater
≥ 42 mm SL were sexually mature (Heins and Dorsett 1986).
 
Migration: NA
 
Growth and Population Structure: In the Leaf River system, Mississippi, average length (SL) was 24 mm for age 1,
46 mm for age 2, and 72 for age 3; populations comprised mainly of age classes 0 and I (S.T. Ross, unpubl. data
in: Ross 2001). In the first year, C. venusta reaches about 45-60 mm SL (Edwards 1997). Average length (TL) was
45 mm for age 0, 66 mm for age 1, 90 mm for age 3 and older in the Blanco River, Texas (Littrell 2006). Cone et
al. (1986) reported that flooding in Lake Texoma (Oklahoma-Texas) negatively influenced growth.
 
Longevity: Up to 4 years in the Leaf River system, Mississippi (S.T. Ross, unpublished data in: Ross 2001). 4.5
years in the Blanco River, Texas (Littrell 2006).
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Food habits: Invertivore; benthic and drift (Goldstein and Simon 1999). Diet includes algae, seeds, aquatic and
terrestrial insects (Hale 1963; Hambrick and Hibbs 1977). Aquatic insects (mainly trichopterans, dipterans, and
ephemeropterans), and algae were most common food items of C. venusta in the Blanco River, Texas; sediment
and detritus were found in 21% of the 36 guts examined (Littrell 2006). Fish feed primarily during the day
(Hambrick and Hibbs 1977; Baker and Ross 1981).
 

Phylogeny and morphologically similar fishes
Cyprinella venusta has a distinct black caudal spot which distinguishes it from most other minnows; however
Pimephales promelas (fathead minnow), Pimephales vigilax (bullhead minnow), Phenacobius mirabilis
(suckermouth minnow), and Notropis maculatus (taillight shiner) also have this character. The bodies of
Pimephales promelas,  Pimephales vigilax, and Phenacobius mirabilis are much more rounded than that of C.
venusta, and they have more than 20 predorsal scale rows; N. maculatus has an incomplete lateral line. The caudal
spot of C. venusta may be faint, especially in populations inhabiting turbid waters, and they could likely be
confused with C. lutrensis (red shiner); however C. lutrensis has 9 anal rays (versus 8) and usually 35 or fewer
lateral scales (versus 36 or more; Ross 2001).  C. venusta hybridizes with Cyprinella lutrensis (red shiner) in Texas
(Hubbs et al. 1953; Hubbs and Strawn 1956), and in Illinois (Smith 1979).
 

Host Records
Gyrodactylus baeacanthus (Harris et al. 2004). Trematoda: Pisciamphistoma stunkardi; Acanthocephala:
Neoechinorhynchus cylindratus (Arnold et al. 1967). Trematode: Plagioporus sinitsini (Digenea: Opecoelidae;
Mathis 1993).
 

Commercial or Environmental Importance
Moriarty and Winemiller (1997) suggested that Cyprinella venusta may serve as major food resource for
piscivorous Micropterus punctulatus (spotted bass), during the summer, in Village Creek (Neches River), Texas.
 
[Additional literature noting collection of this species from Texas locations includes, but is not limited to the
following: Harrell (1978); Hrushka (1991); Linam et al. (1994); Farmer et al. (2004); Winemiller et al. (2004);
Zeug et al. (2005).]
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Cyprinus carpio
common carp

 
 
Type Locality

Europe (Linneaus 1758).
 

Etymology/Derivation of Scientific Name
Cyprinus – generic name first used by Linnaeus and probably derived from Cyprus, the island home of Venus, and
an indirect reference to the fish’s fecundity; carpio – Latin word for carp which was used by the Roman and Celtic
peoples of Europe (Moyle 1976).
 

Synonymy
NA
 

Characters
Maximum size: Up to 1220 mm TL (Allen 1980).
 
Coloration:  Dorsal region olive to gray; lateral region yellow-gold with silvery sheen; ventral region pale yellow. 
Dorsal and caudal fins gold-olive, other fins yellowish.  Breeding males have a darker shade of the colors
mentioned above with orange-gold fins.  Juveniles have a dark vertical bar on caudal fin base. Peritoneum dusky
(Goldstein and Simon 1999).
 
Pharyngeal teeth count: 1, 1, 3-3, 1, 1 (Hubbs et al. 1991).
 
Counts: 35-38 lateral line scales (Hubbs et al. 1991); 21-33 gill rakers; 19 caudal fin rays; 18-22 dorsal fin rays; 4-
6 anal fin rays; 14-18 pectoral fin rays; 8 or 9 pelvic fin rays (Heufelder and Fuiman 1982; Ross 2001).
 
Body shape: Deep body near origin of dorsal fin.
 
Mouth position: Terminal on young, becoming subterminal with age (Page and Burr 1991; Ross 2001).
 
External morphology: Upper jaw with barbels on each side; some morphologies without barbels (Hubbs et al.
1991).  Serrated spines on dorsal and anal fins. Swee and McCrimmon (1966) noted that nuptial tubercles are
typically present on the head and pectoral fin rays of the male during the spawning season.
 
Internal morphology: Pharyngeal teeth are molar-like (Goldstein and Simon 1999).
 

Distribution (Native and Introduced)
U.S. distribution: Introduced in 1877 (native to Eurasia); widely distributed in North America below 50th parallel;
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south to panhandle of FL, west through Mississippi River basin, becoming less common in west (Allen 1980).
 
Texas distribution: Introduced statewide.
 

Abundance/Conservation status (Federal, State, NGO):
Broad and stable distribution in North America (Panek 1987).
 

Habitat Associations
Macrohabitat: Small backwater areas to large rivers and reservoirs. Most abundant in large bodies of water (Hubbs
et al. 1991).
 
Mesohabitat: Ubiquitous among habitats (Allen 1980) usually avoid swift currents. In the Sulphur River, Texas,
one of four dominant species in open-water group collections; positively associated with greater depths in the
upstream reach and with pool habitats during the high flow range (Morgan 2002). ). Upper lethal limit reported to
range between 36°C and 41°C; species moderately tolerant of low dissolved oxygen conditions, with decrease in
feeding and growth apparent at oxygen concentrations less than 3 ppm; species extremely tolerant of turbidity
caused by particulate matter (clay, silt), the lethal level approaches 165,000 ppm (Panek 1987). Reported from
brackish marshes with salinities up to 14 ppt (Crivelli 1981); however this species is rarely found in brackish areas
as high salinities cause excretory problems and may interfere with water balance (Panek 1987). Young fish will
bury themselves in mud or sand in an effort to avoid predation by birds (Panek 1987).
 

Biology
Spawning season: April to August, in Wisconsin (Miller 1952). Early-June to mid-July, in Lewis and Clark Lake
(Missouri River), with water ranging between 18.3-23.9°C (Walburg and Nelson 1966). In Ontario, Canada, mid-
May to early-August, with water temperatures ranging between 17 and 27°C; peak activity at 19-23°C (Swee and
McCrimmon 1966). Spawning occurs from early spring (Panek 1987) to early summer (Breder and Rosen 1966).
 
Spawning location: Phytolithophils - nonobligatory plant spawner that deposit eggs on submerged items in shallow
areas (Breder and Rosen 1966; Swee and McCrimmon 1966; Balon 1981; Simon 1999). Known to spawn in rivers,
lakes, marshes, forested swamps, ponds, and sheltered, vegetated areas of streams; over aquatic vegetation, tree
roots, on mud bottoms, and over debris covering bottom (Breder and Rosen 1966; Heufelder and Fuiman 1982;
Panek 1987). In Ontario, Canada, spawning typically occurred in shallow water with muck bottom where eggs
were scattered over available vegetation (Swee and McCrimmon 1966); occurred in shallow flooded area with
abundant fixed vegetation, in southern France (Crivelli 1981).
 
Reproductive strategy: Nonguarders; open substratum spawners; phytolithophils: late hatching larvae with cement
glands in free embryos, have larvae with moderately developed respiratory structures, and have larvae that are
photophobic (Swee and McCrimmon 1966; Balon 1981; Simon 1999). Spawning occurs in shallow water (1-2
feet), both day and night, and is accompanied by much splashing. One or more males will chase the female,
prodding her in an effort to induce extrusion of eggs. Eggs and milt are released into the water during this process;
the eggs sinking and adhering to aquatic vegetation, algae, or firm substrates (Breder and Rosen 1966; Panek
1987).
 
Fecundity: Eggs ranging from 36,000 to 2,208,000 (Swee and McCrimmon 1966; Crivelli 1981; Panek 1987). Eggs
demersal, adhesive, 1.5-2.1 mm diameter; incubation period 90 hours at 13-17°C, 50 hours at 25-32°C (Heufelder
and Fuiman 1982; Panek 1987). Females can spawn multiple times a year (Swee and McCrimmon 1966).

 
Age at maturation: Variable; males generally mature by age 2 (or 305 mm TL) and females at three years old (or
432 mm TL; Panek 1987). Of Canadian populations, Swee and McCrimmon (1966) noted that males mature at ages
3 – 4, females at ages 4 – 5.
 
Migration: Relatively sedentary, at times they move moderate distances in streams, likely relating to habitat
suitability (Funk 1955). In rivers, fish may migrate long distances to find suitable spawning conditions; in large
reservoirs, fish inhabit overwintering areas near shallows were they will spawn (Panek 1987).
 
Longevity: Seldom beyond 20 years in the wild (Panek 1987), maximum known is 47 years for a fish kept in a
pond; carp in warmer waters live <11 years (Carlander 1969).
 
Food habits: Species classified as invertivore/detritivore; benthic/filter feeder; grazer/suction feeder; main diet
items include plant tissue, aquatic insects, crustaceans, annelids, and mollusks (Goldstein and Simon 1999).
Feeding usually occurs in water <10 m, with fish rooting around the silty substrata; however, fish also consume
plankton suspended in midwater, and insects or plankton trapped in the surface film. Bottom feeding individuals
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take mouthfuls of benthic organic matter and release it in the water column in order to select certain food items.
Fish actively feed at sunrise and sunset. Diet of young fish primarily small crustacean, snails, and midge larvae;
zooplankton selected from water column is sometimes an important diet item. Adults are omnivorous, consuming
varying amounts of plant (rooted plants, algae, organic debris) and animal (midge larvae, crustaceans, small snails,
freshwater clams) foods. Pharyngeal teeth well adapted for crushing and grinding larger food items (Panek 1987).
Populations in two Colorado streams fed primarily on chironomid larvae and pupae; gut contents of stream fish
also yielded large amounts of algae, sand, detritus, and terrestrial invertebrates. Fish inhabiting a Colorado pond
fed primarily on chironomids, but also consumed large amounts of entomostracans and crayfish (Eder and Carlson
1977). In Lewis and Clark Lake (Missouri River), food items in order of volumetric importance were organic
detritus (61%), insects (19%), microcrustaceans (10%), and phytoplankton (9%; Walberg and Nelson 1966).
 
Growth: Highly variable; maximum average length (TL) is 445 mm by the end of age 1, 622 mm by the end of age
2, 703 by the end of age 3, 782 mm by the end of age 4, and 831 by the end of age 5 (Carlander 1969).
 

Phylogeny and morphologically similar fishes:
Subfamily Cyprinidae within the cyprinid group (Cavender and Coburn 1992). Often hybridizes with the non-
native goldfish, Carassius auratus (Breder and Rosen 1966; Allen 1980). Goldfish (Carrassius auratus) lack
barbels, and molar-like pharyngeal teeth. 
 

Host Records:
Algae; Fungi; Protozoa (extensive); Trematoda (extensive); Cestoda; Nematoda (extensive); Leeches; Mollusca;
Crustacea (extensive; Hoffman 1967; Panek 1987).
 

Commercial or Environmental Importance:
Individuals disturb benthos and increase turbidity as they stir up the bottom when feeding; consequently species
regarded as pest fish in North America (Allen 1980; Panek 1987). Ecological success of this species has been
attributed in part to its highly-developed senses of hearing, smell, and taste (Panek 1987).
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Hybognathus nuchalis

Mississippi silvery minnow
 
 
Type Locality

Quincy, IL (Agassiz 1855).
 

Etymology/Derivation of Scientific Name
Hybognathus, Greek, “swollen jaw;” nuchalis, Latin, pertaining to the nape (Pflieger 1997).
 

Synonymy
H. argyritis removed from synonomy of H. nuchalis by Pflieger (1971). The Committee on Names of Fishes
(Robins et al. 1980) recommended the addition of Mississippi to the common name, a modifier indicative of its
geographic range (Becker 1983).
 
Hybognathus nuchalis Agassiz 1855:224.
Triodon amnigenus Hay 1883:68.
 

Characters
Maximum size: To 18 cm (Page and Burr 1991).
 
Coloration: No black band through eye to snout (Hubbs et al 1991). Belly and sides silvery. Anteriorly, silvery area
extends dorsad onto one and a half rows of scales above the lateral line; posteriorly, silvery area extends midway
up the side of the peduncle and extends onto the scale row above the lateral line row of scales. Iridescent green-
gold stripe borders the upper edge of the silvery area. Median, dorsal, iridescent, green-gold stripe is present
anterior, as well as posterior to the dorsal fin (Fingerman and Suttkus 1961). Breeding male with light yellow
along the sides and lower fins, and small tubercles on the body and fins (Becker 1983).
 
Counts: Pharyngeal teeth 0,4-4,0 (Page and Burr 1991). Pharyngeal teeth in main row typically 4-4; pharyngeal
teeth without prominent parallel grooves (Hubbs et al 1991); fewer than 45 lateral line scales; fewer than 10 soft
rays on dorsal fin (Hubbs et al 1991); 34-41 lateral scales; usually 8 anal rays; 15-16 pectoral rays (Fingerman and
Suttkus 1961).
 
Body shape: Subterete, with rounded profile (Fingermann and Suttkus 1961).
 
Mouth position: Small, slightly subterminal mouth (rear edge of mouth in front of eye; Page and Burr 1991).
 
External morphology: Scales with 10 radii (grooves); head width about equal to distance from tip of snout to back
of eye; 11-15 scale rows across belly (counted just in advance of pelvic insertion, excluding lateral line scales); eye
contained in snout about one and one-half times; middorsal stripe broad and solid; predorsal scales not crowded
except for fish with 9 or more anal fin rays; first obvious dorsal fin ray a thin splint, closely attached to the
following well developed but unbranched ray, especially at tip; lower lip thin, without a fleshy lobe; no maxillary
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barbell present; lateral line usually not decurved, either straight or with broad arch; premaxillaries protractile; upper
lip separated from skin of snout by a deep groove continuous across the midline; cartilaginous ridge of lower jaw
hardly evident and not separated by a definite groove from the lower lip; distance from origin of anal fin to end of
caudal peduncle contained two and one-half or fewer times in distance from tip of snout to origin of anal fin;
dorsal and anal fins without spines (Hubbs et al 1991). In spring, the nuchal region is somewhat swollen (Forbes
and Richardson 1920).
 

Distribution (Native and Introduced)
U.S. distribution: Mississippi basin from MN south to Brazos River, TX, and Mobile Bay drainage, AL (H.
nuchalis); Rio Grande drainage of NM and TX (H. amarus; Pflieger 1980).
 
Texas distribution: Found in eastern TX streams, from the Brazos River eastward and northward to the Red River
(Hubbs et al 1991).

 
Abundance/Conservation status (Federal, State, NGO)

Populations in southern drainages are currently stable (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Common in pools and backwaters of medium to large streams with low or moderate gradients
(Pflieger 1980). In Texas, adults likely to inhabit smaller tributary streams and not the Brazos River main stem
(Winemiller et al. 2004). Etnier and Starnes (1993) note that main stem rivers may be important to the early
development or another aspect of life history.
 
Mesohabitat: Moderate current; silty, muddy, or rocky substrate (Fingerman and Suttkus 1961).
 

Biology
Spawning season: January through April (Burr and Mayden 1982). In Wisconsin, from the end of April or early
May until at least the end of July. Females with mature eggs 0.8 mm diameter were taken from two creeks,
tributaries to the lower Wisconsin River, in mid and late July; no gravid females were found in collections made in
August and September (Becker 1983).
 
Spawning habitat: Calm waters along the edge of streams and in the backwaters and overflow pools of large rivers
(Burr and Mayden 1982). Adams and Hankinson (1926) note breeding principally in creeks and rivers in shallow
water, in or near riffles.
 
Spawning Behavior: Lithopelagophils; rock and gravel spawners with pelagic free embryos. (Simon 1999).
 
Fecundity: In the Wisconsin River, in June, an individual , 102 mm TL and 8.84 g, had ovaries 9.3% of the body
weight, which contained 2, 054 yellow mature eggs 0.8-0.9 mm diameter. A second female, 107 mm TL and 10.75
g, held 3,105 mature eggs 0.7-0.9 mm diameter; the ovaries were 9.3% of the body weight. No smaller, white,
immature eggs were observed (Becker 1983).
 
Age at maturation: Two years (Becker 1983). Some females reach maturity at age 1 (Mansueti and Hardy 1967).
 
Migration:
 
Growth and Population Structure: In Wisconsin, reported growth averaged 75 mm TL at age 1 and 100 mm TL at
age 2 (Becker 1983).
 
Longevity: 2 years (Becker 1983).
 
Food habits: Feeds in large schools near bottom, ingesting mud and bottom ooze from which it digests algae and
other organic matter (Forbes and Richardson 1920). The long intestine facilitates the digestion of algae and other
plant material (Page and Burr 1991). Hlohowskyj et al. (1989) indicated that the pharyngeal papillae of members of
Hybognathus are arranged in an elaborate pattern and may be used as a filtering apparatus for trapping small food
items.
 

Phylogeny and morphologically similar fishes: Hybognathus nuchalis  body shape is subterete; that of H. hayi is
compressed. H. hayi has an angular profile; H. nuchalis is rounded and individuals of the species lack diamond-
appearing scales. Melanophores of the anterior part of the lateral band of H. hayi are small and only slightly larger
than the melanophores on the upper part of the sides and back, while the large melanophores of the anterior part of the
lateral band of H. nuchalis are usually noticeably larger than the melanophores above the band. The median dorsal
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stripe in front of the dorsal fin is wider and darker in H. nuchalis. H. hayi has a much shorter intestine in proportion to
the standard length than does H. nuchalis. Snout is broadly rounded in H. hayi and can hardly be seen from the ventral
aspect, while the snout of H. nuchalis is more pointed and projects anteriorly beyond the upper lip by about twice the
thickness of the upper lip (Fingerman and Suttkus 1961).

 
Host Records

Trematoda (Posthodiplostomum minimum (Texas) (Mayberry et al., 2000).
 

Commercial or Environmental Importance
Commercially used as bait fish for larger game fish of inland fisheries (Becker 1983).
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Notemigonus crysoleucas

golden shiner
 

 
Type Locality

New York (Mitchill 1814 in: Eschmeyer 1990).
 

Etymology/Derivation of Scientific Name
Notemigonus, Greek, “angled back;” crysoleucas, Greek, meaning “golden white,” in reference to the body color
(Pflieger 1997).
 

Synonymy
Cyprinus crysoleucas Mitchill 1814 in: Eschmeyer 1990:23.
Notemigonus chrysoleucas Hay 1881:512, 1883:71.
Notemigonus crysoleucas Hildebrand and Towers 1928:117; Cook 1959:103.
 

Characters
Maximum size: 367 mm TL from the St. Johns River, Florida (McLane, 1955).
 
Coloration: Eyes and medial fins usually yellow-green (Hubbs et al 1991). Silver to olive green on back and upper
sides, light gold or silver on lower flanks, and silvery white undersides. Gold colors in fish inhabiting waters
stained with tannins and silver colors in fish from clearer water. Fins clear to dusky. Males develop submarginal
orange bands (more pronounced on leading rays) on the dorsal, caudal, anal, and pelvic fins, in the spring. Small
fish have dark lateral band (Ross 2001).
 
Counts: Pharyngeal teeth in 0,4-4,0 or 0,5-5,0, without prominent parallel grooves; 17-19 gill rakers on first gill
arch (Hubbs et al 1991, 2008); 39-51 lateral line scales, 8 dorsal rays, 12-16 anal rays, 13-14 pectoral rays, and 9
(8-10) pelvic rays (Ross 2001).
 
Body shape: Deep, strongly compressed laterally; head triangular, small (Scott and Crossman 1973).
 
Mouth position: Oblique, opening narrow (Scott and Crossman 1973).
 
External morphology: Abdomen behind pelvic fins with fleshy keel over which the scales do not pass; gill rakers
long and slender; lateral line greatly decurved; premaxillaries protractile; upper lip separated from skin of snout by
a deep groove continuous across the midline; cartilaginous ridge of lower jaw hardly evident and not separated by
a definite groove from the lower lip; distance from origin of anal fin to end of caudal peduncle contained two and
one-half or fewer times in distance from tip of snout to origin of anal fin; dorsal and anal fins without spines
(Hubbs et al 1991). Etnier and Starnes (1993) give a tubercle description provided by R. E. Jenkins: Nuptial males
develop small, scattered tubercles on the side of the head from the internasal area to the occiput, on sides of the
head, especially on posterior and ventral portions of opercles, and on lower jaw and brachiostegal rays; all lateral
scales have several tiny, marginal tubercles; tiny tubercles occur on rays of all fins, including both dorsal and
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ventral surfaces of pectoral and pelvic fin rays.
 
Distribution (Native and Introduced)

U.S. distribution: Atlantic Slope from the Canadian Maritime Provinces south to Florida, west to Texas, and North
to Saskatchewan (Lee 1980).
 
Texas distribution: Widely distributed throughout the state, primarily as a result of bait releases; species probably
native only to the streams of eastern Texas (Hubbs et al 1991)
 

Abundance/Conservation status (Federal, State, NGO)
Populations in southern drainages are currently stable (Warren et al. 2000)
 

Habitat Associations
Macrohabitat: Waters with access to extensive shallows. Common to abundant in ponds and lakes. Often in streams
and rivers where it may be abundant in sluggish areas (Lee 1980).
 
Mesohabitat: Slow, deep areas of streams and in oxbow lakes and reservoirs, commonly with well-developed,
submerged aquatic vegetation, but may also be fairly common in turbid oxbow lakes and sluggish streams (Cooper
et al 1982); turbid waters of sluggish streams (Rose and Echelle 1981); turbid, shallow pools and riffles with sand
and clay substrate, and turbid stream with very soft sand/silt substrate (Linam et al. 1994). Can survive at
temperatures up to 40 C (Alpaugh 1972). Enters brackish water (6.8 ppt. salt) in lower Mobile Delta (Swingle
1971).
 

Biology
Spawning season: In spring or summer, when water temperatures are above 20.6 C (Cooper 1935).
 
Spawning habitat: Adhesive eggs attach to filamentous algae or other aquatic plants (Cooper 1935), and apparently
sometimes over nests of largemouth bass, as their larvae benefit from the guarding habits of the males largemouth
bass (Kramer and Smith 1960; Chew 1974).
 
Spawning Behavior:
 
Fecundity: Up to 200, 000 (NCWRC 1962). Eggs measuring 1 mm in diameter (Cooper 1935). Four day incubation
at approximately 24-27 C (Dobie et al. 1956).
 
Age at maturation: Second or third summer, depending on rate of growth; maturity usually reached at a total length
of 64-89 mm (Cooper 1935).
 
Migration: Diel migrations from the littoral to limnetic zone. Golden shiners schooled in the littoral zone during
the day, breaking up and migrating to open water regions just after sunset; feeding largely coincident with evening
migration (Hall et al. 1979).
 
Growth and Population structure: Studies on 1, 058 shiners from 20 Michigan natural water localities show an
average growth rate of approximately 76 mm TL during second summer, 102 mm during third summer, 114 mm
during fourth summer, and 140 mm during the sixth.  Females grow faster and attain a larger size (Cooper 1935).
Newly hatched golden shiner larvae ranged from 4.0 to 4.3 mm (average 4.2 mm) TL; For further larval
development information see Buynak and Mohr (1980).
 
Longevity: Maximum age of eight summers; females live longer than males (Cooper 1935).
 
Food habits: Invertivore/herbivore; particulate feeder; midwater and surface feeder (Simon 1999). Main foods:
Cladocera 90% by volume, flying insects 20%, chironomid pupae 30%, and filamentous algae (Keast and Webb
1966). Consume zooplankton, restricted to about 1 m below the surface, during the lowlight hours after sunset and
just before sunrise (Hall et al 1979). Will filter feed on smaller zooplankton, which may be beneficial when larger
zooplankton are less abundant, or light level precludes capture of larger zooplankton (Ehlinger 1989).
 

Phylogeny and morphologically similar fishes
Notemigonous crysoleucas hybridizes with the morphologically similar Scardinius erythrophthalmus (rudd). N.
crysoleucas differs from S. erythrophthalmus in lacking bright red fins and in having an unscaled (as opposed to
scaled) abdominal keel, a higher lateral scale count (39-51 versus 38-41), and more gill rakers (16-23 versus 10-
13) (Burkhead and Williams 1991).
 

 



golden shiner Notemigonus crysoleucas

http://nucleus.bio.txstate.edu/~tbonner/txfishes/notemigonus%20crysoleucas.htm[1/25/2010 11:53:41 AM]

Host Records
Trematoda: Dactylogyrus auratus, Dactylogyrus aureus, Dactylogyrus parvicirrus, Posthodiplostomum minimum
(Mayberry et al., 2000). Hoffman (1967) lists the following parasites from species in North American waters:
protozoans (2), trematodes (15), cestodes (3), nematodes (3), acanthocephalans (3), leeches (3), and crustaceans
(3).
 

Commercial or Environmental Importance
Scott and Crossman (1973) stated, “The golden shiner may well be the most popular of all bait fishes in North
America.”
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Notropis atherinoides

emerald shiner
 
 
Type Locality

Lake Erie (Rafinesque 1818).
 

Etymology/Derivation of Scientific Name
Notropis, Greek, meaning “back keel;” atherinoides Greek, meaning “silverside-like,” in reference to resemblance
to a member of the silverside family (Pflieger 1997).
 

Synonymy
Based on his own work and the work of Coburn (1982), Mayden (1989) listed N. atherinoides in the subgenus
Notropis.
Notropis atherinoides Rafinesque 1818:204; Hildebrand and Towers 1928:117; Cook 1959:118.
Minnilus dilectus Hay 1881:508, 1883:71
 

Characters
Maximum size: 127mm TL (Flittner 1964).
 
Coloration: Live fish are a bright, iridescent silvery green with a silver midlateral band. The back and upper sides
are greenish to straw colored, and the venter is silvery white. The dorsal scales are dusted with melanophores and
have pigmented margins and clear centers. There is a variable middorsal stripe extending from the back of the
head to the caudal base, and the head is diffusely pigmented with melanophores from the occiput anteriorly to the
snout. The area between the nostril and eye lacks melanophores and only a few melanophores surround orbit. The
lips are pigmented medially and the pigment continues about half way down the midline of the lower jaw. The
cheek, suborbital, and opercle are silvery. A lateral band about 1.5 scales wide extends from the opercle to the
caudal base, and is diffusely stippled anteriorly, becoming more prominent on the caudal penduncle. Scales along
the side are bright and silvery. The dorsal, caudal, and leading rays of the pectoral fins are lined with
melanophores, but the remaining rays and membranes are clear. No nuptial colors are exhibited by either sex (Ross
2001).
 
Counts: Pharyngeal teeth 1 or 2, 4-4, 2 or 1; usually 9-12 anal fin rays (Hubbs et al. 1991); lateral line scales 35-
43, predorsal scale rows 19-20 (18-21); pectoral fin rays 14-16; pelvic fin rays 8 (8-9); gill rakers 10-12 (Etnier
and Starnes 1993).
 
Body shape: Body more slender and thicker, its depth contained 1.9 to 2.5 times in distance from dorsal origin to
occiput. Eye larger, contained about 3 times in body depth (measured over curve; Bailey 1951); snout more blunt
and shorter (Bailey and Allum1962). Intestinal canal short, forming a simple S-shaped loop (Hubbs et al. 1991).
 
Mouth position: Mouth terminal and oblique (Hubbs et al. 1991).
 
External morphology: Eye longer than snout; underside of opercle gray; a few chromatophores on lateral line
scales other than those on lateral stripe; middorsal stripe behind dorsal fin usually three to five chromatophores
wide (Hubbs et al. 1991); origin of dorsal fin behind insertion of pelvic fin; dorsal origin nearer base of caudal fin
than tip of snout (Bailey 1962; Hubbs et al. 1991); dorsal fin more triangular, last fin ray less then one half length
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of the longest; interradial membranes of dorsal fin without melanophores (except along rays). First obvious dorsal
fin ray a thin splint, closely attached to the following well developed but unbranched ray especially at tip; lower lip
thin, without fleshy lobe; lateral line usually not decurved, either straight or with a broad arch. Premaxillaries
protractile; upper lip separated from skin of snout by a deep groove continuous across the midline; cartilaginous
ridge of lower jaw hardly evident and not separated by a definite groove from the lower lip. Distance from origin
of anal fin to end of caudal peduncle contained two and one-half or fewer times in distance from tip of snout to
origin of anal fin (Hubbs et al. 1991). Length of longest gill rakers 2-2.5 times their basal width (Etnier and
Starnes 1993).
 

Distribution (Native and Introduced)
U.S. distribution: Widely distributed across United States especially in the Mississippi Basin it is at the edge of its
range in Texas (Hubbs et at., 1991).
 
Texas distribution: Occurs in Red, Sabine, Neches, and lower Trinity Drainages (Hubbs et at., 1991). Sabine Lake
unit (including minor coastal drainages west to Galveston Bay; Warren et al. 2000).
 

Abundance/Conservation status (Federal, State, NGO):
Not listed as threatened or endangered by Texas Parks and Wildlife Department
(2006). Populations in the southern United States considered currently stable (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Restricted to open rivers and lakes of variably turbidity where it swims in large schools (Gilbert and
Burgess 1979).
 
Mesohabitat: Tolerant of low oxygen levels (Matthews and Maness 1979) and turbidity (Boschung and Mayden
2004). Campbell and MacCrimmon (1970) reported the temperature preference for the emerald shiner as 25
degrees C.
 

Biology
Spawning season: In IA, females taken in mid-July had completed spawning; in IL, ripe females taken from mid-
May to early June; in Lake Erie, spawning from late June to late July, or even mid-August (Carlander 1969). In
Wisconsin, major spawning period is in June and July; may occur as early as late May, extending to the beginning
of August (Becker 1983). In MI, protracted summer spawning period. Spawning is temperature dependent,
beginning shortly after the 22.2 degree C threshold temperature is exceeded (Flittner 1964). In southern Canada,
gravid females taken from water temperatures ranging from 20.1-23.2 degrees C (Campbell and MacCrimmon
1970).
 
Spawning habitat: Near surface in open water (Carlander 1969; Flittner 1964). Spawning substrate is normally
gravel shoals (Dobie et al. 1956); rounded boulders, course rubble and sand (Campbell and MacCrimmon 1970),
and hard sand or mud swept clean of detritus (Flittner 1964) are also used.
 
Reproductive strategy: Pelagophils (Simon 1999). Spawning occurs at night, as fish form large schools in the
surface waters over a substratum of clean sand or hard mud. The shiners first appear about 1 to 2 feet below
surface milling and darting rapidly and erratically in a circular path. The smaller males appear to pursue larger
females for a few seconds at a time. As these pairs swim about in a 10 to 20 foot circle, the male overtakes the
females and presses closely on either the right or the left side in what appears to be an interlocking of pectoral fins.
The pair gyrates a second or two, and then slows down as female arches her side upward producing the “flash”
stops for an instant, rolling over further, after which either the female or both sound , diving out of view; eggs are
released and fertilized at the instant of rolling (Flittner 1964).
 
Fecundity: In the Wisconsin River, in late June, an age-I female 69 mm TL, with ripe ovaries constituting 33% of
total weight, contained approximately 2,990 mature yellow eggs 0.9 mm diameter. Immature white eggs also
present (approx. one-fourth the number of mature eggs). A female (estimated to be an age-II specimen) 75 mm TL,
collected mid-July from the Wisconsin River, held approximately 2,040 mature eggs averaging 0.8 mm diameter
(Becker 1983).  In Lake Simcoe, Canada, the number of eggs in pre-spawning mature females varied from 868 in
an age-I specimen, 69 mm TL, weighing 2.5 g to 8,733 eggs in an age-III specimen, 98mm TL and 8.9 g; egg of
ripe females ranged from 0.21 to 0.67 mm diameter; number of eggs increased with total length, weight and
gonadal weight (Campbell and MacCrimmon 1970). The fertilized nonadhesive eggs sink to the bottom where they
hatch in 24-32 hours (Becker 1983).
 
Age at maturation: Spawning fish were primarily in age classes 2-3. Males are mature at 55-60mm TL, and
females at 65mm TL (Flittner 1964; Fuchs 1967; Campbell and MacCrimmon 1970).
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Migration: Schooling species, staying offshore during summer months, usually near the surface; moving inshore in
autumn and aggregating at times off docks, piers, and river mouths in great numbers; these large schools in inshore
waters usually composed of young-of-the-year; as season advances, move into deeper water for overwintering; in
early spring, moving into surface waters at night and descending to deeper waters during the day (Scott and
Crossman 1973; Campbell and MacCrimmon 1970).
 
Growth and population structure: During their first year fish reach 63-78mm TL. TL at ages 2-3 are 88-98mm and
98-110mm; (Flittner 1964; Fuchs 1967; J.S.Campbell and MacCrimmon 1970). Maximum growth rates occur at
24-29°C and growth markedly declines below 15° C (McCormick and Kleiner 1976).
 
Longevity: Females live longer than males. May live up to three to five years; all older fish were females. (Flittner
1964; Fuchs 1967; Campbell and MacCrimmon 1970).
 
Food habits: Planktivore; size selective picker; move with planktonic food source up at dusk, back down at dawn
(Simon 1999). Adults may remain planktivorous and seem to prefer cladocerans. Insects make up a much smaller
component of overall diet. Most insects consumed were adult rather then larval stages. Algae and plant materials
may also be eaten especially during spring (Flittner 1964; Fuchs 1967; Campbell and MacCrimmon 1970; Hartman
et al.1992).
 

Phylogeny and morphologically similar fishes:
Notropis atherinoides is similar to N. jemezanus, the Rio Grande shiner, as well as N. oxyrhynchus, the sharpnose
shiner. N. jemezanus differs from N. atherinoides in that it has a larger, less slanted mouth extending under eye;
smaller eye; deeper snout; lacks black lips (may be dusky), black around anal fin base and along underside of
caudle peduncle. N. oxyrhynchus differs from N. atherinoides in that it has a sharply pointed snout, and the upper
jaw is level with upper edge of eye (Page and Burr 1991). The posterior position of the dorsal fin (posterior to
pelvic fin base) renders the emerald shiner similar to species of the genus Lythrurus. Lythrurus species can be
distinguished by the presence of numerous crowded predorsal scales (usually greater than 22 predorsal rows; Ross
2001). Mayhew (1983) reported hybridization of N. atherinoides and Notropis volucellus in the Monongahela
River, western Pennsylvania.
 

Host Records:
Gyrodactylus parvicirrus (Harris et al. 2004); Trematoda: Neodactylogyrus archis, Posthodiplostomum minimum;
Cestoda: Proteocephalus ambloplitis, P. pinguis, exper. (Hoffman 1967).
 

Commercial or Environmental Importance
Important as forage fish in many parts of its range (Boschung and Mayden 2004; Scott and Crossman 1973). Their
glistening sides, unique form, and graceful movements make the emerald shiner an excellent aquarium fish.
Hardiness in cold weather makes it a favorite bait for winter fishing; especially good bait for bass, perch, and
walleye (Becker 1983).
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Notropis maculatus

taillight shiner
 
 
Type Locality

Chickasawhay River (and tributaries), near Enterprise, Clarke Co., Mississippi (Hay 1881).
 

Etymology/Derivation of Scientific Name
Notropis, Greek, meaning “back keel;” maculatus, Latin, meaning “spotted” (Pflieger 1997). Hay (1883) referred
to the species as the “spot-tailed Hemitreme.”
 

Synonymy
Hemitremia maculate Hay 1881:505; Hay 1883:70.
Notropis maculates Cook 1959:107.
 

Characters
Maximum size: May reach 76 mm (3.0 in) TL (Boschung et al. 1983; Page and Burr 1991).
 
Coloration: The back is straw colored or light olive with a thin middorsal stripe running from the head to tail. The
snout is pale medially, and the head is covered with melanophores from the interdorsal region posteriorly to the
nape. The tip of the lower jaw is densely covered with melanophores. The narrow but prominent led colored lateral
band (1.0-1.5 scales wide) that starts on the snout just above the corner of the mouth and extends posteriorly to the
caudal fin base, fading slightly before approaching a distinct basicaudal spot about the size of the pupil. Adjacent
to the basicaudal spot are wedge-shaped spots at the base of the procurrent caudal rays. Bases of the dorsal rays are
darkened with melanophores. The undersides of the body are silvery white, with melanophores concentrated around
the vent and bases of the anal fin rays. There is also a thin postanal stripe.
The leading rays of the pectoral, pelvic, dorsal and anal fins are heavily lined with melanophores. Only in the
pectoral fins are the remaining parts of the fin clear. The pelvic, anal, and dorsal fins have a black band along their
distal margins. The dorsal fin also has a black band through rays 1-3. The basal and medial portions of the fins are
clear. The caudal ray margins are lined with melanophores that are more prominent along the medial rays and the
distal margin.
Breeding males are brilliantly colored. The body has a general overlay of pink to red and the snout and head are
bright red as are the distal tips and edges of all the fins except the pectorals. The white venter contrasts with red
dorsum. Females generally lack the red coloration but occasionally gravid females have red snouts. They also have
similar, but subdued, fin pigmentation. In nonreproductive fish, the red coloration is usually restricted to the base
of the caudal fin between the basicaudal spot and the adjacent wedge-shaped spots, resembling small taillights
(Ross 2001). Nonreproductive males larger than 30 mm TL may be distinguished from females by elongate black
blotches along the anterioredge of the dorsal fin, as described by McLane (1955) and Cowell and Barnett (1974).

 
Counts: Pharyngeal teeth 0,4-4,0; 1 or 2,4-4,2 or 1 (Hubbs et al. 1991).15 pored lateral-line scales, 35-37 (34-39)
scales in lateral series, 15-17 predorsal scale rows; 8 (7-8) anal fin rays; 13-15 pectoral fin rays; 8 pelvic fin rays;
gill rakers 0-5 short knobs (Etnier and Starnes 1993).
 
Body shape: Elongate, slender minnow with a rounded snout (Ross 2001). Intestinal canal short, forming a simple
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S-shaped loop (Hubbs et al. 1991).
 
Mouth position: Subinferior and horizontal (Hubbs et al. 1991).
 
External morphology: Lateral line incomplete; last ray of dorsal fin much less than one half the length of the
longest; interradial membranes of dorsal fin without melanophores (except along edge of rays of forming dash on
anterior two membranes); predorsal scales not crowded; first obvious dorsal fin ray a thin splint, closely attached to
the following well developed but unbranched ray especially at tip; lower lip thin, without fleshy lobe; no maxillary
barbel present; lateral line usually not decurved, either straight or with a broad arch; Premaxillaries protractile;
upper lip separated from skin of snout by a deep groove continuous across the midline; cartilaginous ridge of lower
jaw hardly evident and not separated by a definite groove from the lower lip; distance from origin of anal fin to
end of caudal peduncle contained two and one-half or fewer times in distance from tip of snout to origin of anal fin
(Hubbs et al., 1991).
 

Distribution (Native and Introduced)
U.S. distribution: Restricted to lower Mississippi Valley, Gulf Slope, and southern Atlantic slope, below Fall Line.
(Gilbert 1980)
 
Texas distribution: Restricted to the Sulphur and Cypress drainages in extreme northeast (Hubbs et al., 1991).
Warren et al. (2000) lists species as inhabiting the Red River and Atchafalaya Basin-Calcasieu River (including
major and minor coastal drainages west to Sabine Lake) drainage units.
 

Abundance/Conservation status (Federal, State, NGO):
Not listed as threatened or endangered by Texas Parks and Wildlife Department
(2006). Listed as special concern species, in Texas (Klym and Garrett 2002). Populations in the southern United
States are currently stable (Warren et al., 2000).
 

Habitat Associations
Macrohabitat: Large, sluggish mud-bottomed streams and lakes, usually with some aquatic vegetation of coastal
plain rivers (Gilbert 1980).
 
Mesohabitat: Quiet usually vegetated oxbow lakes or ponds and in backwater streams (Burr and Page 1975; Ross
2001). In Arkansas, inhabits waters that are typically acidic with pH readings of 6.1-6.9 (Robison 1978).
 

Biology
Spawning season: In Florida, has protracted spawning season, March to September-October, at water temperatures
of 23-32° C (Beach 1974; Cowell and Barnett 1974). In Kentucky, breeds March to May (Burr and Page 1975).
 
Spawning habitat: Cowell and Barnett (1974) believe spawning occurred along the shoreline as large schools of
gravid females and ripe males congregated in the shallow areas during periods of major reproductive activity. Eggs
may be deposited over nests of other fishes such as largemouth bass (Chew 1974).
 
Reproductive strategy:
 
Fecundity: Fecundity (based on counts of fully yolked ova) of gravid females ranged from 72-408 ova per female
in fish 42-59 mm TL, averaging 163 ova; fertilized eggs, held at 23 degrees C in lab aquaria, were demersal,
adhesive, and hatched within 60-72 hours; newly hatched prolarvae ranged from 4.0-4.2 mm TL; the yolk sac was
absorbed in approximately 48 hrs.; larval taillight shiners were pelagic; larval fish reached a mean size of 6.0 mm
10 days after hatching (Cowell and Barnett 1974). In Kentucky, the number of mature ova (those over 0.8 mm in
diameter) ranged from 25 to 431 (Burr and Page 1975).
 
Age at maturation: In Florida, fish spawned in May reached sexual maturity (40mm TL) by August of the same
year; fish spawned in August overwintered and matured by the following April; maturity reached in 6 to 9 months
depending on water temperature(Cowell and Barnett 1974).
 
Migration: Cowell and Barnett (1974) found taillight shiners close to the bottom, lakeward of shoreline vegetation,
where rooted plants were absent; from this open water habitat, the species migrated daily into shoreline areas to
feed.
 
Growth and population structure: Growth rapid but varied depending upon time of hatching (growth slowed by
colder water temperatures during the winter months); the spring (May) group young-of-the-year averaged 16.7 mm
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TL in May, 32.6 mm in June, 35.9 mm in July, and reached 40.2 mm in total length by August of the same year;
the early summer (August) group was approximately 39 mm by late October; the late summer group grew
throughout the winter but did not reach 40 mm until the following April (Cowell and Barnett 1974). Mature
females consistently larger than mature males (Beach 1974; Burr and Page 1975).
 
Longevity: In Florida, about 1 year (Cowell and Barnett 1974). A life span of less than two years was also reported
in Kentucky (Burr and Page 1975).
 
Food habits: Planktivore; microcrustaceans, rotifers, unicellular algae, and small dipteran larvae; studies on food
selection indicate that ostracods and cladocerans (Alonella globulosa) may be preferred food categories (Beach
1974; Cowell and Barnett 1974).
 

Phylogeny and morphologically similar fishes:
Gilbert and Bailey (1972) and Mayden (1989) believed it to be closely allied to the pugnose minnow, Opsopoedus
emiliae, and Mayden placed it within the N. volucellus species group as part of a clade that included O. emiliae.
Coburn and Cavender (1992), on the basis of osteology, and Amemiya et al. (1992), on the basis of chromosomes,
argued against a close relationship with Opsopoeodus.
 

Host Records
Dactylogyrus caudoluminis (Mizelle and McDougal 1970)
 

Commercial or Environmental Importance
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Notropis oxyrhynchus

sharpnose shiner
 
 
Type Locality

Brazos River, at Wellborn Crossing, Brazos Co., TX (Hubbs and Bonham 1951).
 

Etymology/Derivation of Scientific Name
Derived from the Greek words meaning oxys (sharp) and rynchus (snout) (Hubbs and Bonham 1951).
 

Synonymy: NA
 

Characters
Maximum size: Up to 95 mm SL (Durham 2007).
 
Coloration: Straw color with silvery sides.  Dorsal scales outlined with pigments.  Ventral white and without
pigments.
 
Counts: Pharyngeal teeth 1 or 2,4-4,2 or 1; 9-12 anal fin rays (Hubbs et al. 1991).
 
Body shape: Laterally compressed body; broad body depth; pointed snout.
 
Mouth position: Terminal and oblique.
 
External morphology: Slightly falcate anal fin, dorsal fin begins well behind insertion of the pelvic fin (Hubbs et
al. 1991).  Slightly decurved lateral line. 
 

Distribution (Native and Introduced)
U.S. distribution: Texas only.
 
Texas distribution: Endemic to Brazos River drainage.  Naturally found in the Red River drainage, when a
tributary to the Brazos River was captured into the Red River drainage (Conner and Suttkus 1986, Cross et al.
1986).  Introduced in the Colorado River drainage (Gilbert 1980; Conner and Suttkus 1986). Warren et al. (2000)
listed the following drainage units for distribution of Notropis oxyrhynchus in the state: Brazos River, Colorado
River.
 

Abundance/Conservation status (Federal, State, NGO)
Threatened (Hubbs et al. 1991, Warren et al. 2000).  Considered a candidate for listing by USFWS.  Mean relative
abundance decreased from 22% (1939 - 1969) to 0.04% (1970 – 2006) in the lower Brazos River.  Populations
likely extirpated in the middle Brazos River (Possum Kingdom Reservoir to Waco, TX) and appear stable in the
upper Brazos River. 
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Habitat Associations
Macrohabitat: Mainstem river; sometimes entering smaller tributaries. 
 
Mesohabitat: Moderate current velocities and depths.  Preference for 0.35 m/s when average current velocities <50
m/s; tend to avoid swifter currents and greater depths during periods of elevated discharge (Durham 2007). 
Usually found in areas with sand substrate. In the upper Brazos River, Texas, species was most abundant at
downstream sites where current velocity and stream depth were greatest; progressive decrease in abundance at
upstream sites (Ostrand and Wilde 2002). Species has high thermal, low dissolved oxygen, and high salinity
tolerances: mean critical thermal maxima = 39.2 ± 0.2°C; salinity tolerance = 15 ± 0.72‰; minimum dissolved
oxygen tolerance (mean = 2.66 ± 0.12 mg/L) (Ostrand and Wilde 2001).

 
Biology
 

Spawning season: Developing ovaries in April, mature ovaries by mid-May through September with multiple peaks
in gonadosomatic index, spent ovaries from July through October (Durham 2007).

 
Spawning habitat: Likely open water.
 
Reproductive strategy: Likely open substrate pelgophil producing semi-buoyant eggs.  Batch spawner, producing
multiple cohorts within a spawning season; population usually asynchronously egg production, but might also
synchronously spawn during pulse flows (Durham 2007). 
 
Fecundity: Range from 80 to 2,470 vitellogenic oocytes per female; mean number ranged from 245 to 303
vitellogenic oocytes per female, but underestimating annual fecundity because of batch spawning; maximum
gonadosomatic index is 18% for females and 2% for males; maximum oocyte diameter is 1.1 mm (Durham 2007). 
 
Age at maturation: Likely age 1.
 
Migration: Likely not substantial (Durham 2007).
 
Growth and Population Structure: Mean growth rates for age-1 sharpnose shiners averaged 0.60 mm (TL)/day over
a 62 day period (Marks 1999).  Majority of population is age 1 (Durham 2007). 
 
Longevity: Up to age 2 (Marks 1999, Durham 2007).
 
Food habits: Generalist drift invertivore, consuming aquatic and terrestrial invertebrates (71% of diet) detritus,
plant material and sand (Marks 1999, Moss and Mayes 1993; Marks et al. 2001). 
 

Phylogeny and morphologically similar fishes
Belongs to subgenus Notropis; closely related to N. amabilis (Texas shiner), N. atherinoides (emerald shiner), N.
jemezanus Rio Grande shiner), N. shumardi (silverband shiner; all native to Texas) and N. stilbius (Bielawski and
Gold 2001, Amemiya and Gold 1990, Coburn and Cavender 1992).
 

Host Records
 
 

Commercial or Environmental Importance
[Additional literature noting collection of this species from Texas locations includes, but is not limited to the
following: Jurgens (1954); Hubbs (1957); Gelwick and Li (2002); Li (2003); Winemiller et al. (2004); Zeug et al.
2005).]
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Pimephales vigilax
bullhead minnow

 
 
Type Locality

Otter Creek, Oklahoma (Baird and Girard 1853).
 

Etymology/Derivation of Scientific Name
Pimephales, Greek, “fat head;” vigilax, Latin, meaning “watchful” (Pflieger 1997).
 

Synonymy
Ceratichthys vigilax Baird and Girard 1853:391.
Alburnops taurocephalus Hay 1881:391.
Pimphales vigilax perspicuus Cook 1959:99.
 

Characters
Maximum size: 72 mm SL (Boschung and Mayden 2004).
 
Life colors: Caudal spot separated from longitudinal streak by a clear area (Hubbs et al 1991). Light to dark olive
above, scales darkly outlined (often appearing crosshatched); often a dusky to black stripe along silver-blue side,
ending just before large black spot at caudal fin base; dusky stripe along underside of caudal peduncle; breeding
male dark with black head, silver bar behind opercle (Page and Burr 1991).
 
Pharyngeal teeth count: 0, 4-4, 0; teeth without prominent parallel grooves (Hubbs et al 1991).
 
Counts: 7 anal fin rays; fewer than 45 lateral line scales; fewer than 10 soft rays on dorsal fin (Hubbs et al 1991).
There are 6-9 gillrakers, with 3-4 on the upper and 3-5 on the lower, 14-16 pectoral rays and 8 pelvic rays (Ross
2001).
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Body shape:  Body stout, slightly compresses laterally (Becker 1983).
 
Mouth position: Subterminal, almost horizontal (Boschung and Mayden 2004).
 
External morphology: Predorsal scales crowded, much smaller than those on rest of body; first two obvious dorsal
fin rays stout, well separated from the following well developed but unbranched ray by a membrane; lower lip thin
without a fleshy lobe; no maxillary barbel present; lateral line usually not decurved, either straight or with a broad
arch; premaxillaries protractile; upper lip separated  from skin of snout by a deep groove continuous across the
midline; cartilaginous ridge of lower jaw hardly evident and not separated by a definite groove from the lower lip;
distance from origin of anal fin to end of caudal peduncle contained to and one-half or fewer times in distance
from tip of snout to origin of anal fin; dorsal and anal fins without spines (Hubbs et al 1991). Large eye, directed
somewhat upwardly, on upper half of head; rounded snout; small mouth (Page and Burr 1991). Nuptial males with
9 large tubercles in 2 rows on snout; pectoral tubercles essentially absent (Boschung and Mayden 2004).
 

Distribution (Native and Introduced)
U.S. distribution: Mississippi River Basin from Minnesota and South Dakota south to Mexico, Texas, Louisiana,
and Mississippi, and east to Alabama and Georgia (Ross 2001).
 
Texas distribution: Occurs statewide; populations apparently introduced into the upper Rio Grande Basin and upper
Red and Canadian basins in the state (Hubbs et al 1991).
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United States are currently secure (Warren 2000).
 

Habitat Associations
Macrohabitat: Variety of low-gradient streams, in more sluggish pools, eddies, or backwaters over mud or silt
substrata (Starrett 1950a); ditches, creeks, bayous; lakes and impoundments, as well as large rivers (Parker 1964).
 
Mesohabitat: Sedentary bottom-dwellers preferring quiet waters; sandy, muddy bottoms in eddies behind debris of
logs and mats of floating vegetation. In their southern range, waters usually warm and turbid. Schooling in the
daytime but not at night or during breeding periods (Parker 1964). Fairly tolerant of turbidity and siltation (Deacon
1961; Pflieger 1971), and high temperatures (32.1-33.1°C) and low oxygen levels (by tilting its body over 45°
angle for oxygen rich surface water) (Rutledge and Beitinger 1989).
 

Biology
Spawning season: Summer; extending from the middle of May to early September in Oklahoma (Ross 2001; Taber
1969).
 
Spawning location: Speleophils; hole nesters (Simon 1999). Male will excavate nest under a variety of materials
(boards, rocks, tree limbs/trunks, concrete chunks, pieces of metal and ceramic tiles) and defend the nest before and
after spawning (Parker 1964).
 
Reproductive strategy: Egg-clustering; eggs are laid and fertilized in a single-layer cluster on the underside of the
submerged object (so they can be directly attended to by the males, who guards and aerates them); the females
leaves after spawning; other females may add to the male's egg mass (Page and Ceas 1989).
 
Fecundity: Fertilized eggs small, averaging 1.4 mm in diameter, transparent, and difficult to see (Page and Ceas
1989). Parker (1964) noted 233 one-celled stage eggs found in a farm pond (water temperature 78 F) as being
spherical and 1-1.5 mm in diameter; these were transferred to a laboratory and hatched in 4.5-6 days with water
temperature ranging from 79-83 F.
 
Age at maturation:
 
Migration:
 
Longevity: Most fish do not live beyond three years, maximum of five (Starrett 1951).
 
Food habits: Herbivore/Invertivore; Omnivorous (Simon 1999). Young minnows feed primarily on bottom ooze
diatoms (Parker 1964). Feeds on aquatic insect larvae: mayflies, caddisflies, and midges; crustaceans, such as
cladocerans, are a major food item of pond-dwelling bullhead minnows. They also consume organic detritus,
various plant materials, including grass and other seeds, diatoms, blue-green bacteria and green algae. As size of
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the fish increases, caddisfly larvae become a major prey, especially in summer. In the winter and spring, seeds are
a major food item (Starrett 1950b; Parker 1964; Whitaker 1977).
 
Growth: In Wisconsin, fish reached an average of 49 mm TL after one year, and 69 mm TL after their second
(Becker 1983).
 

Phylogeny and morphologically similar fishes
Pimephales vigilax may be distinguished from P. promelas by the dark spot in the dorsal fin and large eye, in
addition to a silvery (as opposed to black) peritoneum which can be seen through the body wall. Breeding males of
P. vigilax generally have 9 snout tubercles, whereas P. promelas has 16 or more (Boschung and Mayden 2004).
Opsopoeodus emilae and Macrhybopsis storeriana are somewhat similar to P. vigilax, but both lack a caudal spot.
The minnow Cyprinella venusta commonly occurs with P. vigilax and does have a caudal spot, but it differs in
being slab-sided (as opposed to cylindrical), in lacking a dark spot on the anterior margin of the dorsal fin, and in
having lower predorsal scale counts (Etnier and Starnes 1993).
 

Host Records:
Cestoda: Clinostomum marginatum, Hedruris, Posthodiplostomum minimum, (Mayberry et al., 2000). Protozoa:
Myxobolus augustus, Thelohanellus notatus (Hoffman 1967).
 

Commercial or Environmental Importance
Commercial importance as bait fish and constitutes large portion of the food of commercial and game fishes
(Parker 1964). Important forage for young largemouth bass (Ross 2001). Bullhead minnows transport and hold well
in tanks, eat dry food readily, but are too nervous to be good bioassay animals (Gould and Irwin 1962).
 
[Additional literature noting collection of this species from Texas locations includes, but is not limited to the
following: the upper, northwestern part of the lower Rio Grande River, in Zapata County (Robinson 1959); Brazos
River (Winemiller et al. 2004); Allens Creek, a small tributary of the Brazos River in Austin County (Linam et al.
1994); Sister Grove Creek (Trinity River basin), north central Texas, (species being one of the most abundant in
collections; Meador and Matthews 1992; Matthews et al. 1996); Plum Creek drainage basin, south central Texas
(Whiteside and McNatt 1972); Big Sandy Creek, Polk and Hardin counties (Evans and Noble 1979); Little River, a
large tributary of the Brazos River, central Texas (Rose and Echelle 1981); Guadalupe River (Edwards 1978); Cow
Bayou (Sabine River basin), Orange County, southeast Texas (Linam and Kleinsasser 1987).]
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Scardinius erythrophthalmus

rudd
 
 
Type Locality

Northern Europe (Linnaeus 1758)
 

Etymology/Derivation of Scientific Name
Scardinius erythrophthalmus: scar - Greek, meaning “a kind of fish”; din - Greek, meaning “terrible, whirling”;
erythro – Greek, meaning “red”; phthalm, Greek, meaning “the eye”.
 

Synonymy
Rutilus rutilus (Linnaeus 1758)
 

Characters
Maximum size:  400 mm SL (Hensley and Courtenay 1980).
 
Coloration: Eyes and fins usually red (Hubbs et al. 1991). Bright red anal, pelvic, and pectoral fins bright red on
the extremities (Muus and Dahlstrom 1971). Red-brown caudal and dorsal fins. Brown-green above, brassy yellow
side; gold eye with red spot at top (Page and Burr 1991).
 
Teeth count: 3, 5-5, 3 or 2,5-5,2; without prominent parallel grooves (Hubbs et al. 1991).
 
Counts: Fewer than 10 soft rays on dorsal fin (Hubbs et al. 1991). 36-45 lateral scales; 10-11 anal rays (Page and
Burr 1991).
 
Body shape:  Deep, compressed body (Page and Burr 1991).
 
Mouth position: Terminal, oblique mouth (Page and Burr 1991).
 
External morphology: Abdomen behind pelvic fins scaled; gill rakers short and stout, nine to 10 on first gill arch.
Lateral line greatly decurved. Premaxillaries protractile; upper lip separated from skin of snout by a deep groove
continuous across the midline. Cartilaginous ridge of lower jaw hardly evident and not separated by a definite
groove from the lower lip. Distance from origin of anal fin to end of caudal peduncle contained two and one-half
or fewer times in distance from tip of snout to origin of anal fin (Hubbs et al.1991). Small head (Page and Burr
1991).

 
Distribution (Native and Introduced)

U.S. distribution: Native to Europe, this species originally was introduced into New York and recently has spread
throughout the southeast as a bait minnow (Hubbs et al. 1991). By 1991, species widely distributed in southeastern
Kansas, and specimens were reported from natural waters in Illinois, Oklahoma, and Texas (Pflieger 1997).
 
Texas distribution: This introduced freshwater species has been found in Texas in widely scattered localities
throughout the state (Hubbs et al. 1991). Specimens have been collected in Lake Teoma (Red River drainage),
Grayson Co.; Victor Braunig Reservoir (Guadalupe River drainage), Bexar Co.; Calaveras Reservoir (Guadalupe
River drainage), Bexar Co.; Lake Whitney (Brazos River drainage), Hill Co. (Howells et al. 1991); and Canyon
Lake, Comal Co., in the Potters Creek Park area of the reservoir (Whiteside and Berkhouse 1992).
 

Abundance/Conservation status (Federal, State, NGO)
 
 

Habitat Associations
Macrohabitat: Lakes and sluggish pools of medium to large rivers (Page and Burr 1991). Pools and backwaters of
streams and shallow margins of lakes and ponds (Pflieger 1997).
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Mesohabitat: Often associated with dense growths of submerged aquatic vegetation (Pflieger 1997).
 

Biology
Spawning season: In native range, it spawns from April to August (Pflieger 1997).
 
Spawning location: Adhesive eggs are laid in submerged vegetation in shallow water near shore (Hensley and
Courtenay 1980).
 
Reproductive strategy: Males defend territories during the breeding period, including the plants on which the
adhesive eggs are deposited. Males continue to discharge sperm for some time after the eggs have been deposited
(Breder and Rosen 1966).
 
Fecundity: Prolific; single female may produce over 200,000 eggs (Pflieger 1997).
 
Age at maturation:  Reaches sexual maturity at 2 or 3 years (Pflieger 1997).
 
Migration: 
 
Longevity: Maximum lifespan may be 17 years (Pflieger 1997).
 
Food habits: In native range adults feed mainly on surface or aerial insects; young feed mainly on diatoms, algae,
and copepods (Hensley and Courtenay 1980). Omnivorous, feeding on zooplankton, aquatic insects, filamentous
algae, higher aquatic plants, and occasionally on fish eggs or small fish (Pflieger 1997).
 
Growth: Averages 20-30 cm and 200-400 g in approximately 10 years (Muus and Dahlstrom 1971).
 

Phylogeny and morphologically similar fishes
Golden shiner, Notemigonus crysoleucas, lacks red on fins (young may have light red-orange median fins); has
scaleless keel; has usually 7-9 dorsal rays, 11-14 anal rays, 17-19 rakers on first gill arch; pharyngeal teeth 0,5-5,0
(Page and Burr 1991), and no red spot on iris of eye (Crossman et al. 1992). The Rudd is known to hybridize with
the Golden Shiner (Burkhead and Williams 1991); hybrid is apparently first known nonsalmonid intergeneric cross
of a North American native and an exotic (Taylor et al. 1994).
 

Host Records
Eimeria pigra n. sp., a coccidian (Leger and Bory 1932). Grodactylus carassii, G. cyprini, G. gasterostei, G.
laevis, G. leucisci, G. magnificus, G. prostate, G. vimbi (Harris et al. 2004).
 

Commercial or Environmental Importance
Species established in Maine and New York after being introduced in the early 1900’s as an ornamental fish
(Pflieger 1997). Beginning in the 1980s, the rudd underwent an explosive anthropogenic dispersal; recent dispersal
a result of successful marketing of the rudd as a new, hardy, colorful bait minnow, by the Arkansas fish farming
industry; characteristics of the species have made it a popular bait with anglers fishing for striped bass Morone
saxatilis (Burkhead and Williams 1991). Potential for establishment and dispersal in Southeastern U.S. presently
uncertain (Etnier and Starnes 1993). Crossman et al. (1992) suggests the species should not be intentionally or
accidentally transferred to other waters, in order to avoid damage to native cyprinid populations by competition and
hybridization. Burkhead and Williams (1991) suggest hybridization of the rudd and golden shiner (Notemigonus
crysoleucas) may impose a threat to the genetic integrity of the golden shiner.
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Cycleptus elongatus 

blue sucker
 
 

Type Locality
Ohio River (Lesueur 1817).
 

Etymology/Derivation of Scientific Name
Cycleptus – round and slender, apparently meant to mean “small round mouth” by the author of the name, C.S.
Rafinesque; elongatus – elongate, in reference to general body shape (Burr and Mayden 1999).
 

Synonymy
Catostomus elongatus Lesueur 1817:103.
Cycleptus nigrescens
Sclerognathus elongatus
Cycleptus elongatus Hubbs 1957:100; Hubbs et al. 1991:24, 2008:26.
 

Characters
Maximum size: 825 mm SL (Burr and Mayden 1999).
 
Coloration: Life colors of male olive blue or slate olive on dorsum and sides of body with brassy reflections; venter
bluish-white; lips white; all fins dark blue-gray, dusky, or black. Breeding males darken to blue-black. No significant
color differences between males and females. Peritoneum silvery (Burr and Mayden 1999).
 
Teeth count: 40-45 teeth per bone; teeth relatively large, arranged in comblike fashion (Eastman 1977; Burr and
Mayden 1999).
 
Counts: 50+ lateral line scales; 22-30 dorsal fin rays (Hubbs et al. 1991, 2008). Burr and Mayden (1999) listed the
following counts for specimens from the Red River drainage: 56 (54-58) lateral-line scales, 31 (27-34) dorsal fin rays;
the following are counts listed for specimens from the Sabine-Neches River drainage: 55 (54-60) lateral-line scales, 28
(24-31) dorsal fin rays; the following counts were listed for specimens from the Colorado River drainage: 54 (53-55)
lateral-line scales, 31 (29-32) dorsal fin rays.
 
Body shape: Terete; extremely muscular and heavy-bodied (Moss et al. 1983). Elongate body, oval in cross section
(Burr and Mayden 1999). Eye closer to back of head than to tip of snout; head abruptly more slender than body, in
adults; dorsal fin base more than one-third of standard length (Hubbs et al. 2008).
 
Mouth position: Inferior (Miller and Robison 2004).
 
External morphology: Lip papillae short, only around mouth (Hubbs et al. 2008). Pelvic fins large; pectoral fins large



blue sucker Cycleptus elongatus 

http://nucleus.bio.txstate.edu/~tbonner/txfishes/cycleptus%20elongatus.htm[1/25/2010 12:06:01 PM]

and falcate; lateral line well developed; snout acute; eye small (Cross 1967). Anal fin in adults small, generally
straight-edged, sometimes falcate. Caudal fin in adults large, widely forked, lobe tips slightly rounded to pointed, inner
margins straight; both lobes about equal in length. Upper lobe more pointed and longer in young, juveniles, and some
adults (Burr and Mayden 1999). Breeding males and females with small tubercles covering body and fins; in breeding
males, tubercles prominent and enlarged on snout, around eyes and on opercle (Moss et al. 1983).

 
Distribution (Native and Introduced)

U.S. distribution: Found in large rivers throughout the Mississippi Basin continuing southward into Texas (Hubbs et al.
2008).
 
Texas distribution: Occurs in limited numbers through the major streams of the state, except the Rio Grande (Hubbs et
al. 2008). Warren et al. (2000) list the following drainage units for distribution of Cycleptus elongatus in the state: Red
River (from the mouth upstream to and including the Kiamichi River), Sabine Lake (including minor coastal drainages
west to Galveston Bay), Galveston Bay (including minor coastal drainages west to mouth of Brazos River), Brazos
River, Colorado River, San Antonio Bay (including minor coastal drainages west of mouth of Colorado River to mouth
of Nueces River), Nueces River.
 

Abundance/Conservation status (Federal, State, NGO)
State Threatened in Texas (Hubbs et al. 2008). Populations in the southern United States are vulnerable (Warren et al.
2000). Williams et al. (1989) listed status as Special Concern.
 

Habitat Associations
Macrohabitat: Throughout range, inhabits large, deep rivers, and deeper zones of lakes (reservoirs; Cross 1967). In the
lower Mississippi River, species was abundant in main channel, reveted bank habitats; common in natural steep bank
and lotic habitats; found regularly, but in low numbers in pools (Baker et al. 1991). Species rarely collected in the
main body of Lake Texoma, Oklahoma and Texas, usually taken in the spring at all depths down to 15 feet; slightly
more common in the tailwaters (Riggs and Bonn 1959).
 
Mesohabitat: Found over cobble and/or bedrock substrates; adults occupy deep riffles (typically 1-2 m depth) in areas
of very swift flow, with current speeds from 100-260 cm/s; juveniles occupy shallower, less swift water (Moss et al.
1983); in laboratory stream channels, movement of juveniles was encumbered over irregular substrates in slower
current. Cross (1967) collected fish from the Neosho River, Kansas, in strong currents over bottoms of exposed
bedrock or rubble and gravel; juveniles found in broader less turbulent riffles. In areas of the Missouri River
channelized by dikes, this species was most abundant in fast water at the tips of rock dikes and at low spots within a
dike (Robinson 1977). Morey and Berry (2003) reported that sub-adults and adults were seasonally abundant in the
lower main stem of two Missouri River tributaries near riffles and rock dams; adults tended to be associated with swift
flows. In the Mississippi River, shallow, slack waters associated with islands (island borders and island sloughs) were
important nursery areas for young fish (Adams et al. 2006).
 

Biology
Spawning season: Moss et al. (1983) reported spawning in May in the Neosho River, Kansas, at water temperatures of
20-23°C. In Kansas, Cross (1967) reported collection of individuals in breeding condition in April, at water
temperatures of 50-60°F. In a study of a Mississippi River population, male characteristics indicated a late April-early
May spawning season (Rupprecht and Jahn 1980). In the Mississippi River, spawning occurred over a 10-28 day
period during the spring, and corresponded with rising water temperatures of 14-18°C during mid-late April – early-
mid May (Adams et al. 2006). Females with freely-flowing roe collected in late April when water temperature
measured 16.5°C
 
Spawning habitat: In deep riffles (1-2 m) with cobble and bedrock substrates; water velocities at spawning sites were
1.8 m/sec. (Moss et al. 1983). In the Wabash River near Lafayette, Indiana, ripe specimens were captured in shallow
water (0.3-3 m depth) over sand, gravel, and cobble substrates (Daugherty et al. 2008). In the Grand River, Missouri,
spawning aggregation found in fastest water available  that was breaking over large cobbles and boulders (variable
velocity, pockets of direct flow greater than 1.0 m/s), and was between 0.5 and 1.0 m deep (Vokoun et al. 2003).
 
Reproductive strategy:
 
Fecundity: Mean absolute fecundity of females was 150,704 (range 26,829-267,471) in the Wabash River, Indiana;
mean estimated egg size was 278 eggs g¹־ (range 229-364 eggs g¹־; Daugherty et al. 2008). Females age 6 (85 mm TL)
produced 76,227 ova, and those of age 8 (680 mm TL) produced 149,520 ova indicating egg number is closely related
to length of individual; largest eggs from non-breeding gravid females collected in August averaged about 1.0 mm in
diameter (Rupprecht and Jahn 1980). Moss et al. (1983) reported that eggs are opaque, slightly yellow, adhesive and
average 2.2 mm in diameter.
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Age at maturation: Daugherty et al. (2008) estimated size-at maturity for specimens from Wabash River, Indiana, at
515 mm TL for males and 568 mm TL for females. Moss et al. (1983) collected a 507 mm TL, 1.02 kg, age III
sexually mature specimen from the Neosho River, Kansas. In the Grand River, Missouri, minimum total lengths of
mature specimens was 444 mm TL for one male specimen (all other males collected were greater than 583 mm TL),
and 631 mm TL for females; sexually mature fish captured ranged in age from 9-22 years (Vokoun et al. 2003).
According to Rupprecht and
Jahn (1980), of those fish collected from Pool 20 of the Mississippi River, the males generally reached sexual maturity
at age IV (youngest specimen measured 503 mm TL), and the females at age VI (youngest specimen measured 573
mm TL).
 
Migration: Adults probably winter in deep pools and move upstream in spring to spawn in riffles (Cross 1967). Males
migrate into spawning area before females (Moss et al. 1983).
 
Longevity: 22 years of age reported from the Grand River, Missouri (Vokoun et al. 2003).16 years of age reported
from the Kansas River, Kansas (Eitzmann et al. 2007). 11 years of age reported from the upper Yazoo River basin,
Mississippi (Hand and Jackson 2003). 10 years of age (possibly 13 years) reported form Pool 20, Mississippi River
(Rupprecht and Jahn 1980).
 
Food habits: Fish collected from Pool 20 of the Mississippi River primarily consumed Tricoptera and Diptera larvae
and pupae, and lesser numbers of Ephemeroptera larvae and amphipods (Rupprecht and Jahn 1980). Populations in the
Neosho River, Kansas, reported to feed on hellgrammites (Corydalus), caddisflies (Hydropsyche and
Cheumatopsyche), fingernail clams (Sphaerium), filamentous algae (mainly Cladophora) and leaf litter; young fish
feed on smaller insect larvae (dipterans and caddisflies; Moss et al. 1983). In the Mississippi River, young fish used
diverse feeding modes in the shoreline areas, consuming benthic (Chironomidae larvae), nektonic (Cyclopoida and
Cladocera) and neustonic (Chironomidae adults, Bryozoa statoblasts and Thripidae) forms; young fish were observed
picking at items floating on water surface, and skimming surfaces of floating logs and willow roots (Adams 2006).
Fish inhabiting the tailwater habitat of Lewis and Clark Lake, Nebraska-South Dakota, consumed large amounts of
algae from late-September to early-November when periphytic algae reached peak abundance; in spring months,
primary diet items were chironomids and zooplankton (Walburg et al. 1971).
 
Growth and Population structure: Fish average 189-205 mm TL at the end of the first year, and are 296-346 mm, 397-
461 mm, 471-512 mm, 533-569 mm, 578-611 mm, 589-641 mm, 643-680 mm, 711-732 mm, and 798 mm at ages 2-
10, respectively (Walburg et al. 1971; Rupprecht and Jahn 1980; Moss et al. 1983). In Neosho River, Kansas,
populations Moss et al. (1983) found that females were consistently larger than males at all ages; mature females reach
greater maximum ages, weights and lengths (9 years, 4.1 kg, 763 mm TL) than males (7 years, 3.7 kg, 749 mm TL).
Hand and Jackson (2003) reported calculated total length at annulus for fish collected in the upper Yazoo River basin,
Mississippi: 159-203 mm TL at age 1, 231-395 mm TL at age 2, and 289-395 mm TL, 361-466 mm TL, 406-521 mm
TL, 442-544 mm TL, 476-575 mm TL, 518-610 mm TL, 565-628 mm TL, 624-638 mm TL, and 661 mm TL for ages
3-11, respectively. Spawning aggregation in the Grand River, Missouri had a mean age of 15 years (fish ranged from
9-22 years based on scales); male to female ratio was 5.5:1; mean length for males was 659 mm TL and mean length
was 721 mm TL for females; females were longer than males at age and no significant age-length relationship was
evident (Vokoun et al. 2003); total length was 672 mm for a fish 9 years of age, and total length ranged from 625-693
mm for specimens 10 years of age, and 615-687 mm, 600-745 mm, 591-702 mm, 583-712 mm, 444-755 mm, 642-781
mm, 638-770 mm, 663-781 mm, 651-731 mm, 632-800 mm, 650 mm, and 745 mm for fish 11-22 years of age,
respectively. In sampling of both the James River and the Big Sioux River (South Dakota), fish between 500-700 mm
TL dominated length distributions (specimens ranged from 374-717 mm); ages ranged from 2-9 years, with 6-year-old
fish collected most frequently; fish grew rapidly during juvenile stages (<age 5), but growth slowed afterward (Morey
and Berry 2003).
 

Phylogeny and morphologically similar fishes
Hubbs et al. (2008) refers to the Rio Grande, Texas, Cycleptus population as the Rio Grande blue sucker, Cycleptus
sp. (formerly referred to as Cycleptus elongatus; Hubbs et al. 1991). Based on phylogenetic analyses, Bessert (2006)
stated that Cycleptus in the Rio Grande basin is monophyletic and clearly divergent from C. elongatus. Buth and
Mayden (2001) proposed that the Rio Grande drainage population to be recognized as a different species, noting that
this population required further analysis of morphological and molecular variation and a formal description. According
to Burr and Mayden (1999), Cycleptus samples from the Rio Grande were found to be divergent in a few characters
compared to samples from other parts of the range; also preliminary studies (by Donald G. Buth and R.L. Mayden) of
enzyme products revealed fixed differences in isozymes and allozymes in samples of Cycleptus from the Rio Grande
mainstem when compared to samples from other parts of the range (samples from Texas coastal rivers not examined).
 
Differences between C. elongatus and Cycleptus sp. include the following: in C. elongatus the lip papillae is short,
only around the mouth, while in Cycleptus sp. the lip papillae is long, extending forwards onto end of snout; also,
Cycleptus elongatus does not occur in the Rio Grande basin, while Cycleptus sp. is found only in the Rio Grande basin

 



blue sucker Cycleptus elongatus 

http://nucleus.bio.txstate.edu/~tbonner/txfishes/cycleptus%20elongatus.htm[1/25/2010 12:06:01 PM]

(Hubbs et al. 2008). Further, Burr and Mayden (1999) indicated that Cycleptus sp. appear more golden or brassy in
overall body color than Cycleptus elongatus (except during spawning season); also adult and larger juvenile Cycleptus
sp. sometimes have up to 12 (on largest adults) vague stripes on their side; Burr and Mayden (1999) found this
variable feature in only the Colorado River drainage population of Cycleptus elongatus.
 
Cycleptus elongatus is unlikely to be confused with other catostomids, as the species differs from all other suckers in
the high lateral scale count (greater than 49) and long dorsal fin (Ross 2001).
 
Total myomere counts for larval Cycleptus elongatus ranged from 47-54; larval fish ≥12.5 mm TL are coal black to
dark gray in life; yolk was absorbed by 13 mm TL (Hogue et al. 1981); protolarvae (fish up to about 12 mm TL) with
more than 46 myomeres, and depth of head at posterior margin of orbit more than 11% of total length; mesolarvae
(>12 mm TL to about 15 mm TL) with more than 46 myomeres, depth of body at vent (including anus) more than
8.7% of total length, and heavily pigmented; metalarvae (<20 mm TL) with more than 46 total myomeres, and having
melanophores scattered on lateral surfaces with no apparent pattern; metalarvae (≥20 mm TL) with lips papillose, long
dorsal fin, and heavy pigmentation.
 

Host Records
Rhabdochona cascadilla (Nematoda : Thelazioidea) detected in the intestine of Cyclepus elongatus, from Illinois
(Dyer and Poly 2002). Myzotryma cyclepti (Monogenea) and Anonchohaptor olseni (Monogenea) reported from C.
elongatus in the Missouri River, North Dakota (Leiby et al. 1973) ; M. cyclepti also reported from this species in the
Mississippi River, Illinois (Robinson and Jahn 1980). A single leech, Helobdella sp. found on a specimen from Big
Bend Reservoir, Missouri River, South Dakota (Alleman 1965).
 

Commercial or Environmental Importance
Abundance of Cycleptus elongatus has been decreased by impoundment, pollution, and reduced water flows in those
systems in which it occurs (Edwards et al. 2004). Williams et al. (1989) listed threats to this species: present or
threatened destruction, modification, or curtailment of its habitat or range; and other natural or manmade factors
affecting its continued existence (hybridization, introduction of exotic or transplanted species, predation, competition).
Spawning migration may be blocked and spawning areas inundated by dams, contributing in part to the decline of this
species (Cross 1967). Walburg et al. (1971) reported collection of numerous Cycleptus elongatus in tailwaters below
dams, but almost none were present in the reservoir above.
 
[Additional literature noting collection of this species from Texas locations includes, but is not limited to the
following: Hubbs (1957); Branson (1962); Nature Conservancy (2004).]  
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Erimyzon oblongus
creek chubsucker

 
 
Type Locality

New York (Mitchill 1815).
 

Etymology/Derivation of Scientific Name
Erimyzon, Greek, meaning “to suck”; oblongus, Latin, meaning “oblong” (Pflieger 1975).
 

Synonymy
Cyprinus oblongus Mitchell1815:459
Erimyzon oblongus claviformis Cook 1959:85.
 

Characters
Maximum size: The maximum size reported length is 419mm (16.5 in) TL for the larger Atlantic Slope subspecies
(Carlander 1969). The Mississippi River and Gulf Slope subspecies is smaller with a maximum reported size of
376mm (14.8 in) TL (Boschung and Mayden 2004); however most adult fish are smaller (Ross 2001).
 
Coloration: Color pattern (except in young with two dark stripes) consists of narrow vertical bars (Hubbs et al.
1991). The back and upper sides are bluish green to brown, becoming more yellow or gold on the sides. The
undersides are white to yellow. Scale margins are dark giving the upper sides a cross-hatched appearance. There
are five to eight dark blotches on the sides, which are connected by dorsal saddles. The blotches vary from being
very distinct vertical bars (especially in young fish) to indistinct or coalesced into a lateral band (in adults). Paired
and median fins are yellow orange to gray, and median fins tend to be darker then paired fins. Young fish have a
broad black lateral stripe with a yellow stripe above it that runs from the snout to the tip of the caudal fin base.
Breeding males are dark brown above, pink-yellow, below, with orange paired fins and yellow median fins (Ross
2001).
 
Counts: 56-76 pharyngeal teeth (Eastman 1977); 39-43 (usually 39-41) longitudinal scale rows; 4-18 dorsal fin
rays (Hubbs et al. 1991); 7 anal rays; 13-16 pectoral rays; 9 (8-9) pelvic rays (Ross 2001).
 
Body shape: Cylindrical (Ross 2001); eye smaller (eye length contained more then two times snout length; Hubbs
et al. 1991).
 
Mouth position: Subterminal and oblique (Hubbs et al. 1991).
 
External morphology: Air bladder with two chambers; dorsal fin base less than one-fourth standard length; lateral
line absent (Hubbs et al. 1991). Breeding males have three large tubercles on each side of head and a bilobed anal
fin (Ross 2001).
 

Distribution (Native and Introduced)
U.S. distribution: Atlantic slope streams from Maine to Altamaha drainage of Georgia; Gulf slope streams east to
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Escambia River drainage, Alabama (single population) and west to San Jacinto system Texas. Mississippi Valley in
Louisiana, Arkansas, southeast Oklahoma, upland Missouri, Mississippi, west Tennessee, West Kentucky, south
Great Lakes drainage in southern tributaries to lakes Michigan, Erie, and Ontario (Wall and Gilbert 1980).
 
Texas distribution: Occurs in eastern Texas streams from the Red River southward to the San Jacinto Drainage; an
early record exists from the Devils River (Hubbs et al. 1991).
 

Abundance/Conservation status (Federal, State, NGO)
Not listed as threatened or endangered by Texas Parks and Wildlife Department
(2006). Populations in the southern Unites States are currently stable (Warren et al. 2000). Hubbs et al. (1991)
listed Erimyzon oblongus as a species of special concern, in Texas.
 

Habitat Associations
Macrohabitat: Occupies small rivers and creeks often highly vegetated (Wall and Gilbert 1980), also less often in
ponds (Wagner and Cooper 1963).
 
Mesohabitat: Wide variety of gradients, bottom types, and vegetation depending somewhat on age and stage of
reproductive cycle. Seldom if ever occupies impoundments or springs, but may be taken in spring fed creeks.
Young typically in head water rivulets. Adults usually not taken in large series. Populations apparently declining in
streams subject to siltation (Wall and Gilbert 1980).
 

Biology
Spawning season: March to May, when the water temperature reaches about 17 degrees C (Richardson 1913;
Breder and Rosen 1966; Boschung and Mayden 2004). Carnes (1958) notes the eastern subspecies spawns at water
temperature of 11 degrees C, with most activity at night. The western subspecies spawns at water temperatures of
12-24 degrees C, spawning in the afternoon (Curry and Spacie 1984; Page and Johnston 1990).
 
Spawning habitat: Usually in small creeks, also in ponds or lakes that lack tributary streams (Carnes 1958). In
Indiana, small cleared depressions on the sand bottom of pools just above riffles (Curry and Spacie 1984).
Lithopelagophils; rock and gravel spawners with benthic larvae that hide beneath stones (Hankinson 1920; Page
and Johnston 1990; Simon 1999).
 
Reproductive strategy: Males guard spawning location (Curry and Spacie 1984). Hankinson (1920) observed stone
pulling by males and apparent acts of spawning. Prior to spawning males defend territories in moderately swift
water over beds of gravel or near pits constructed by stonerollers or creek chubs. Males apparently do not initiate
the digging of nest pits, but will modify existing pits by pushing stones around with their snouts. Females
congregate upstream of males in quiet water, periodically drifting tail first into male territories. Once in a male’s
territory, the female digs in the gravel with her snout, apparently signaling to the male that she is ready to spawn.
In contrast to most species of suckers, pair spawning is much more common than group spawning, perhaps due to
the shallowness of the usual spawning habitat. Actual spawning lasts three to five seconds as the male presses
against female. Both release gametes while quivering and stirring the substratum with their caudal and anal fins
(Page and Johnson 1990).
 
Fecundity: Fertilized eggs of the eastern subspecies E. o. oblongus are demersal and semiadhesive, with an average
diameter of 1.8 mm; color varies from light to deep golden yellow and yolk occupies most of egg; no oil drops in
the yolk mass; hatching occurs in 96 hours at a temperature of 20 degrees C (Kay et al. 1994). Egg production
varies from 8,694-83,013 in fish 111-1110 g (Carnes 1958). Regardless of high fecundity this species is not found
in high numbers (Boschung and Mayden 2004).
 
Age at maturation:
 
Migration: An upstream migration often precedes spawning (Breder and Rosen 1966).
 
Growth and population structure: For the western subspecies E. o. claviformis TL averages 48-51 mm after one
year and 104-107mm at end of the second year (Lewis and Elder 1953; Carlander 1969). There is no sexual
dimorphism in size (Ross 2001). Newly hatched protolarvae are 4.8-6.6 mm TL (Kay et al. 1994).
 
Longevity: Females may live for 6 or 7 years, though males only live for 5 years (Carnes 1958; Wagner and
Cooper 1963; Carlander 1969).
 
Food habits: Invertivore; major food items include copepods, cladocerans, chironomid larvae and other bottom
organisms (Goldstein and Simon 1999). Diet includes organic detritus (including plant fragments), algae, diatoms,
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 midge larvae (Diptera), small clams, and zooplankton (primarily copepods). Food habits are similar to E. sucetta,
the lake chubsucker (Flemmer and Woolcott 1966; Gatz 1979; Sheldon and Meffe 1993). Feeding begins 7.4 days
after hatching at a length of 7.7 mm TL (Kay et al. 1994).
 

Phylogeny and morphologically similar fishes:
Two subspecies recognized, E. o. claviformis, which occurs in the Gulf of Mexico and Mississippi River Basins,
and the Atlantic Slope subspecies E. o. oblongus (Wall and Gilbert 1980). E. oblongus is most closely related to E.
sucetta, and two species are known to hybridize (Hanley 1977). The genus Erimyzon is most closely related to
Minytrema, and both genera are placed within the tribe Moxostomatini (Smith 1992).
 
Erimyzon oblongus is most similar to the lake chubsucker. It differs from the lake chubsucker in its higher lateral
scale count (usually 39-40 or more versus 37 or fewer) and its lower dorsal ray count (10-11 versus 11-12).
(Gilbert and Wall 1985). Compared to lake chubsuckers, creek chubsuckers have more cylindrical bodies, lighter
colored fins and less deeply emarginated caudal fins (Ross 2001).

 
Host Records:

Cestoda: Monobothrium sp. Biacetabulum sp. (Arnold et. al 1967); Acanthocephala: Neoechinorhynchus
prolixoides, Crustacea: Lernaea cyprinacea (Hoffman 1967).
 

Commercial or Environmental Importance
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Ictiobus bubalus

smallmouth buffalo
 
 
Type Locality

Ohio River (Rafinesque 1819).
 

Etymology/Derivation of Scientific Name
Ictiobus, Greek, meaning “bull fish;” bubalus, Greek for “buffalo” (Pflieger 1997).
 

Synonymy
Amblodon bulbalus Rafinesque 1819:421.
Ictiobus bulbalus Hildebrand and Towers 1928:115; Cook 1959:80.
 

Characters
Maximum size: At least 909 mm TL (Carlander 1969).
 
Life colors: Back dark grey; sides bronze to golden; abdomen yellowish white. Fins grayish brown. Fins darkened
during spawning season (Sublette et al. 1990).

 
Counts: Fewer than 45 lateral line scales; 22-30 dorsal fin rays (Hubbs et al 1991); 9-10 anal rays; 15-18 pectoral
rays; 10-11 pelvic rays (Ross 2001); gill rakers fewer than 60 (Crossman and Nepszy 1979); 115-167 pharyngeal
teeth (Eastman 1977).
 
Body shape: Body deeper and narrower, greatest depth contained 2.2 to 2.8 times in standard length; thickness of
head contained more than five times in standard length; distance from the posterior tip of maxillary to front of
mandible less than eye (about equal to eye in large adults; Hubbs et al. 1991).
 
Mouth position: Subterminal (Goldstein and Simon 1999). Mouth small and only slightly oblique; upper jaw
distinctly shorter than snout; upper lip well below lower margin of orbit; lips thick and coarsely striate (Hubbs et
al. 1991). Larvae have terminal mouths (Wrenn 1969).
 
External morphology: Subopercle broadest at middle, subsemicircular; cheek shallow and foreshortened (distance
from eye to postroventral angle of preopercle three-quarters of distance to upper corner of gill slit); eye nearer tip
of snout than back of head; head gradually slenderer than body; dorsal fin base more than one-third standard length
(Hubbs et al 1991). Mating tubercles present on head of male (Sublette et al. 1990). Sexual dimorphism in number
of scales below lateral line, proportion of head depth to standard length, and proportion of length of anterodorsal
fin-rays to standard length noted by Phillips and Underhill (1971); however the differences were marginal and may
not be exhibited at the population level.
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Internal morphology: Gut much elongated, with loops running parallel to body axis (Goldstein and Simon 1999).
 

Distribution (Native and Introduced)
U.S. distribution: Wide ranging species native to streams from Pennsylvania and West Virginia west to Montana
and south to Mexico (Hubbs et al. 1991).
 
Texas distribution: Found throughout the state with the exception of the Panhandle
(Hubbs et al 1991). Warren et al. (2000) listed the following drainage units for distribution of Ictiobus bubalus in
the state: Red River (from the mouth upstream to and including the Kiamichi River), Sabine Lake (including minor
coastal drainages west to Galveston Bay), Galveston Bay (including minor coastal drainages west to mouth of
Brazos River), Brazos River, Colorado River, San Antonio Bay (including minor coastal drainages west of mouth
of Colorado River to mouth of Nueces River), Nueces River.

 
Abundance/Conservation status (Federal, State, NGO)

Populations in the southern Unites States are currently secure (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Commonly found in reservoirs and large streams (Hubbs et al. 1991).
 
Mesohabitat: Common in clear waters with modest current (Lee 1980). Dalquest and Peters (1966) report that the
most productive habitat for this species is one with abundant aquatic vegetation and a silt bottom. Tolerates high
levels of water hardness as found in the lower Pecos River and its tributaries (Cowley and Sublette 1987). Stroud
(1967) reported that good reproduction was dependent on a pH level of 6.5-8.5.
 

Biology
Spawning season: Spawns from March – September at 15.5 – 27.5 degrees C, with peak activity in July (Moody
1970; Jester 1971; Padilla 1972; Jester 1973; Lee 1980). In Alabama, spawning occurred from March-May at water
temperatures of 13.9-21.1 degrees C (Wrenn 1969).
 
Spawning location: Lithopelagophils; rock and gravel spawners with benthic larvae that hide beneath stones
(Simon 1999). Wrenn (1969) reported spawning in shallow backwater areas. Harlan and Speaker (1951) reported
that eggs are deposited at random over the bottom or on vegetation. In New Mexico, spawning occurs primarily
over inundated terrestrial vegetation during times of high water level (Moody 1970; Jester 1971).
 
Reproductive strategy: Non-guarders; open substratum spawners (Simon 1999). Eggs are demersal and adhesive,
are broadcast over virtually all substrate types and are unattended by adults (Jester 1971; 1973; Padilla 1972).
 
Fecundity: Wrenn (1969) estimated 290,000 eggs for fish 546-556 mm TL, whereas MacDonald (1978) estimated
98,630-501,360 for two fish 450 and 838 mm TL. Fecundity, as indicated by estimates of numbers of eggs in
gravid fish at Elephant Butte Reservoir, New Mexico, ranged from 79,3000-323,252 eggs with a mean of 197,371;
highest mean number of eggs occurred in fish of age 7 and 8 (Moody 1970). Padilla (1972) reported mean number
of eggs per female at Elephant Butte Reservoir, New Mexico, to be 163,068. Fertilized eggs average 1.6-2.1 mm
(Yeager 1980) to 2.3-2.4 mm in diameter and are demersal and adhesive (Yeager and Baker 1982). Hatching
occurred in 96-100 hours at 21.1 degrees C (Wrenn 1969).
 
Age at maturation: Males, 4-5 years (minimum length of 411 mm TL); females mature after 6 years, (minimum
size of 444 mm TL; Wrenn 1969). In Elephant Butte Reservoir, New Mexico, males mature twice as quickly as
females, the former becoming adult in one year (Jester 1973).
 
Migration: In a large reservoir, fish traveled no more than about 4.8 km in any given direction; greatest distance
traveled was 43-90 km in 10-12 months (Wrenn 1969).
 
Longevity: 9 – 18 years (Carlander 1969; Jester 1973; MacDonald 1978; Jackson and Jackson 1989).
 
Food habits: Invertivore/herbivore; main food items: zooplankton, and attached algae, Chironomidae, Baetidae, and
Trichoptera (Goldstein and Simon 1999). Feed largely on bottom material, especially diatoms, dipteran larvae,
small crustaceans Copepods, cladocerans, ostracods), bivalve mollusks, bryozoans, and snails; most fish consume
large amounts of organic detrius and sand (Walburg and Nelson 1966; Wrenn 1969; Minckley et al. 1970;
Tafanelli et al.1971; Ross 2001), and may consume various kinds of attached algae (Chlorophyta and Chrysophyta;
McComish 1967), as well. Larvae begin feeding when they are 8-9 mm TL, 105 hours after hatching, feeding near
water surface as their mouth position is terminal (Wrenn 1969); young-of-year 35-64 mm TL continue feeding in
water column on zooplankton (copepods and cladocerans); fish reaching 250 mm TL shift majority of feeding



smallmouth buffalo Ictiobus bubalus

http://nucleus.bio.txstate.edu/~tbonner/txfishes/ictiobus%20bubalus.htm[1/25/2010 12:07:05 PM]

 

activity toward bottom organisms in shallow, shoreline areas (McComish 1967).
 
Growth: Newly hatched larvae are 5-6 mm TL (Wrenn 1969). For fish in an Alabama reservoir, Wrenn (1969)
reported average TL for ages 1-13 as 142 mm, 254 mm, 320 mm, 381 mm, 429 mm, 480 mm, 526 mm, 569 mm,
605 mm, 643 mm, 691 mm, 759 mm, and 798 mm, respectively. In Mississippi, average TL for fish ages 4-9: 297
mm, 325 mm, 335 mm, 342 mm, 354 mm, and 394 mm, respectively (Jackson and Jackson 1989).
 

Phylogeny and morphologically similar fishes
Subfamily Ictiobinae (Lee 1980); genus most closely related to Carpiodes (Nelson 1948. J. Morphol. 83:225-45;
Nelson 1948); status of buffalo suckers clarified by Hubbs (1930). Ictiobus bubalus most similar to Ictiobus niger
(black buffalo), with small fishes being particularly difficult to distinguish. Body depth in Ictiobus bubalus goes
into SL less than 2.8 times versus greater than 2.9 times in Ictiobus niger. Ictiobus bubalus differs from Ictiobus
cyprinellus (bigmouth buffalo) in having a subterminal (versus terminal) mouth. All buffalo (Ictiobus) can be
separated from carpsuckers (Carpoides) by the shape of the subopercle bone. Buffalo differ from Cycleptus
elongates (blue sucker) by having less than 50 lateral line scales and from all remaining catostomids in having 30
dorsal rays (versus less than 20; Ross 2001). Sublette et al. (1990) notes that Ictiobus bubalus can be distinguished
from the river carpsucker (Carpoides carpio) by the semicircular subopercles; linear intestinal loops; and the
absence of a nipplelike projection on the lower lip (which characterizes C. carpio); the common carp (Cyprinus
carpio) also superficially resembles I. bubalus, but the former possesses two pair of barbels. Natural hybridization
with I. cyprinellus reported (Johnson and Minckley 1969). Ictiobus bubalus has been artificially crossed with I.
niger (Stevenson 1964).
 

Host Records
Cestoda (5); Trematoda (2); Nemata (1; Mayberry et al. 2000).

 
Commercial or Environmental Importance

Smallmouth buffalo used both for human consumption and for pet and livestock feed (MacDonald 1978). Growth
of species rapid in farm ponds (Hendricks 1956).
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Ictiobus niger
black buffalo

 
 
Type Locality

Ohio River (Rafinesque 1820).
 

Etymology/Derivation of Scientific Name
Ictiobus: bull-like fish; niger: black (Ross 2001).

 
Synonymy

Catostomus niger Rafinesque 1820:56.
Ictiobus niger Cook 1959:81.
 

Characters
Maximum size:  929 mm TL (Carlander 1969).
 
Coloration: Blue-gray to dark brown above, light brown laterally, and yellowish white below (Miller and Robison
2004). Normally the darkest and most slaty-colored of the buffalofishes; light colored only when collected from
very turbid waters. Spring males are often blackish (Trautman 1981). Piller et al. (2003) reported that the body
coloration of breeding male and female fish from Citico Creek, Tennessee was blue-gray in color; venter was white
or cream colored; all paired and median fins were darker in color than the rest of the body.
 
Teeth count: About 195 per arch (Becker 1983).
 
Counts: Fewer than 45 lateral line scales; 22-30 dorsal fin rays (Hubbs et al. 1991); fewer than 60 gill rakers in the
first arch (Miller and Robison 2004); 8-10 anal fin  rays; 15-16 pectoral fin rays; and 9-11 pelvic fin rays (Ross
2001).
 
Body shape: Body more elongate, greatest depth contained 2.6 to 3.3 times in standard length; thickness of head
contained fewer than five times in standard length; eye nearer tip of snout than back of head; head gradually
slenderer than body (Hubbs et al.1991).
 
Mouth position: Small and only slightly oblique; upper jaw distinctly shorter than snout; upper lip well below
lower margin of orbit; lips thick and coarsely striate (Hubbs et al 1991).
 
External morphology: Distance from posterior tip of maxillary to front of mandible greater than eye length (about
twice eye length in large adults); subopercle broadest at middle, subsemicircular; cheek shallow and foreshortened
(distance from eye to posteroventral angle of preopercle three-quarters of distance to upper corner of gill slit);
dorsal fin base more than one-third standard length (Hubbs et al. 1991). Entire body of nuptial males from Citico
Creek, Tennessee were covered by small whitish tubercles, most pronounced on cheek and opercular region;
tubercles tended to be smaller, less numerous on posterior half of body than on anterior half; body tuberculation
most pronounced below lateral line, with scales containing 10-16 tubercles; above the lateral line, tubercles smaller
and less numerous; tubercles present on all fins; fin tuberculation most pronounced on anal and caudal fins, with
tubercles running along entire length of anterior rays (rays 1-6), but confined to distal portions of more posterior
rays; only anterior portion of dorsal fin tuberculate (Piller et al. 2003).
 
Internal morphology: Gut much elongated, with loops running parallel to body axis (Becker 1983; Goldstein and
Simon 1999). Pharyngeal teeth short, narrow, and fragile, about 195 per arch; well developed crown of tooth with
cusp at anterior edge; arch moderately strong, with large honeycomb spaces on anterior edge; the symphysis short,
on moderately long stems of the arch (Becker 1983).

 
Distribution (Native and Introduced)

U.S. distribution: Occurs throughout the Mississippi, Ohio, Missouri, and adjacent basins (Hubbs et al. 1991).
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Texas distribution: Scattered records known from throughout the state, including from the Rio Grande, Colorado,
Brazos, Sabine, and Red basins (Hubbs et al 1991). Early taxonomic difficulties in recognizing this species, its
unusually disjunct distribution pattern, and its apparent rarity in the state of Texas suggest a possible introduction
of this species at many localities (Conner 1977), or many intermediate records have been published that are
misidentifications of the common smallmouth buffalo, I. bubalus (Shute 1980; Hubbs et al. 1991). Warren et al.
(2000) list the following drainage units for distribution of Ictiobus niger in the state: Red River (from the mouth
upstream to and including the Kiamichi River), and the Colorado River.
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United States are currently secure (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Often found in strong currents and large rivers (Shute 1980). Species seems to favor flowing waters
to a greater extent than do Ictiobus bubalus (smallmouth buffalo) or I. cyprinellus (bigmouth buffalo; Cross 1967;
Becker 1983; Miller and Robison 2004); preferred habitat of I. niger seems to be intermediate between the other
two buffalo species (Trautman 1981). Species occurs in large rivers, back waters, and sloughs (Ross 2001);
although generally uncommon in the lower Mississippi River (Baker et al. 1991), fish have been collected in coves
adjacent of the main channel (Ross 2001). In Lake Texoma, Oklahoma and Texas, species was very rare, but was
the most common of the genus in the tailwaters (Riggs and Bonn 1959). Taken from Mountain Fork River and was
numerous in cutoff lakes sampled in the Little River drainage area, McCurtain Co., Oklahoma; found over bottoms
which were composed of one or more of the following: silt, gravel, mud, detritus, bedrock, rubble, and fallen
timber; collected from clear to turbid waters (Finnel et al. 1956).
 
Mesohabitat: Species found in water of varying turbidity over a wide variety of bottoms (Becker 1983). In Kansas,
species collected in deep, fast riffles where river channel narrows (Cross 1967). In Ohio, occasionally abundant in
turbid, mud-bottomed, shallow, overflow ponds and sloughs (Trautman 1981). In the Sulphur River, Texas, species
was most abundant in pool-vegetation habitat (Gelwick and Morgan 2000). Pigg and Gibbs (1995) noted that
Ictiobus niger preferred a stronger current than other buffalo fishes, and reported collection of fish from the
mainstem of the North Canadian River near Wetumka, Oklahoma in deeper, swift currents.
 

Biology
Spawning season: In Citico Creek, Tennessee, spawning occurs yearly in April, and is often 4-5 days in duration
(Piller et al. 2003). Probably occurs in April and May, although a tuberculate male was captured from the lower
Wisconsin River in mid-June (Becker 1983). In Mississippi, Yeager (1936) observed spawning in April.
 
Spawning location: Lithopelagophils, rock and gravel spawners with pelagic free embryos (Simon 1999). In Citico
Creek (Little Tennessee River system), a small upland stream in Tennessee, fish spawned in the upper portion of
water column and adhesive eggs were broadcast over a variety of substrates from gravel to bedrock; spawning
mainly occurred in runs and pools (75% of observations), but sometimes occurred in deep riffles (25% of
observations; Piller et al. 2003); eggs found over the stream bottom even in cascading riffles, suggesting that they
were carried some distance downstream from the spawning site. In the Mississippi River, spawning observed in
shallow water along margin of a flooded swamp (Yeager 1936). Perry (1976) reported spawning in brackish ponds
with salinities of 16-18 mg/l.
 
Reproductive strategy: Non-guarders; open substratum spawners (Simon 1999). Piller et al. (2003) observed
spawning in Citico Creek, Tennesee: species predominately spawned in trios of one female, and two males, and
did not prepare substrate or employ territorial defense. Prior to spawning males were evenly spaced throughout
spawning area, while the largest females were mainly concentrated in slack areas along shore. Spawning was
initiated by female swimming away from bank and moving among males at mid-channel, with males eventually
swimming alongside the female. Female swam upward in the water column while eggs were released, this action
drawing additional males to the group (from 5-10). Vigorous splashing was produced as backs and tails of the
group of fish broke the water surface, and as the fish quivered as males attempted to crowd in near to the female.
On occasion, males were observed to dive over the top of the spawning group. Spawning act was brief, lasting
from 2-4 seconds. The group swam to the stream bottom and slowly dispersed after the spawning act, with males
and females resuming pre-spawning positions in the stream. A small number of males remained near the female for
a time, nudging the female as if to induce more egg laying. No evidence of post-spawning mortality was observed.
In the Mississippi River, spawning was observed in shallow water: individuals were active at the water surface
splashing, leaping from the water, and making quick forward movements over short distances (Yeager 1936) in a
manner very similar to that described as the “spawning rush” for a similar species, Ictiobus cyprinellus (bigmouth
buffalo; Ross 2001).
 



black buffalo Ictiobus niger

http://nucleus.bio.txstate.edu/~tbonner/txfishes/ictiobus%20niger.htm[1/25/2010 12:29:32 PM]

 

Fecundity: Small number of specimens examined by Piller et al. (2003) suggested that fecundity is substantially
more than 9,000 eggs (number of eggs that remained in the ovaries of a mostly spent female) and that all of the
eggs are spawned. Fertilized eggs are demersal, adhesive; eggs average 1.8-2.4 mm in diameter; hatching occurs in
24-36 hours at 19-24 degrees C (Ross 2001).
 
Age/Size at maturation: In the south, age 2 (Perry 1976). In Illinois, Barnickol and Starrett (1951) reported
smallest ripe female to be 470 mm (18.5 in) long (Becker 1983).
 
Migration: In a study of Ictiobus niger from Citico Creek, Tennessee, fish migrated from a reservoir into a small,
swift-flowing, cool-water stream to spawn (Piller et al. 2003).
 
Longevity: 24 year-old fish reported from Illinois (Carlander 1969).
 
Food habits: Consumes plankton, insect larvae, and vegetation; snails and other small mollusks are diet items, often
in large quantities (Shute 1980; Miller and Robison 2004). In Arizona reservoirs, main food item was the
introduced Asiatic clam (Corbicula manilensis), while blue-green algae, diatoms, and crustaceans were also
ingested (Minkley et al. 1970).
 
Growth and Population structure: In the Southeast, growth fairly rapid with fish averaging 134 mm TL after their
first year, and 236 mm TL, 330 mm TL, 399 mm TL, 468 mm TL, 504 mm TL, 563 mm TL, and 589 mm TL after
years 2-8, respectively (Carlander 1969; Ross 2001). In Citico Creek, Tennessee, the sex ratio appeared to strongly
favor males, as they dominated spawning bouts by as much as 10 to 1. A collection of 12 specimens (not spawning
at time of capture) yielded 9 males and 3 females, though this may have been due to females entering and leaving
the creek at different times during the spawning run (Piller et al. 2003).
 

Phylogeny and morphologically similar fishes
Ictiobus niger is most similar to I. bubalus (smallmouth buffalo), but differs in body depth proportions (more than
2.9 versus less than 2.8 times into SL; Ross 2001). Young I. niger, less than 305 mm, are difficult to distinguish
from I. bubalus (smallmouth buffalo; Trautman 1981). However, Etnier and Starnes (1993) listed ratios of
measurement that may be useful in differentiating I. niger and I. bubalus (niger listed first): eye diameter in head
length 5.1-7.4 vs. 4.4-5.9; eye diameter in snout length 2-2.5 vs.1.5-2; maximum head width in standard length
4.7-5.5 vs. 5.2-6.1; maximum body depth in standard length 2.9-3.4 vs. 2.4-2.8. I. niger differs from I. cyprinellus
(bigmouth buffalo) in having a subterminal (versus terminal) mouth and in having lower GR counts on the lower
limb of the first arch (less than 35 versus more than 40; Ross 2001). Moore (1968) reported hybridization between
I. niger and I. bubalus (smallmouth buffalo) in some impoundments; offspring were not able to be identified.
Experimental I. niger X I. cyprinellus hybrids reported (Stevenson 1964; Hollander and Avault 1975).
 

Host Records
Trematoda (1), Cestoda (2), Acanthocephala (1; Hoffmann 1967). Cestoda: Glaradacris confusus; Trematoda:
Lissorchis gullaris, Nematobothrium texomensis (Mayberry et al. 2000).
 

Commercial or Environmental Importance
Although apparently not an important factor limiting the reproductive success of Ictiobus niger, Piller et al. (2003)
reported that Ambloplites rupestris (rock bass) was one of four species found to heavily predate I. niger eggs, in a
Tennessee stream. Crossman and Nepszy (1979) reported the first Canadian record of I. niger captured in Lake
Erie, in June 1978. This species often referred to by commercial fisherman as “rooters” due to their bottom-feeding
habits (Ross 2001).
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Ictalurus furcatus

blue catfish
 
 
Type Locality

New Orleans (Lesueur 1840).
 

Etymology/Derivation of Scientific Name
Ictalurus, Greek, meaning “fish cat;” furcatus, Latin, meaning “forked,” in reference to the tail fin (Pflieger 1997).
 

Synonymy
Pimelodus furcatus Lesueur 1840:136.
Ictalurus furcatus Hildebrand and Towers 1928:119; Cook 1959:137.
 

Characters
Maximum size: 1194 mm TL (Glodek 1980).
 
Coloration: Back bluish grey; sides silvery grey (diffuse spotting apparent in some preserved specimens); abdomen
grayish white (Sublette et al. 1990). Breeding male dark blue (Moyle 1976). Rio Grande River, Texas population
reportedly differs from other blue catfish in that the juvenile and young are very speckled and many adults retain
their spots (Wilcox 1960).
 
Counts: Anal fin rays 30-36 (Hubbs et al 1991); 6 dorsal rays; 8-10 pectoral rays; 8 pelvic rays; 14-21 gill rakers
(Ross 2001).
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Body shape: Moderately robust, elongate (Ross 2001); head rounded (Hubbs et al. 1991).
 
Mouth position: Subterminal (Goldstein and Simon 1999); lower jaw never protrudes beyond the upper jaw
(Graham 1999).
 
External morphology: Caudal fin deeply forked; head rounded; adipose fin free at tip, not joined to caudal fin; eyes
present (Hubbs et al 1991).Genital orifices of the male and female are distinct; in the male, papilla is more
prominent with a circular opening; in the female, it is more recessed and the opening is slitlike (Moyle 1976).
 
Internal morphology: Premaxillary band of teeth on upper jaw without a lateral backward extension on each side
(Hubbs et al 1991); swim bladder is restricted, forming two approximately equal chambers (Ross 2001).
 

Distribution (Native and Introduced)
U.S. distribution: Native to major rivers of Mississippi, Missouri, and Ohio basins of central and southern United
States, south into Mexico and northern Guatemala; introduced to Rappahannock and James drainages, Virginia
(Glodek 1980). Numbers in their native range have been greatly reduced due to alteration of riverine habitats,
particularly on the periphery of their range (Graham 1999).
 
Texas distribution: Ranges in all except the northwestern part of the state (Hubbs et al. 1991). Warren et al. (2000)
list the following drainage units for distribution of Ictalurus furcatus in the state: Red River (from the mouth
upstream to and including the Kiamichi River), Sabine Lake (including minor coastal drainages west to Galveston
Bay), Galveston Bay (including minor coastal drainages west to mouth of Brazos River), Brazos River, Colorado
River, San Antonio Bay (including minor coastal drainages west of mouth of Colorado River to mouth of Nueces
River), Nueces River.
 

Abundance/Conservation status (Federal, State, NGO)
Populations in southern drainages are currently stable (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: In Texas, blue catfish usually inhabit larger rivers and streams (Hubbs et al 1991).     
 
Mesohabitat: Inhabits mostly swift chutes and pools of noticeable current, and silt-free sand, gravel and rubble
substrates (Glodek 1980; Pflieger 1975, 1997). Normally found in open waters of large reservoirs and main
channels, backwaters, and in flowing rivers with strong current where water is normally turbid (Burr and Warren
1986). Will enter brackish water with salinities up to 3.7 ppt; occasionally found in salinities of 11-15 ppt (Perry
1968; Christmas and Waller 1973).
 

Biology
Spawning season: Occurs in late spring and early summer at water temperatures of 21-25 degrees C (Sublette et al.
1990). In Louisiana, spawning in April and May (Jordan and Evermann 1916; Pflieger 1975); in Illinois, spawning
occurs in June (Smith 1979).
 
Spawning location: Nest (cavity) constructed by the male, often in pools and backwaters (Sublette et al. 1990;
Simon 1999).
 
Reproductive behavior: Guarders; nest spawners; speleophils – hole nesters (Simon 1999). Nesting habits are
similar to those of channel catfish (Ictalurus punctatus; Pflieger 1975). Nest is constructed and cared for by the
parents until the young hatch (Smith 1979).
 
Fecundity: NA
 
Age/Size at maturation: In Louisiana, males are mature by 4th year at length of 490 mm TL; females at 5th year, at
length of 590 mm TL (Perry and Carver 1973).
 
Migration: May undertake seasonal movements in response to changes in water temperature. In the lower
Mississippi River, reported to move farther down river where water is warmest in winter, running upstream in
summer (Jordan and Evermann 1916; Pflieger 1975).
 
Growth and Population structure: In Lake Texoma, Oklahoma, fish reach 5.7 inches at the end of 1st year, and
averages 10, 13.8, 17.4, 21, 25.8, 30.3, 34.3, 40.4, 42.1 and 44 inches at the end of succeeding years (Jenkins 1956).
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Growth of Ictalurus furcatus in Lake Texoma is more rapid than that of channel catfish (I. punctatus), and almost
the equivalent to that of the flathead catfish (Pylodictus olivaris; Pflieger 1975). In Sardis Reservoir in northern
Mississippi, and in Kentucky Lake on the Tennessee River, blue catfish reached a TL of 88- 135 mm after one
year, and TL of 166-198 mm, 251-266 mm, 297-330 mm, 356-392 mm, 429-456 mm, 510-513 mm, 582-614 mm,
and 698 mm for years 2-9, respectively (Conder and Hoffarth 1965; Schultz 1967).
 
Longevity: At least 14 years (Kelley 1969); Ross (2001) and Smith (1979) note that life expectancy is  likely over
20 years due to large sizes found.
 
Food habits: First and second level trophic classifications listed as invertivore/carnivore and benthic/whole body,
respectively; main food items including an array of invertebrates, fishes, and occasionally frogs (Goldstein and
Simon 1999). Food items widely varied, seemingly upon prey availability. Some populations feed primarily on
fishes, especially small minnow; in coastal areas, mainly bay anchovies (Anchoa mitchilli), but consuming
crustaceans (penaeid shrimp and small crabs) as well. Other populations feed more on invertebrates such as
crayfishes, larval dragonflies, hellgrammites, chironomid larvae, and mayfly larvae (Brown and Dendy 1961;
Darnell 1961; Lambou 1961). Three general feeding stages noted during growth: Fish smaller than 100 mm SL
feed in the water column on zooplankton (including calanoid copepods and mysid shrimp, in coastal areas).
Individuals from 100-240 mm SL feed on small bottom-inhabiting invertebrates including immature aquatic
insects, amphipods, mud crabs (Rhithropanopeus), mollusks (such as rangia clams, mussels, gastropods), and
organic detritus. At 240 mm SL and larger, fish feed on large, mobile organisms including shrimp, crabs and fishes
(Darnell 1958; Minckley 1962; Perry 1969; Davis 1979). Davis (1979) reported increased feeding activity at night,
especially between midnight and sunrise.

 
Phylogeny and morphologically similar fishes

Ictalurus furcatus is a member of the I. furcatus species group, which is the sister group to the I. punctatus clade
(Lundberg 1992). I. furcatus most closely resembles the headwater catfish (I. lupus) and the channel catfish (I.
punctatus) but differs by a smaller eye situated more anteriorly; a longer and straighter margin on the anal fin; a
median keel-like crest anterior to the dorsal fin; a crest on the dorsal edge of the opercle; the sides lacking dark
spots; and a higher number of anal rays (I. furcatus usually >32; I. puntatus usually 25-28; I. lupus usually <25;
Sublette et al. 1990).
 

Host Records
 
 

Commercial or Environmental Importance
Ictalurus furcatus considered recreationally valuable in the state of Texas, and is used to add diversity to fisheries
(Graham 1999). Ictalurus furcatus, or its hybrid with the channel catfish (I. punctatus), has been reared
commercially. However, the majority of commercial production of catfish in the United States is from Ictalurus
punctatus (Stickney 1986; Sublette et al. 1990). Graham (1999) noted that the species lacks popularity with
aquaculturists, but hybrids developed with channel catfish are frequently used in fee-fishing lakes because of their
rapid growth and aggressive disposition.  Related fossil ictalurid, Ictalurus lambda, known from Pliocene deposits
of Kansas (Hubbs and Hibbard 1951).
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Ictalurus punctatus

channel catfish
 
 
Type Locality

Ohio River (Rafinesque 1818).
 

Etymology/Derivation of Scientific Name
Ictalurus, Greek, meaning “fish cat;” punctatus, Latin, meaning “spotted,” in reference to the dark spots on the
body (Pflieger 1997).
 

Synonymy
Silurus punctatus Rafinesque 1818b:355.
Ictalurus punctatus Hay 1881:513, 1883:72; Hildebrand and Towers 1928:120; Cook 1959:136.
Ictalurus anguilla Hildebrand and Towers 1928:120.
 

Characters
Maximum size: 1270 mm TL (Glodek 1980).
 
Life colors:  Juvenile fish silvery to pinkish white, with margins of the dorsal, adipose, caudal, and anal fins
outlined in black. Larger fish dark blue along back and upper sides; females are lighter colored than males. Heads
of breeding males blue-black. Fingerling catfish develop black spots by about 60-70 mm SL; spots gradually
disappear in fish older than 3-5 years (Canfield 1947). Nasal barbels unpigmented to lightly speckled with
melanophores, becoming darker in older fish. In small fish, barbels on lower jaw are unpigmented, in large fish
they are dusky. Long maxillary barbels usually dusky (Ross 2001).
 
Counts: Anal fin rays 27-29 (Hubbs et al. 1991) ; 6-7 dorsal rays; 7-9 pectoral rays; 8-9 pelvic rays; 13-18 gill
rakers (Ross 2001).
 
Body shape:  Elongate (Ross 2001).
 
Mouth position: Subterminal (Goldstein and Simon 1999).
 
External morphology: Lateral line complete, terminating at the base of the caudal rays (Sublette et al. 1990).
Pectoral fin spine contained less than five times in standard length; caudal fin deeply forked; head rounded; adipose
fin free at tip, not joined to caudal fin (Hubbs et al. 1991). Males with a distinctive urogenital papilla extending
posteriorly, which is absent in females; there being one opening behind the vent in males, and two openings behind
the vent in females (Moen 1959). In males, the head is wider than the body; in females, head is scarcely as wide as
body (Davis 1959).  In breeding male, head becomes massive because of the swelling of the cranial musculature.
Fin membranes thickened in breeding males (Sublette et al. 1990). Breeding males also have thickened lips and
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swellings behind the eyes (Crawford 1957).
 
Internal morphology: Premaxillary band of teeth on upper jaw without a lateral
backward extension on each side (Hubbs et al. 1991). Intestine well differentiated, coiled; peritoneum speckled
with black; no pyloric caecae present (Goldstein and Simon 1999).
 

Distribution (Native and Introduced)
U.S. distribution: Widespread east of the Rocky Mountains in temperate North America (Hubbs et al. 1991).
 
Texas distribution: Ranges throughout state; presumably not native, but introduced, to the upper Rio Grande and
Pecos basins (Hubbs et al. 1991). Warren et al. (2000) list the following drainage units for distribution of Ictalurus
punctatus in the state: Red River (from the mouth upstream to and including the Kiamichi River), Sabine Lake
(including minor coastal drainages west to Galveston Bay), Galveston Bay (including minor coastal drainages west
to mouth of Brazos River), Brazos River, Colorado River, San Antonio Bay (including minor coastal drainages
west of mouth of Colorado River to mouth of Nueces River), Nueces River.
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United States are currently secure (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Medium to large rivers (Glodek 1980). Etnier and Starnes (1993) noted species adaptation to
additional habitats including reservoirs, natural lakes, farm ponds, and larger trout streams.
 
Mesohabitat: Clear water, with swift currents over sand or gravel-rocky bottoms (Glodek 1980). In the Guadalupe
River system, Texas, juveniles most often taken in riffles, while adults more common in pools (Hubbs et al. 1953).
May enter brackish water (Scott and Crossman 1973), but seem to be limited by salinities of 1.7 ppt; occasionally
collected at salinities of 11 ppt (Perry 1968; Ross 2001). Species prefers temperature range of 28-30 degrees C
(Cheetham et al. 1976). However, fish can survive higher temperatures; upper lethal temperature for species ranges
from 36.6-37.8 degrees C for acclimation temperatures of 26-34 degrees C (Allen and Strawn 1968). Becker (1983)
notes that channel catfish are found in clear, rocky, well-oxygenated streams, as well as slow-moving, silty
streams; often found downstream from power dams where water is fairly rapid. Further, in streams, young fish
inhabitat slow riffles and turbulent areas near sand bars; adults are found under big rocks in deep pools or under
log jams, during the day, entering shallow water at night. In Wisconsin, channel catfish collected in turbid water
over substrates (decreasing order of frequency) of mud, sand, clay, gravel, silt, rubble, and boulders. Young fish
form daytime aggregations near the bottom during their first 4-10 months of life; aggregations disperse nightly
with fish moving along the bottom (Brown et al.1970).
 

Biology
Spawning season: Late spring and early summer (Ross 2001) occurs when the water warms to approximately 16-24
C (Appelget and Smith 1950; Crawford 1957; Jearld and Brown 1971).
 
Spawning location: Male selects a suitable site, usually a log or under rocks, sometimes female participates in site
preparation (Clemens and Sneed 1957).
 
Reproductive strategy: Guarders; nest spawners; speleophils - hole nesters (Simon 1999). In streams, male locates
suitable dark cavity or crevice under a ledge where rock strata outcrop in the channel, or beneath roots of a tree
undercut by the current. In a lake or reservoir, under highly turbid conditions, nests may be made directly on the
bottom in the mud. Normal development of young does not require a current or rocky substrate for spawning. Nail
kegs, earthenware crocks, or milk cans are provided for fish spawning in ponds or hatcheries (Becker 1983).
According to Marzolf (1957), 2-3 “telescoped” kegs provide a hollow area for spawning fish; the spawn is usually
deposited in the middle keg. Prior to spawning, nest site is cleaned by the male, who vigorously fans with his fins
and body ( at times the female may participate in nest preparation; Clemens and Sneed 1957); the male then awaits
a female that is ready to deposit her eggs (Davis 1959). Males may coat inside of nest area with mucus, creating a
waxy appearance. Spawning occurs during the day, and the spawning female leaves or is chased away from nest by
the male afterward. Male then guards nest and fans nest with fins (Brown 1942; Clemens and Sneed 1957). In
Missouri ponds, fry normally remain in nest about 7 days, and are defended by the male (Marzolf 1957).
 
Fecundity: Spawning period from 4 – 6 hours; 150 eggs laid about 9 times per hour, for a total of 8,000 eggs.
Females weighing 0.45 – 1.81 kg produced about 8,800 eggs per kilogram of body weight. Females usually void all
eggs when they spawn (Clemmens and Sneed 1957). Large, yellowish eggs are 3.5-4.0 mm in diameter (Menzel
1945). Fertilized eggs hatch in 6 days at 25.0 degrees C and in 10 days at 15.6 degrees C (Brown 1942; Clemens
and Sneed 1957). In Texas ponds, Toole (1951) reported eggs hatching in 5-10 days. Incubation of eggs at
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temperatures above 36 degrees C frequently results in deformed vertebrae (Allen and Strawn 1968).
 
Age/Size at maturation: In Texas ponds, catfish reported to mature 18 months after hatching (Carlander 1969). In
Louisiana coastal areas, (with salinities up to 3.5 ppt) individuals mature by 2nd or 3rd year, at 330 – 339 mm TL
for males and 350 – 359 mm TL for females (Perry and Carver 1973). Normally, fish are not mature until attaining
a total length of 305 mm (Appelget and Smith 1950); as a result of wide variation in growth rates, fish may mature
in 2-5 years or longer in more northern areas (DeRoth 1965).
 
Migration: Movement of reservoir populations increases during or immediately following periods of increased river
flow. Reservoir and river populations of channel catfish show a general trend for upstream migration in the spring,
followed by downstream movement in the fall (Duncan and Myers 1978; Dames et al. 1989). Dames et al. (1989)
reported river populations showing greater movement in spring than in other seasons. Adults are capable of moving
considerable distances in streams, though usually not more than 161 km (Funk 1955; Welker 1967); Dames et al.
(1989) reported an individual in the Missouri River, Missouri, traveling 469 km upstream in a 72 day period
(averaging 6.5 km/day); an individual in the St. Johns River, Florida, traveled 108 km upstream in 22 days (4.9
km/day; Hale et al. 1986).
 
Longevity: Normally live at least 6-10 years, though longer life spans have been reported (Sneed 1951; Conder and
Hoffarth 1965; Jearld and Brown 1971); in Colorado, an introduced population included fish living 22 years (Tyus
and Nikirk 1990); 40-year-old fish recorded in Canada (Carlander 1969).
 
Food habits: First level trophic classification: invertivore/carnivore; second level trophic classification:
benthic/whole body (Goldstein and Simon 1999); consuming a variety of items including organic detritus, aquatic
insect larvae and pupae, zooplankton and fishes. Main invertebrate prey items include midge larvae (chironomids),
black fly larvae (simuliids), caddisflies, shrimp (astacids), and isopods. Fishes in diet includevarious minnows
(Cyprinidae) and gizzard shad (Dorosoma cepedianum; Bailey and Harrison 1945; Dendy 1946; Mathur 1971;
Robinette and Knight 1981; Weisburg and Janicki 1990); may also eat plants including filamentous green algae;
Menzel 1945). Feeding activity in larger rivers with turbid water is mainly focused toward chironomids, caddisfly
larvae, and other organisms inhabiting the bottom; minimal relationship between composition of organisms drifting
in water column and food habits (Weisburg and Janicki 1990). In reservoirs, zooplankton (especially Daphnia),
detritus of fine sand and mud, and fishes compose mush greater portion of diet (Mathur 1971). Flooding of streams
allow channel catfish to eat terrestrial prey including earthworms, crickets, centipedes, and even mice and rats, as
they are able to move out onto the inundated floodplains (Robinette and Knight 1981). Carlander (1969) listed
unusual items found in stomachs, such as a snake skin, an adult bobwhite, and hydroids. Species feeds most
actively from sundown – midnight, at water temperatures between 10-34.4 degrees C (Bailey and Harrison 1945).
Numerous taste buds are located on the barbles and other areas of the fish aiding in the detection of prey (Joyce
and Chapman 1978). Larval fish (alevins) feed primarily on midge larvae and pupae (Chironomidae); most activity
occurring a few hours after dusk or just before dawn. Alevins remain inactive, on or buried in the stream bottom,
during the day. However, they are frequently found drifting in the water column at night, probably as a result of
being displaced by currents as they are actively feeding along the bottom, rather than entering the water column
purposefully (Armstrong and Brown 1983). Insects are primary food item of fish smaller than 102 mm TL (Bailey
and Harrison 1945). While fish larger than 102 m TL continue to consume aquatic insects, they may begin to
ingest large species of mayflies and caddidflies rather than small midges. Large fish show a greater tendency to
take terrestrial insects, as well (Bailey and Harrison 1945). In Maryland, caddisfly larvae were an important food
item of a wide size range of fish in large-river environment populations, composing 40-60% of the biomass of diet;
midge larvae was a main food item (25-55% of biomass), and increased in importance in fish over 200 mm TL
(Weisburg and Janicki 1990). According to Darnell (1958, 1961), in coastal areas, small bottom-inhabiting
crustaceans (amphipods, isopods, xanthid crabs), midge larvae and pupae, and organic detritus were diet items of
fish 76 – 119 mm SL. Larger fish included these same items, in addition to more fishes and larger crustaceans.
Bailey and Harrison (1945) and Busbee (1968) reported fish larger than about 279 – 381 mm TL consuming fishes.
 
Growth: Growth extremely variable. Respective ranges of total lengths expected through the first 8 years of life in
the Tennessee area were reported by Carlander (1969): 86 – 163, 170 – 239, 206 – 290, 241 – 333, 269 – 366, 295 -
404, 325 – 427, and 462 – 495 mm. Variable growth of populations in northern Mississippi reservoirs reported:
averages of 72 – 102 mm TL after one year, 132 – 189 mm, 203 – 272 mm, 266 – 341 mm, 304 – 370 mm, 353
mm, and 425 mm for years 2-7, respectively (Schultz 1967). Appelget and Smith (1950) calculated total lengths
from vertebrae at the end of each year of life from fish collected in a pool of the Mississippi River, in Lansing,
Iowa: 1 – 75 mm; 2 – 161 mm; 3 – 231 mm; 4 – 299 mm; 5 – 361 mm; 6 – 423 mm; 7 – 488 mm; 8 – 536 mm; 9 –
620 mm; 10 – 676 mm; 11 – 658 mm; and 12 – 709 mm. Optimal temperature range for growth is apparently 28-30
degrees C (Cheetham et al. 1976).
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 Phylogeny and morphologically similar fishes
Ictalurus puntatus most closely resembles the headwater catfish (I. lupus), but the former is distinguishes by
usually ≥25 anal fin rays (usually <25 for I. lupus) and caudal fin in younger specimens deeply forked with pointed
lobes. Ictalurus punctatus can be distinguished from the blue catfish (I. furcatus) by the rounded anal fin (margin
of anal fin almost straight in I. furcatus; Sublette et al. 1990). Ictalurus punctatus can be readily hybridized with
the blue catfish (I. furcatus), and hybrids have a higher rate of growth than either parent (Stickney 1986).
                                      

Host Records
Cestoda (4); Trematoda (8); Nemata (6); Copepoda (4; Mayberry et al. 2000).
 

Commercial or Environmental Importance
Ictalurus puntatus is the most widely cultivated warm water species in North America (Stickney 1986).
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Noturus gyrinus
tadpole madtom

 
 
Type Locality

Wallkill River, New York (Mitchill 1817).
 

Etymology/Derivation of Scientific Name
Noturus, meaning “back tail,” in reference to the connection of the adipose fin and tail fin; gyrinus, Greek for
“tadpole” (Pflieger 1997).
 

Synonymy
Silurus gyrinus Mitchill 1817:289.
Noturus gyrinus Evermann 1899:514; Cook 1959:141.
Schilbeodes gyrinus Evermann 1899:306; Hildebrand and Towers 1928:122.
 

Characters
Maximum size: 130 mm TL (Page and Burr 1991).
 
Life colors: Dark axial streak conspicuous; dorsal, anal, and caudal fins not dark-edged; lower lip and chin not
heavily speckled with dark pigment (Hubbs et al. 1991).
Body uniformly brown (gray in preserved specimens) along back and sides, grading to white on belly. Bands of
melanophores on upper and lower jaws, often a dark horizontal streak along the side. Nasal and maxillary barbels
dusky; chin barbels vary from white to being lightly covered with melanophores. Pelvic and pectoral fins have
scattered melanophores in adults, may be unpigmented in smaller fish. Dorsal and anal fins lightly covered with
melanophores, with lighter margins. Adipose fin dark brown; caudal fin dark gray or black (Ross 2001). Holder
and Ramsey (1972) reported an albino specimen.   
      
Counts: 6-7 gill rakers; 6-7 dorsal rays; 15-18 anal rays; 8 (7-9) pectoral rays; 9 (8-10) pelvic rays (Ross 2001).
 
Body shape:  Body heavy, round, and potbellied anteriorly (rarely elongate); strongly compressed posteriorly
(Becker 1983).
 
Mouth position: Terminal; jaws nearly equal (Hubbs et al. 1991).
 
External morphology: Pectoral fin spine not serrated; adipose fin joined to the caudal fin or separated from it by
not more than a shallow notch (Hubbs et al. 1991). Small eyes; anal fin moderately long, length of base going into
SL 3.9-5.9 times; anal fin base becomes proportionately shorter with increasing body length (Ross 2001). Breeding
males have enlarged muscles on top of the head, swollen lips, and enlarged genital papillae (Whiteside and Burr
1986).
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Internal morphology: Ratio of digestive tract (DT) to total length (TL): DT 1.0-1.4 TL; intestine well differentiated;
peritoneum colorless; pyloric caeca not present (Goldstein and Simon 1999). Numerous small, sharp, or peglike
teeth in broad bands on upper and lower jaws; tooth patch on upper jaw without elongate, lateral backward
extensions (Becker 1983).
 

Distribution (Native and Introduced)
U.S. distribution: Ranges widely east of the Rocky Mountains, except in upland streams draining the Appalachian
mountain chain (Hubbs et al. 1991).
 
Texas distribution: Occurs widely throughout eastern Texas from the Red River to the Nueces Basin; also a report
of this species from the Rio Grande in Webb County that may be a result of an introduction (Hubbs et al. 1991).
Warren et al. (2000) list the following drainage units for distribution of Noturus gyrinus in the state: Red River
(from the mouth upstream to and including the Kiamichi River), Sabine Lake (including minor coastal drainages
west to Galveston Bay), Galveston Bay (including minor coastal drainages west to mouth of Brazos River), Brazos
River, Colorado River, San Antonio Bay (including minor coastal drainages west of mouth of Colorado River to
mouth of Nueces River), Nueces River.
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United Sates are currently secure (Warren et al. 2000). Often abundant where found
(Rohde 1980).
 

Habitat Associations
Macrohabitat: Medium to large rivers, lakes, reservoirs, sloughs (Becker 1983).
 
Mesohabitat:  Typically inhabits quiet or slow-moving waters, especially over soft, muddy bottom with extensive
vegetation (Rohde 1980). Tolerates at least a moderate amount of salinity, as Mansueti and Hardy (1967) reported
species from the tidal portions of Virginia rivers. Holder and Ramsey (1972) collected specimens from dark,
stained water with a pH of 4.5. According to Machniak and Gee (1975) individuals gulp air to inflate swimbladder,
thereby gradually increasing buoyancy as water flow declines; volume of air in swimbladder may be reduced over
several days, when flows increase, decreasing buoyancy and facilitating ability to maintain position in a stream.
 

Biology
Spawning season: In southern Mississippi, spawning takes place in April (Clark 1978). Spawning reported in
Missouri and Mississippi during June or July (Rohde 1980). In more northern areas, spawning happens late spring
through August (Case 1970; Mahon 1977; Whiteside and Burr 1986); June and July in Wisconsin (Becker 1983).
 
Spawning location: May use discarded glass or metal containers for nesting sites, or excavate one in gravel, usually
under stones, boards or logs (Wang and Kernehan 1979); crayfish burrows, holes in mud, and under roots
(Mansueti and Hardy 1967).
 
Reproductive strategy: Speleophils; hole nesters (Simon 1999). Little formal nest preparation; eggs deposited in
clusters (Mansueti and Hardy 1967). According to Menzel and Raney (1973) females may mate several times
during the breeding period. Wang and Kernehan (1979) reported that both parents help to guard and care for the
eggs in the nesting site; fish move over egg mass in a shivering motion, anal fin in contact with eggs, or take a
portion of egg mass into their mouth and spit it out. Taylor (1969) noted that egg-guarding individuals are in most
cases male.
 
Fecundity: In lower Mississippi, clutches averaged 61 eggs, with 3.7 mm diameter (Clark 1978); in Illinois,
clutches averaged 151 eggs, with 1.95 mm diameter (Whiteside and Burr 1986). In Delaware, number of fertilized
eggs in a nest ranges from 93-150 (Wang and Kernehan 1979). In Mississippi, average clutch of 61 eggs, mature
eggs averaging 3.7 mm diameter (Clark 1978); females in Illinois, of the same general size as specimens collected
by Clark (1978), produced more and smaller eggs, average number of mature ova per female 151, with mean egg
diameter of 1.95 mm; fertilized eggs demersal, adhesive, average 2.96 mm in diameter, and are light yellow-orange
(Whiteside and Burr 1986).
 
Age/Size at maturation: 1 or 2 years (Hooper 1949; Rohde 1980; Whiteside and Burr 1986). Mature adults range
from 50-76 mm
(Clark 1978).
 
Migration: Maximum reported movement was 2.1 km over a 13 week period in a
Canadian stream (Case 1970).
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Growth and population structure: Specimens from a study in Illinois reached 40-52 mm SL in the first year, 49-64
mm SL after second, 54-71 mm SL after third, and 58-76 mm SL after fourth. Some populations show males with
higher growth rates than females (Whiteside and Burr 1986). In Missouri streams, individuals attain length of about
30-56 mm by end of first summer (Pflieger 1997; Rohde 1980). By 15.5 mm TL, rays are developed in all fins
except anterior region of caudal fin; at this size, fish closely resemble adults (Wang and Kernehan 1979).
 
Longevity: May live as long as 4 years, but most populations only have 10% older then two years (Hooper 1949;
Rohde 1980; Whiteside and Burr 1986).
 
Food habits:  Goldstein and Simon (1999) list first and second level trophic classifications as
invertivore/planktivore, and benthic/particulate feeder; list main food items as Cladocera, ostracods, Hyalella,
chironomids, and other immature insects; Pearse (1918) reported diet contents from Wisconsin populations as 44%
insects, 18.3% oligochaetes, 28.3% small crustaceans, 5.9% plants, 0.1% snails, 0.1% algae, 3% silt and debris.
Case (1970) and Whiteside and Burr (1986) reported small crustaceans (amphipods and isopods), and small aquatic
insect larvae (especially midges) as main food items. Fish smaller than 35 mm SL fed more on small crustaceans
(copepods, cladocerans, ostracods); fish longer than 45 mm SL consumed large prey such as worms and grass
shrimp (Whiteside and Burr 1986). Individuals leave cover at night and feed actively in the shallows (Becker
1983).
 

Phylogeny and morphologically similar fishes
Noturus gyrinus has a terminal mouth, unlike the freckled madtom (Noturus nocturnus), which has an inferior
mouth (Ross 2001).
 

Host Records
This species is a host to the glochidia for the mussels Actinonaias carinata and Lampsilis radiata luteola (Becker
1983).
 

Commercial or Environmental Importance
One of the more venomous catfishes, having toxic sheath (apparently with neurotoxic and haemotoxic elements)
covering dorsal and pectoral spines; threatened fish will arch back and erect spines, increasing its effective size to
predator and exposing sharp spines; effect on humans has been compared to bee stings; toxin deters most predators
(Case 1970; Birkhead 1972; Whiteside and Burr 1986).
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Pylodictis olivaris

flathead catfish
 
 
Type Locality

Ohio River (Rafinesque 1818).
 

Etymology/Derivation of Scientific Name
Pylodictis, Greek, meaning “mud fish;” olivaris, Latin, meaning “olive-colored” (Pflieger 1997).
 

Synonymy
Pilodictus olivaris Hay 1881:514.
Leptops olivaris Hay 1883:74; Evermann 1899:306; Hildebrand and Towers 1928:121.
Pylodictus olivaris Cook 1959:140.

 
Characters

Maximum size: 1410 mm TL (Carlander 1969).
 
Life colors: Back and sides gray to brown with dark brown-black mottling that may extend ventrally onto belly.
Undersides of head and body white to yellow. Nasal and maxillary barbells dark; chin barbells white to yellow. In
large fish, chin barbels may be slightly dusky, never black. Adipose fin dusky or mottled, frequently having a light
margin in small fish. Pelvic, pectoral, and dorsal fins densely covered with melanophores in the basal half to three-
quarters of the fins, the remaining marginal areas unpigmented. Anal fin dusky, frequently having a black marginal
band. Caudal fin dusky. Immature fish have a light-colored patch on the tip of the upper lobe of the tail, which
seems to disappear when fish mature (Ross 2001).
 
Counts: 8-10 gill rakers; 6-7 dorsal rays; 16-17 (14-17) anal rays; 8-11 pectoral rays; 9 pelvic rays (Ross 2001).
 
Body shape: Slender, elongated; becoming moderately robust as adults (Ross 2001). Head depressed (Hubbs et al.
1991).
 
Mouth position: Terminal (Goldstein and Simon 1999). Lower jaw projects forward beyond the upper jaw (Ross
2001).
 
External morphology: Adipose fin free at tip, not joined to caudal fin (Hubbs et al 1991). Anal fin base quite short,
length goes into SL 5.3-6.3 times. Small eyes (Ross 2001). Males have prominent posteriorly directed genital
papilla with a small rounded urogenital opening at tip. Females have a recessed genital papilla with a larger
urogenital opening that appears as a long slit. Urogenital opening of adult female becomes inflamed in late spring
and summer (period of greatest spawning activity; Johnson 1950; Turner and Summerfelt 1971). Genital papilla of
immature females invaginated and hardly discernable (Turner and Summerfelt 1971).
 
Internal morphology: Premaxillary band of teeth on upper jaw with a lateral backward extension on each side
(Hubbs et al. 1991). Ratio of digestive tract (DT) to total length (TL): DT 1.0 TL (Goldstein and Simon 1999).
 

Distribution (Native and Introduced)
U.S. distribution: Ranges throughout the Mississippi, Ohio, and Missouri basins southward along the Gulf
drainages to Mexico (Hubbs et al. 1991).
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Texas distribution: Species occurs statewide (Hubbs et al. 1991). Warren et al. (2000) list the following drainage
units for distribution of Pylodictis olivaris in the state: Red River (from the mouth upstream to and including the
Kiamichi River), Sabine Lake (including minor coastal drainages west to Galveston Bay), Galveston Bay
(including minor coastal drainages west to mouth of Brazos River), Brazos River, Colorado River, San Antonio
Bay (including minor coastal drainages west of mouth of Colorado River to mouth of Nueces River), Nueces
River.

 
Abundance/Conservation status (Federal, State, NGO)

Southern drainage populations are currently stable (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Characteristic of deep holes of medium and large-sized rivers (Glodek 1980). Large streams
(Minkley and Deacon 1959).
 
Mesohabitat: Deep, quiet pools of main rivers, being found in tributary streams only in deep pools adjacent to the
main stream (Cowley and Sublette 1987).Young-of-the-year live in rubble bottomed riffles until between 2 and 4
inches in length. At that size fish become more evenly distributed in the stream; some remain in riffles, but more
move into pools, deeper riffles, and into almost all other habitats. This random distribution seems the rule in fish
ranging from 4 to 12 inches in length. Individuals measuring 12 to 16 inches in length were associated with cover at
intermediate depths in the stream, while larger individuals, more then 16 inches in length, almost invariably near
more massive logs and drift usually in or near deep holes in the stream bed (Minkley and Deacon 1959).  
 

Biology
Spawning season: In Texas, late June and July (Hubbs et al. 1953; Munger and Deacon 1959).
 
Spawning location: Nests constructed under logs or other concealing cover (Breder and Rosen 1966).
 
Spawning Behavior: Guarders; nest spawners; spleophils – hole nesters (Simon 1999). Nests constructed by both
male and female. After chasing female from the nest, male remains to guard nest and care for eggs and young
(Breder and Rosen 1966). Henderson (1965) reported that males in Texas hatchery pens behaved viciously while
guarding eggs; male would “tear the female to pieces” when she attempted to enter the spawning jar which
contained eggs; a number of females that had spawned were killed by the male, in spite of efforts to remove the
female from the area as soon as possible.
 
Fecundity: Eggs are gelatinous, adhesive (Breder and Rosen 1966). In small hatchery-reared brood fish, spawns
numbered from 3,000-5,000 eggs (Henderson 1965). In Kansas, Minckley and Deacon (1959) reported that females
of 305-610 mm TL can produce from 6,900-11,300 eggs, averaging 2.8-3.2 mm diameter. Depending on size of
females ranging from 1.05-11.66 kg, in an Oklahoma reservoir, 4,076 – 58,792 eggs were laid; ripe eggs averaged
3.7 mm diameter (Turner and Summerfelt 1971). Snow (1959) reported egg mass weighing slightly less than 1,089
g (2.4 lb) which contained about 15,000 eggs. Giudice (1965) reported hatching of eggs in 6-7 days at 23.9-27.8
degrees C; Snow (1959) reported hatching in 9 days at 24-25.9 degrees C, fry averaging 11 mm long.
 
Age/Size at maturation: In Texas reservoirs, individuals become sexually mature between ages 2 and 5 at a total
length between 290 and 635mm (Munger et al. 1994).
Minckley and Deacon (1959) reported mature males at 3-4 years, and females at 4-5 years. Carlander (1969)
reported males usually maturing at 3-5 years old, after exceeding 38 cm TL, while females mature at 4-6 years old,
and in excess of 46 cm TL.
 
Migration: Sedentary (Funk 1957; Robinson 1977; Dames et al., 1989; Jackson 1999), with 1-3 'home sites' they
return to after nighttime movements (Vokoun and Rabeni 2005).
 
Growth and Population Structure: Ross (2001) summarized large amount of age and growth data, noting that rates
vary considerably among areas, and seem to be higher if individuals make early transition to a fish diet. In general,
fish reach 51-353 mm TL at the end of one year, and 168-484 mm, 238-649 mm, 374-758 mm, 497-843 mm, 581-
951 mm, 795-1054 mm, 824-1099 mm, and 1100 mm TL at ages 2-14 respectively.
 
Longevity: Lifespan can exceed 19 years (Carlander 1969).
 
Food habits: First and second level trophic classifications are invertivore/carnivore, and benthic and drift/whole
body, respectively; feeding behavior: passive predator. Main food items of juveniles are microcrustaceans and
insect larvae; main food items of adults are crayfishes, clams, and particularly fishes including Carpiodes carpio,
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Notropis buchanani, N. lutrensis, N. stramineus, Semotilus atromaculatus, Ictalurus punctatus, Noturus nocturnus,
Pylodictis olivaris, Lepomis megalotis, Percina phoxocephala, and Aplodinotus grunniens (Minckley and Deacon;
Goldstein and Simon 1999; Jackson 1999). Primarily nocturnal feeders (a time when prey are more vulnerable to
visual deception; Moyle 1976) that forage in a wide variety of habitats (Etnier and Starnes 1993), including area
shallow enough to expose dorsal fin (Trautman 1957); most feed by lunging and seizing prey after lying motionless
(Minkley and Deacom 1959). Trautman (1957) reported having seen large individuals lying motionless on the
bottom with an open mouth; personal communications from local Ohio fisherman conveyed reports of cover-
seeking prey swimming into the open mouths of fishes; further, large numbers of hiding species such as rock bass
(Ambloplites rupestris), spotted blackbass (Micropterus puntulatus), and small catfishes (Ictaluridae) have been
found in stomachs of large flatheads, lending credence to these statements.
 

Phylogeny and morphologically similar fishes
Monotypic genus (Glodek 1980) Pylodictis apparently unchanged since mid-Miocene, forming the sister taxon to
the blind, subterranean genus Satan; Pylodictus and Satan are sister group to a clade containing Noturus (Lundberg
1992; Ross 2001). Unlikely to be confused with other catfishes, as it differs from the channel (Ictalurus punctatus)
and blue (Ictalurus furcatus) catfishes in having a rounded caudal fin (versus a forked), and from the bullheads
(Ameiurus) in having a greatly flattened head, posterior extensions of the premaxillary tooth patch, and a projecting
lower jaw (Ross 2001). Etnier and Starnes (1993) noted juveniles might be mistaken for one of the madtom
species (Noturus); however the free posterior end of adipose fin of Pylodictis is apparent even in small sizes.
Pylodictis olivaris reported to hybridize with the channel catfish (Ictalurus punctatus; Trautman 1957).
 

Host Records
In Kansas populations, the cestode, Marsipometra, was commonly found in the duodenum and nematodes occurred
occasionally in the hindgut (Minkley and Deacon 1959). Becker (1983) noted that Pylodictis olivaris is host to the
glochidia of a number of freshwater mussels, including Amblema plicata, Megalonaias gigantean, Quadrula
nodulata, Q. pustulosa, Q. quadrina, and Elliptio dilatata.

 
Commercial or Environmental Importance

Rapid dispersal and population growth rates of introduced flathead catfish, along with their obligate carnivorous
food habits, have caused concern among ichthyologists and management agencies (Brown et al. 2005). United
States Fish and Wildlife Service had placed the flathead catfish as its highest priority among invasive animal
species in the southeastern United States (Memorandum dated 3 November 1999; Brown et al. 2005). Species can
attain sizes greater then 1000 mm TL, and weigh more than 50 kg, and is regarded by many anglers to be a big
game fish (Carroll and Hall 1964; Jackson 1999). Overall U.S. angling record of 44.5 kg (98 lb) was caught in
Texas in 1986 (Ross 2001). Henderson (1965) noted that fingerling mortality was very high in ponds where large
numbers of crayfish were present.
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Mugil cephalus
striped mullet

 
 
Type Locality

Europe (Linnaeus 1758).
 
Etymology/Derivation of Scientific Name

Mugil, Latin for mullet, from mulgeo, “to suck;” cephalus, Greek for “head” (Pflieger 1997).
 

Synonymy
Mugil cephalus Linnaeus 1758:316 in Eschmeyer 1990.
Mugil plumeri Wailes 1854:334.
 

Characters
Maximum size: Slightly over 900 mm TL (from India; Etnier and Starnes 1993).
 
Life colors:  Sides with longitudinal dark stripes along the scale rows (Hubbs et al. 1991). Blue-gray along the
back and upper sides, fading to white on the underside (Ross 2001). Juvenile fish, up to 30-35 mm SL, are bright
iridescent silver on sides and underbody; back and top of head are duller (Anderson 1958).

 
Counts: Usually 41 lateral line scales; soft dorsal and anal fins with few scales; usually 8 (rarely 7 or 9) anal fin
soft rays; lower limb of first gill arch with 25-60 gill rakers (Hubbs et al. 1991); 5 dorsal spines; 3 anal spines; 16
(15-17) pectoral rays; 18-20 caudal fin rays (Ross 2001).
 
Body shape:  Cylindrical (Ross 2001).
 
Mouth position: Terminal (Goldstein and Simon 1999); lower jaw angular, with a prominent symphyseal knob
(Hubbs et al. 1991).
 
External morphology: Adipose eyelid well developed in adults (fish greater than 30-40 mm SL); scales cycloid in
young fish, adults developing weakly ctenoid scales (Hubbs et al. 1991; Ross 2001).
 
Internal morphology: Gut long (Goldstein and Simon 1999).
 

Distribution (Native and Introduced)
U.S. distribution: Worldwide circumtropical distribution (Hubbs et al 1991). Species has been recorded on several
occasions from the Denison Dam on the Red River, which is 281 km upstream from the confluence with the
Mississippi River, near Shreveport, Louisiana (Riggs 1957).
 
Texas distribution: Occurs in all of the major bays and estuaries of the state (Hubbs et al 1991); occupying the
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Texan, Austroriparian, and Tamaulipan biotic provinces in Texas (Hubbs 1957). Warren et al. (2000) listed the
following drainage units for distribution of Mugil cephalus in the state: Red River (from the mouth upstream to and
including the Kiamichi River), Sabine Lake (including minor coastal drainages west to Galveston Bay), Galveston
Bay (including minor coastal drainages west to mouth of Brazos River), Brazos River, Colorado River, San
Antonio Bay (including minor coastal drainages west of mouth of Colorado River to mouth of Nueces River),
Nueces River.
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United States are currently secure (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: A marine-estuarine species, common in warm, coastal water (Rivas 1980); often ascending coastal
rivers for considerable distances, stopping at Fall Line (Burgess 1980). 
 
Mesohabitat: Mugil cephalus make regular off-shore-inshore movements, but tend to remain in the same general
region of the coast (Rivas 1980). Developing larvae move inshore, reaching estuarine areas when 16-28 mm in size
(Anderson 1958; De Silva 1980; Nordlie et al. 1982). As small fish are unable to effectively regulate internal salt
content, entrance into lower salinity water of estuaries, then into fresh water is delayed until they develop
regulatory abilities; at 16-20 mm SL, fish can survive in brackish water, and are fully tolerant of fresh water at
about 7-9 months old, at a length of 40-69 mm SL (Nordlie et al. 1982).
 

Biology
Spawning season: October - early February, peaking in November and December (Rivas 1980). Early winter, in the
northwestern Gulf of Mexico (Finucane et al. 1978).
 
Spawning location: In salt water; in the northern Gulf of Mexico, varying distances from shore, all the way out to
the edge of the continental shelf. Pelagic eggs of Mugil cephalus were identified from samples taken in early
December from 89-98 km off the Texas coast in the northwestern Gulf of Mexico, this being the first reported
spawning of the species in this area (Finucane et al. 1978).
 
Reproductive strategy: Fertilization is external (Ross 2001). Direct observations of nocturnal spawning; spawning
at night and very rapid egg development listed as possible adaptations minimizing probability of eggs being
exposed to heavy waves (Martin and Drewry 1978).
 
Fecundity: A single female can produce from 250,000 to 2.20 million eggs, egg number being directly related to
body weight; eggs small (mean + 0.72 mm diameter), non-adhesive and pelagic, hatching in about 48 hours; Mugil
cephalus apparently spawn only once each year (Collins 1985; Greeley et al., 1987). Eggs collected offshore from
Port Aransas, Texas in the northwestern Gulf of Mexico ranged from 0.91-0.99 mm diameter and averaged 0.95
mm diameter; diameters of oil globules ranged from 0.30-0.36 mm and averaged 0.33 mm diameter; newly hatched
yolk sac larvae were 2.1 mm long (Finucane et al. 1978).
 
Age/Size at maturation: In the northeastern Gulf of Mexico, females reach mature sexually by 230-270 mm SL, at
2-3 years of age (Collins 1985; Greeley et al., 1987). Both sexes attain sexual maturation in fresh water (Ross
2001).
 
Migration: Migrates to offshore marine waters to spawn (Burgess 1980); because of movement into fresh water,
species sometimes referred to as catadromous: spawning in salt water, but returning to freshwater to feed (De Silva
1980). Movement by adults to offshore spawning areas may be linked to lunar or tidal cycles (Rivas 1980). Record
of Mugil cephalus entering Lake Texoma (Oklahoma-Texas), 1600 km from Gulf of Mexico (Rivas 1980).
 
Longevity: 5 or 6 years, although in many areas few live past 4 years (Rivas 1980).
 
Food habits: Goldstein and Simon (1999) list first and second level trophic classifications for this species as
detritivore/invertivore, and filter feeder, respectively; trophic mode: filterer; adults and subadults almost
exclusively detritivores, but young feed on small invertebrates such as copepods and insect larvae (Etnier and
Starnes 1993). Termed "interface feeders,” feeding at surface boundaries such as air-water, plant-water, or mud-
water interfaces (Odum 1970) by sucking up the surface layer of mud or grazing on diatoms or algae attached to
rock or plant surfaces (Ross 2001). Larvae, especially those of 5-15 mm SL, feed mainly on animal matter
including microcrustaceans such as copepods, and small aquatic insects such as mosquito larvae (Harrington and
Harrington 1961; De Silva 1980); young fish, 20-30 mm SL, ingest large amounts of organic matter, bacteria, algae
and diatoms; as growth continues diet shifts from browsing on exposed organisms to grazing on surface/subsurface
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materials; fish above 40 mm SL begin to dig into bottom, with fish reaching 110 mm SL scraping 5-7 mm into
sediment; an individual of about 200 mm SL may filter over 450 kg of bottom sediment in a year; sand grains
compromise 50-60% of the bulk of diet for fish larger than 40 mm SL (Odum 1970; Eggold and Motta 1992). At
times, adults may feed opportunistically on animal prey when highly abundant, such as spawning aggregations of
marine bristleworms (Bishop and Miglarese 1978). Moriarity (1976) notes that bacteria is likely far more important
in the diet in muddier areas. After dawn, there is an increase in feeding activity, peaking near midday, declining in
the afternoon; individuals may rest on the bottom without moving, during the night. Feeding rates of this species
unrelated to salinity (Collins 1981). Digestion rates lower for fish in fresh water compared to those inhabiting salt
water (Perera and De Silva 1978). Gerking (1994) uses Mugil cephalus as a representative of the “filterer” feeding
mode: Detritus obtained by filtering organic particles from water. Protraction of premaxillaries and movement of
head rapidly from side while sucking the substrate produces conical depressions in the substrate. When mouth is
opened, the palantine, stenohyoid, and opercular muscles, combined with the muscles of the branchial arches,
create a suction action by enlarging the buccal cavity. Solid particles pass through the convex pharyngeal pads
projecting from the roof of the mouth and the concave depression of the floor of the mouth. Dorsal pad is coated
with thick, soft membrane studded by minute teeth (Goldstein and Simon 1999).
                 
Growth and Population structure: Newly hatched fish average 2.65 mm TL (Kuo et al. 1973). Growth of juveniles
rapid, on average 0.2-0.6 mm/day (Anderson 1958; De Silva and Silva 1979). Individuals reach 160 mm SL by end
of 1st year, and 200-235 mm SL by year 2 (Anderson 1958).
 

Phylogeny and morphologically similar fishes
Mugil cephalus most similar to the white mullet (M. curema), from which it differs in having 8 (vs. 9) anal rays
(Ross 2001). M. cephalus is similar in general appearance to Agonostomus monticola, but Agonostomus lacks an
adipose eyelid, has a relatively thick lower lip, fewer gill rakers (17-20 on the lower limb of the first arch vs. 25 or
more in Mugil), and considerable brown pigmentation on the body (Boschung and Mayden 2004).
 

Host Records
Protozoa: Myxosporidia host (Mayberry et al. 2000).
 

Commercial or Environmental Importance
One of the most important food fishes in the Gulf of Mexico (Ross 2001).
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Mugil curema
white mullet

 
 
Type Locality

Brazil, Martinique, and Cuba (Valenciennes 1836).
 

Etymology/Derivation of Scientific Name
Mugil curema, Greek derivation (Wood 1928:52).
 

Synonymy
     
 
Characters

Maximum size: 355-360 mm SL in the Atlantic (Martin and Drewry 1978).
 
Coloration: Larger specimens lacking dark longitudinal stripes on sides (Murdy 1983; Hubbs et al. 1991). Color
above bluish, greenish, or olive with bluish reflections, and silvery elsewhere; opercle yellowish or golden, the
color diffuse; pelvic and anal fins pale; caudal fin yellowish at base, pale centrally, with a dusky or dark margin;
dorsal and pectoral fins dusky; axil of pectoral bluish black; peritoneum jet black; distinct bright gold or yellow
spot behind opercle of individuals between at least 18-320 mm SL, but this color lost after preservation; gold
pigment in iris restricted to spot above pupil, this usually remains obvious in preserved fish (Martin and Drewry
1978).
 
Counts: Usually 38 lateral line scales; total anal fin elements 12, larger specimens with 3 spines and 9 soft rays,
small juveniles with 2 spines and 10 soft fins; lower limb of first gill arch with 25-60 gillrakers (Murdy 1983;
Hubbs et al 1991; Miller 2005).
 
Body shape: Compressed, elongate (Martin 1978).
 
Mouth position: Mouth moderate, subinferior, oblique (Martin and Drewry 1978); lower jaw angular, with a
prominent symphyseal knob (Hubbs et al. 1991).
 
External morphology: Soft dorsal and anal fins with many scales; adipose eyelid well developed in adults; scales
cycloid (Hubbs et al 1991).
 
Internal morphology: All teeth simple; secondary mandibular teeth absent; no teeth on palate (Miller 2005);
stomach muscular, gizzardlike (Hildebrand 1925).
 

Distribution (Native and Introduced)
U.S. distribution: Coastal species in temperate and tropical seas of the Western Hemisphere (Hubbs et al. 1991).
Adults seem most abundant near Florida (Ross 1980).
 
Texas distribution: Inhabits most of the bays and estuaries of the state; individuals may also be found in the lower
reaches of coastal streams (Hubbs et al. 1991). In south Texas, minimum temperature for activity of “large”
juveniles and adults is between 10 – 12.5 degrees C (Moore 1976).
 

Abundance/Conservation status (Federal, State, NGO)
 
 

Habitat Associations
Macrohabitat: Known from hypersaline and fresh waters (Moore 1974; Ross 1980). Adults generally found in
coastal waters including beaches, bays, lagoons, salt marshes, mangrove swamps and tidal rivers (Martin and
Drewry 1978). Young abundant in bays and estuaries of Atlantic coast (Jacot 1920).
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Mesohabitat: Adults prevalent in dirty water and over mud bottoms in the tropics and along the Gulf coast (Martin
and Drewry 1978). Postlarvae and juveniles use brackish estuaries with organically rich substrates and move into
oceanic waters in fall and winter (Anderson 1957; Ross 1980). Prejuveniles pelagic, marine, moving inshore at 17-
25 mm SL (Anderson 1957); often remaining near inlets, on the south Texas coast (Moore 1974). In Texas,
juveniles locally abundant in and near passes and inlets (Moore 1974; Martin and Drewry 1978). In Texas, a size
class modally 63-68 mm TL entering bays along with prejuveniles beginning about May, leaving about October
when temperatures drop (Gunter 1945). Gunter (1945) reported movements of all age groups suggested to be
controlled by temperature, in Texas. Minimum temperature for activity of “large juveniles and adults ranges from
10-12.5 degrees C in winter, in south Texas (Moore 1976). Mugil curema collected at water temperatures of 19-36
degrees C, in Texas; adults were abundant only in salinities of 25-36 ppt (Moore 1974).
 

Biology
Spawning season: Spring – summer (Ross 1980). Spawning observed on April 25, in south Florida; temperature
rise above 20 degrees C suggested as trigger to spring onset of spawning season (Anderson 1957). In Texas, near
ripe and ripe females predominant in February – March, first spent females in April – May, few ripe females
available for collection from June to September, a second influx of spent females in October – November (Moore
1974).
 
Spawning location: Seawater; offshore in the Gulf of Mexico (Caldwell and Anderson 1959), and in the Atlantic
(Anderson 1957; Ross 1980).
 
Spawning behavior: Eggs pelagic (Anderson 1957); presumably located near or at surface (Martin and Drewry
1978).
 
Fecundity: Unfertilized eggs average 0.82 mm diameter; oil globule average 0.30 mm diameter; yolk appearing as
unsegmented, opaque mass with little or no perivitelline space; oil globule pale yellow, located at top of yolk mass;
surface of chorion with finely scratched or etched appearance; fertilized eggs average 0.90 mm diameter after 2
hours, hatching 40-42 hours after fertilization (Anderson 1957; Martin and Drewry 1978).
 
Age/Size at maturation: May mature at 1 year of age; in a spawning school, running ripe males averaged 189 mm
SL, females 209 mm SL (Anderson 1957). In Texas, males may mature as small as 86 mm SL and females at 90 or
120 mm SL (Martin and Drewry 1978).
 
Migration: Prejuvenile movements consisting of migration from marine waters to estuarines and lagoons; in Texas,
seasonal migration April – October, peaking in June or July (Moore 1974; Gunter 1945).
 
Longevity: 18.7 years, in the Gulf of Mexico (Aguirre et al. 1999).
 
Growth and Population structure: During 1st year, growth estimated at 17 mm SL per month; individuals spawned
in the fall estimated to reach about 70 mm SL by December. Non isometric patterns in body proportions including
eye diameter, body depth, and head length affect mostly prejuvenile size classes, growth isometric after 30 mm SL
(Anderson 1957).
 
Food habits: Odum (1968) reported that juvenile fish fed heavily upon a bloom of the dinoflagellate
Kryptoperidinium obtained near the air-water interface, returning to a benthic diet of Spartina detritus particles,
benthic diatoms and sediment particles with the cessation of the bloom. In Texas, both juvenile and adult stomachs
contained similar items of sediment particles, detritus, diatoms, green algae, and blue-green algae, as well as
similar proportions of each item (Moore 1974).
 

Phylogeny and morphologically similar fishes
Mugil curema lacks the dusky streaks along scale rows characteristic of M. cephalus; in south Texas, the axil of
pectoral is bluish black, lighter than same for Mugil cephalus (Martin and Drewry 1978).
 

Host Records
Metacercarial stage Rhipidocotyle lepisostei (Trematoda: Bucephalidae; Hopkins 1954).
 

Commercial or Environmental Importance
Species not highly prized as food, but valuable as bait in the billfish sport fishery (Collins 1985).
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Fundulus blairae

western starhead topminnow
 
 

Type Locality
Neville Bayou at Texas Hwy. 105, Liberty County, Texas (Wiley and Hall 1975).
 

Etymology/Derivation of Scientific Name
Fundulus: from fundus, meaning bottom, though fishes are largely surface oriented (Ross 2001); blairae: named
for Blair Knies, for her assistance in field work associated with project (Wiley and Hall 1975).
 

Synonymy
Fundulus dispar (Agassiz) Knapp1953:89; Hubbs et al. 1991:31 (Texas populations, F. d. blairae).
Fundulus notti notti (Agassiz) Brown 1958:477.
Fundulus dispar blairae Ross 2001:356-357.
Fundulus blairae Wiley and Hall 1975:3; Robison 1977:544; Wiley 1977:20; Warren et al. 2000:19; Nelson et al.
(2004).
 

Characters
Maximum size:  65 mm SL (Wiley 1980).
 
Coloration: Dark, subocular bar; most prominent dark spots on body arranged in more than two lengthwise stripes;
body barred or not, but never with a dark spot on dorsal part of caudal peduncle; body without a distinct dark
lateral band (Hubbs et al. 1991, 2008). Knapp (1953) described males as having small red spots evenly arranged in
longitudinal series from head to caudal fin; red spots also on dorsal, anal and caudal fins; no vertical bars on side, a
dark blotch below eye and a distinct yellow or cream-colored mark on top of head between eyes. Knapp (1953)
described females as olivaceous above to greenish on sides with narrow dark lines running from behind head to
caudal fin; no red spots; fins plain. Fundulus blairae from the Red River differ from blairae to the south and west
in the subocular teardrop shading and male dot pattern (Wiley and Hall 1975). Males have regular (or irregular
rows; Red River pop.) of reddish (brown in preserved specimens) spots on the sides and have larger reddish
blotches (brown in preserved specimens) on the membrane between the rays of dorsal, anal and caudal fins;
females have seven to nine horizontal lines along the flanks, with many dashes and less discrete melanophore
development between the stripes; both sexes with very diffuse or diffuse to solid (in Red River pop.) teardrop
(Wiley and Hall 1975).

 
Counts: 31-39 longitudinal scale rows (for Texas specimens; Hubbs et al. 2008). Wiley (1977) listed the following
counts for this species: 10 (8-11) anal fin rays; 7 (6-8) dorsal fin rays; 13 (11-14) pectoral fin rays; 33 (30-36)
lateral line scales.
 
Mouth position: Mouth opening flush with top of head (Knapp 1953).
 
Body shape: Slender body; dorsal fin originating distinctly behind vertical from origin of anal fin (Knapp 1953).
Eye contained fewer than one and one-half times in snout; gill slit extending dorsal to uppermost pectoral fin ray;
distance from origin of dorsal fin to end of hypural plate less than distance from origin of dorsal fin to preopercle
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or occasionally about equal to that distance (Hubbs et al. 1991, 2008).
 

External morphology: G-type squamation on head (Wiley and Hall 1975; Wiley 1977); pores 4a and 4b of the
supraorbital sensory canal present and widely separated (Wiley 1977).

 
Distribution (Native and Introduced)

U.S. distribution: Drainages of the northern Gulf of Mexico (Hubbs et al. 2008).
 
Texas distribution: Ranges from the Red River southward to the Brazos River near College Station (Hubbs et al.
1991, 2008). Warren et al. (2000) listed the following drainage units for distribution of Fundulus blairae in the
state: Red River (from the mouth upstream to and including the Kiamichi River), Sabine Lake (including minor
coastal drainages west to Galveston Bay), Galveston Bay (including minor coastal drainages west to mouth of
Brazos River), Brazos River.
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United States are currently stable (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Swamps, barrow ditches, sloughs and streams (Wiley and Hall 1975; Wiley 1980). Ross (2001)
reported collection of most individuals (in Mississippi) from oxbow lakes, beaver ponds, or at the mouths of small
creeks. Miller and Robison (2004) collected specimens from oxbows and roadside ditches in Oklahoma.
 
Mesohabitat: Occurs in clear water, in shoreline vegetation, areas of slow current (Wiley and Hall 1975; Robison
1977; Wiley 1980; Linam and Kleinsasser 1987).
 

Biology – has not been studied for this species.
 
Spawning season:
 
Spawning habitat:
 
Reproductive strategy:
 
Fecundity:
 
Age at maturation: 
 
Migration: 
 
Longevity:
 
Food habits:  Miller and Robison (2004) stated that the species is undoubtedly a surface-feeding insectivore.
 
Growth:
 

Phylogeny and morphologically similar fishes
Subgenus Zygonectes (Wiley 1986). Fundulus blairae and the starhead topminnow (F. dispar) are sister species
(Wiley 1977; Wiley 1986; Ghedotti and Grose 1997), based on their relatively derived head squamation pattern (G-
type) and a lack or virtual lack of vertical bars on the flank of females (Wiley and Hall 1977). F. dispar is not
found in the state of Texas.

 
Host Records

 
 

Commercial or Environmental Importance
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Fundulus zebrinus

plains killifish
 
 

Type Locality
“Rio Grande in New Mexico” (Jordan and Gilbert 1883).
 

Etymology/Derivation of Scientific Name
Fundulus, from the Latin name Fundus, meaning "bottom," the habitat; zebrinus, "like a zebra," a reference to the
vertical bars or stripes (Pflieger 1997). Name zebrinus is substitute name for zebra preoccupied in Fundulus (Shute
and Allen 1980).
 

Synonymy
Fundulus zebrinus Jordan and Gilbert 1883:891; Poss and Miller (1983).
Fundulus zebrinus zebrinus Shute and Allen 1980:531.
Plancterus zebrinus zebrinus Minckley et al. 1991:254-255.
Fundulus kansae Hubbs and Echelle 1972:150.
 
Kreiser et al. (2001) and Kreiser (2001) presented data supporting the recognition of two species of plains killifish:
Fundulus kansae (northern plains killifish) and Fundulus zebrinus.
 

Characters
Maximum size: 100 mm TL (Shute and Allen 1980; Page and Burr 1991).
 
Coloration: Dark olive back, fading to yellowish on sides and to silvery white on the belly; 12 or more dark bands
(fewer and wider on male) mark the sides. Bright red fins on large male (Koster 1957; Page and Burr 1991; Hubbs
et al. 2008).

 
Counts: 47 (42-50) scale rows in lateral series (Texas populations; Hubbs et al. 2008). Poss and Miller (1983)
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reported that lateral scale row count varied from 38-58 [based on specimens from the Rio Grande (39-53); Pecos
River (38-53); Colorado River, Texas (42-53); Brazos River (41-50); Red River and Washita River (39-58)
populations]; dorsal fin ray count varied from 11-17 [Pecos River 14 (11-16); Colorado River, Texas 14 (11-15);
Brazos River 14 (11-16); Red River and Washita River 15 (11-17) populations]; anal fin ray count varied from 9-
14 [Pecos River 13 (11-14); Colorado River, Texas 13 (11-14); Brazos River 12 (9-14); Red River and Washita
River 13 (12-14) populations]. Hubbs (1926) and Koster (1957) listed count of 41-49 lateral scale rows for this
species.
 
Body shape: Compressed, moderately elongated body with large head, wide mouth, and projecting lower jaw
(Koster 1957).
 
Mouth position: Terminal; lower lip large and fleshy (Sublette et al. 1990).
 
External morphology: Lateral scales large; gill slit not extending dorsal to uppermost pectoral fin ray; distance
from origin of dorsal fin to end of hypural plate less than distance from origin of dorsal fin to preopercle or
occasionally about equal to that distance (Hubbs et al. 1991; Hubbs et al. 2008). The least width of the preorbital
(flat bone between the eye and mouth) is only one-half to two-thirds as great as diameter of the eye (Koster 1957).
Fundulus zebrinus shares the following morphological characteristics with Fundulus kansae (northern plains
killifish): Dorsal fin long and rounded; pectoral and pelvic fins ovate, pectorals much larger than pelvics; anal fin
elongate, sharply angulate; caudal fin truncate (Sublette et al. 1990). Male has slight depression in the region of the
urogenital papilla; female has an oviducal sheath surrounding the urogenital region and the anterior edge of the
anal fin (Bonham 1962). Males possess small slender contact organs, hooked forward, on the anal fin and adjacent
portion of the body (Hubbs 1926).

 
Distribution (Native and Introduced)

U.S. distribution: Reported from near the mouth of the Black River, New Mexico, where it was apparently
maintained by immigration from resident populations in the adjacent Pecos River (Cowley and Sublette 1987;
Sublette et al. 1990). Species found in the Rio Grande/Pecos drainage of New Mexico (Shute and Allen 1980;
Hubbs and Echelle 1972). Pecos River, New Mexico (Minckley et al. 1991). Red River in Oklahoma (Kreiser et al.
1991).
 
Texas distribution: Species ranges from the Red River to the Pecos River (Hubbs et al. 2008). Kreiser (2001) and
Kreiser et al. (2001) reported collection of this species from the Pecos, Brazos and Red Rivers (the Colorado River
was not sampled in the study). Warren et al. (2000) listed the following drainage units for distribution of Fundulus
zebrinus in the state: Galveston Bay (including minor coastal drainages west to mouth of Brazos River), Brazos
River, Colorado River. Species found in Independence Creek (largest tributary of lower Pecos River; Bonner et al.
2005); Pedernales River (tributary of the Colorado River; Birnbaum 2005); lower Rio Grande (Minckley et al.
1991). Shute and Allen (1980) listed distribution of F. zebrinus (= Fundulus z. zebrinus) in the Trinity, Brazos,
Colorado, and Rio Grande/Pecos drainages of Texas. Collected from the Big Bend region at Garden Springs
(mouth of Tornillo Creek and mouth of Terlingua Creek); most likely introduced by bait bucket release (Hubbs
1957).
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United States are currently stable (Warren et al. 2000). Widespread and locally
common (Minckley et al. 1991). Ostrand and Wilde (2004) reported that Fundulus zebrinus was a dominant
species in pools sampled in the upper Brazos River drainage, composing 7.1% of the fish collected. In Austin,
Texas, naturally occurring population in Waller Creek (Colorado River) on The University of Texas campus was
eliminated by chemical pollution around 1946 (Edwards 1976; Poss and Miller 1983).
 

Habitat Associations
Macrohabitat: Found in shallows of ponds and streams at lower elevations in the Pecos Valley (Koster 1957).
 
Mesohabitat: Shallow, sandy, river edges, channels, and backwaters (Minckley et al. 1991). According to Ostrand
and Wilde (2001), this species has high thermal, low dissolved oxygen, and high salinity tolerances: mean critical
thermal maxima = 42.0 ± 0.2°C; salinity tolerance = 43 ± 0.05‰; mean minimum dissolved oxygen tolerance =
1.25 ± 0.09 mg/L. A laboratory study suggested a relatively narrow optimal oxygen concentration for F. zebrinus;
species apparently possesses great capacity to sense and respond to oxygen conditions, which is adaptive toward
life in western streams (Hill et al. 1978). Griffith (1974) reported tolerance of salinities as high as 89‰. Ostrand
and Wilde (2004) collected species from isolated pools in the upper Brazos River drainage, Texas; found in pools
with salinities as high as 110‰. Species occurs abundantly in the saline waters of the Pecos River, Texas (Hubbs
1957; Rhodes and Hubbs 1992). F. zebrinus was one of seven species (all tolerant of a wide range of salinities) in
communities that dominated areas of high conductivity, in the Pecos River drainage, Texas (Linam and Kleinsasser
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1996). Collected from the Colorado River, Texas, from sandy bottomed draws that periodically go dry; water was
highly saline to the taste, and salt encrustaceans were present on dry areas of the bed (Echelle et al. 1977).
 

Biology:
 
Spawning season: In southwestern Oklahoma (Red River drainage), Echelle (1970) observed species spawning as
early as March 28 and as late as October 27.
 
Spawning location: In Mirror Lake and Lake Francis, (Pecos River) New Mexico, Fundulus zebrinus spawned on
substrates such as gypsum boulders, bare sediment and vegetation-covered sediment (Kodric-Brown and Mazzolini
1992).
 
Reproductive strategy: Gravid females were pursued by either single males, pairs of males or by groups of several
males; a spawning pair settled to the substrate where the female deposited eggs; spawning pair either traveled to
another site or the pair parted (Kodric-Brown and Mazzolini 1992); species observed to be interspecifically
territorial in association with the Pecos pupfish (Cyprinodon pecosensis). Echelle (1970) observed Fundulus
zebrinus (Red River drainage, Oklahoma) noting that it is a bottom spawner; males were observed attempting to
defend breeding territories against Red River pupfish (Cyprinodon rubrofluviatilis) males.
 
Fecundity:
 
Age at maturation:
 
Migration: 
 
Longevity:
 
Food habits: Echelle (1970) observed individuals (Red River drainage, Oklahoma) feeding at the surface as well as
the bottom; bottom feeding behavior involved “digging” and “nipping”. Rabe et al. (1973) identified 12 algal
genera from the foreguts and/or hindguts of specimens from Oscar Creek, Oklahoma, and 28 algal genera were
cultured from Coffeepot Creek, Oklahoma specimens.
 
Growth:
 

Phylogeny and morphologically similar fishes
Fundulus zebrinus differs from F. kansae (northern plains killifish) in having larger scales, larger eyes and a more
robust body; F. zebrinus has 47 (42-50) scale rows in lateral series, the large male of the species having bright red
fins; F. kansae has 53 (47-60) scale rows in lateral series, the large male of the species having yellow-orange fins
(Hubbs 1926; Page and Burr 1991; Hubbs et al. 2008). Fundulus kansae is not found in the Pecos, Red, and
Brazos rivers (Kreiser 2001; Kreiser et al. 2001). F. zebrinus has 12 or more vertical dark bands marking the sides;
these bars distinguishing the species from live-bearers of similar shape (Koster 1957).
 
A genetic survey revealed that introduced Fundulus kansae populations from the San Juan River drainage (site:
Cross Creek Canyon, San Juan Co., Utah) grouped with populations of F. zebrinus from the Brazos, Red and Pecos
rivers (Kreiser et al. 2000).
 
Fundulus zebrinus occurs sympatrically with the Red River pupfish (Cyprinodon rubrofluviatilis) in the Red and
Brazos Rivers and is closely associated, ecologically and phylogenetically, with the species (Echelle 1970; Echelle
et al. 1972).
 

Host Records
 
 

Commercial or Environmental Importance
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Cyprinodon variegatus

sheepshead minnow
 
Type Locality

South Carolina (Lacepede 1803 in: Eschmeyer 2008).
 

Etymology/Derivation of Scientific Name
Cyprinodon, from Cyprinus, a genus of “minnows” and odious (stem odont), “tooth,” meaning minnows with
teeth; variegates, Latin for “variegated, variously colored” (Boschung and Mayden 2003).
 

Synonymy
Cyprinodon variegatus Lacepede 1803:486; Hubbs et al. 1991:31.

      Cyprinodon variegatus variegatus Warren et al. 2000:18-19.
 

Characters
Maximum size: to 7.5 cm (Page and Burr 1991).
 
Coloration: 5-8 triangular shaped dark gray bars along silver-olive side, wide at top, narrow on lower side; green to
blue-gray above; large dark brown blotches on rear half of upper side; white below; clear to light orange fins;
breeding male is blue above, with wide dark gray bars along side (best developed at rear); brass-salmon cheek,
breast, and belly; dusky orange fins; black edge on caudal fin (Page and Burr 1991).
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Counts: Teeth compressed and with three cusps (Hubbs et al.1991); 22-28 lateral scales; 10-12 dorsal rays; 9-11
anal rays; 6-8 pelvic rays (Page and Burr 1991).
 
Body shape: Extremely deep bodied (Page and Burr 1991).
 
Mouth position: Blunt, terminal mouth (Ross 2001).
 
External morphology: Distance from origin of dorsal fin to end of hypural plate more than distance from origin of
dorsal to anterior nostril; belly naked with more than 15 scale rows from pelvic origin to isthmus (Hubbs et al
1991); 18-22, usually 19-21, rakers on 1st gill arch (Page and Burr 1991).
 

Distribution (Native and Introduced)
U.S. distribution: Primarily coastal waters on the Atlantic and Gulf coasts from Maine south through the Gulf of
Mexico and the Caribbean to Venezuela; sometimes extends considerable distances upstream in coastal streams,
especially in the Rio Grande (Hubbs et al 1991).
 
Texas distribution: Introduced populations exist at a number of localities in the Trans-Pecos region and in the San
Antonio basin (Hubbs et al 1991). Warren et al. (2000) listed the following drainage units for distribution of
Cyprinodon variegatus in the state: Sabine Lake (including minor coastal drainages west to Galveston Bay),
Galveston Bay (including minor coastal drainages west to mouth of Brazos River), Brazos River, Colorado River,
San Antonio Bay (including minor coastal drainages west of mouth of Colorado River to mouth of Nueces River),
Nueces River.
 

Abundance/Conservation status (Federal, State, NGO)
      Currently secure in the southern United States (Warren et al. 2000).

 
Habitat Associations

Macrohabitat: Coastal species found in relatively shallow brackish or fresh water (Johnson 1980). Large numbers
of Cyprinodon variegatus noted along the shores of Texas bays (Allen 1942). In a study of marine fishes of Texas,
Gunter (1945) showed that near the shore this species outnumbered all others, except Menidia beryllina peninsulae,
and that it was most abundant on the shore and ponds of the Aransas Refuge and overwhelmingly so in the salt
water ponds.
 
Mesohabitat: Locally may be very abundant where bottom is at least partially sandy, emergent vegetation lacking,
and little current or wave action present; may establish populations in freshwater lakes containing relatively high
dissolved solids (Johnson 1980). Collections have been made in salinities ranging from 0.0 – 35.6 ppt., but a
preference was shown for salinities less than 20 ppt. (Kilby 1955). Tolerant of extreme changes in temperature and
salinity.  Has been found along open shores of the Texas coast following fish-killing freezes (Simpson and Gunter
1956). Sheepshead minnows have one of the widest temperature tolerances known for a vertebrate species. The
critical thermal maximum for fish acclimated at 30 C is 44.2 C, and minimum for fish acclimated at 5 C is 0.6 C
(Bennett and Beitinger 1997).
 

Biology
Spawning season: Populations in Corpus Christi Pass, Texas, near Port Aransas, were found to spawn from April
through October (De Vlaming et al. 1978). Collections from the Aransas National Wildlife Refuge, Texas, found
males in breeding colors, “blue males”, from late April throughout July, but in decreasing numbers in the latter
month (Gunter 1950). Gunter (1945) noted that in Texas populations, spawning covers a lengthy period and 18 mm
young continue entering the population from June to September.
 
Spawning Habitat: Individuals nest in shallow water near the bank, in circular areas cleared by the male (Foster
1967).
 
Spawning behavior: During breeding season, males establish and vigorously defend territories (Foster 1967), a
female enters and chooses a spot in the territory, then both settle onto the bottom of site, 8-10 eggs are deposited,
and covered with sand, as eggs left on surface are readily eaten by other fishes. This is repeated six or seven times
in a few minutes time period (Mettee and Beckham 1978).
 
Fecundity: About 8-10 eggs are deposited, and repeated 6-7 times in a period of a few minutes (Mettee and
Beckham 1978).
 
Age at maturation: In one year or less (Foster 1967).
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Migration: During freezes and cold parts of the year, this fish may be found away from shore in deeper water
(Springer and Woodburn 1960). Gunter (1945) suggested that individuals move to deeper water in response to
lower temperatures.
 
Growth and Population structure: In Texas, 924 specimens were collected measuring between 15-54 mm long. Fish
from 15-47 mm long were present in February; approximate mode of length frequency cure was 43 mm and curve
skewed strongly to the left; very few fish present below 20 mm long. This small group disappeared thereafter due
to growth and in March through June the population ranged from 20-45 mm long with a mode at 38 mm. In July a
large number of small fish entered the population with a distinct division into two groups; a large group measuring
40-54 mm long with a sharp mode at 43 mm and smaller fish measuring 15-35 mm long with a wide peak at 20-30
mm (Gunter 1950).
 
Longevity: Probably do not live beyond three years (Foster 1967).
 
Food habits: Omnivorous, feeding on organic detritus and algae (Gunter 1950; Simpson and Gunter 1956; Doherty
1987) as well as microcrustaceans, and dipteran larvae (Harrington and Harrington 1961). Sheepshead minnows
will also remove external parasites from other fishes when the infected fish shows a distinctive, invitational posture
(Able 1976), (i.e. Lucania parva, the rainwater killifish) as noted by Boschung and Mayden (2004). Species
sometimes displays a “plowing” behavior, picking up mouthfuls of sand and expelling it at intervals, believed to be
the means by which small plants or animals hidden in the bottom substrate are obtained (Foster 1967).
 

Phylogeny and morphologically similar fishes
The Red River pupfish (Cyprinodon rubrofluviatilis) and the Pecos pupfish (Cyprinodon pecosensis) have unscaled
or partly scaled belly and yellow paired fins, head, belly on large male; the Leon Springs pupfish (Cyprinodon
bovinus) has many small dark blotches on lower side, yellow on dorsal and caudal fins of male (Page and Burr
1991).
 
Echelle and Echelle (1992) regard Cyprinodon variegatus as the sister of a clade inclusive of C. rubrofluviatilis,
and hypothesized that C. variegatus may be the ancestral species to four other species of Cyprinodon in inland
drainages along the western Gulf of Mexico.
 

Host Records
Protozoa: Myxosporidia. Cestoda: Cyclophyllidean larva, Cystercoides, Glossocercus, Glossocercus cyprinodontis.
Trematoda: Ascocotyle chandleri, Ascocotyle leighi, Ascocotyle leighi metacercaria. Nemata: Contracaecum,
Contracaecum collieri. Acanthocephala: Atactorhynchus verecendus (Mayberry et al 2000).
 

Commercial or Environmental Importance
Johnson (1975) states that Cyprinodon variegatus may be most resistant of all fishes to variations in the chemical
and physical environment; usually the predominant cyprinodontid in areas where virtually all other fish life is
absent.
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Morone saxatilis

striped bass
 
 
Type Locality

New York (Walbaum 1792).
 

Etymology/Derivation of Scientific Name
Morone: name of unknown origin; saxatilis: living among rocks (Ross 2001).
 

Synonymy
Perca saxatilis Walbaum 1792:330
Labrax lineatus Wailes 1854:334
Roccus saxatilis Cook 1959:167; Caldwell 1966:220.
 

Characters
Maximum size: 2000 mm TL (Burgess 1980).
 
Coloration: Stripes along side usually continuous (Hubbs et al. 1991); dorsum is greenish or bluish above, sides are
silvery, belly is white (Miller and Robison 2004).
 
Teeth count: Teeth in two parallel patches on back of tongue (Hubbs et al. 1991).
 
Counts: 11-13 anal fin soft rays (Texas; Hubbs et al. 1991); 63-72 lateral line scales, average +66 (in the Gulf
Coast race); 54-67 lateral line scales (Atlantic Coast race);  21-23 gillrakers; 11-13 (9-14) dorsal rays; 10-11 (8-12)
dorsal spines; 3 anal spines (young may only have 2; Mansueti 1958; Ross 2001); 14-16 (13-17) pectoral rays
(Brown 1965; Barkuloo 1970; Ross 2001).
 
Body shape: Elongate and moderately compressed; back slightly arches; nape not noticeably depressed; gape to
middle of eye (Hardy 1978). Body depth contained more than three times in standard length (Hubbs et al. 1991).
 
Mouth position: Terminal (Goldstein and Simon 1999).
 
External morphology: Dorsal fins separated; second anal fin spine much shorter than third (Hubbs et al. 1991); gill
rakers long and slender (older specimens with fewer well-developed gill rakers than younger specimens); 2 sharp
spines on margin of opercle; margin of preopercle clearly serrate. Scales extend onto all fins except spinous dorsal
(Hardy 1978).

 
Distribution (Native and Introduced)

U.S. distribution: Ranges along the Atlantic and Gulf coasts west to near Lake Pontchartrain, Louisiana (Hubbs et
al. 1991).
 
Texas distribution: This species is not native to the state; however, it has been widely stocked and maintains
significant fishery in many reservoirs (Hubbs et al. 1991). Warren et al. (2000) listed the following drainage unit
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for distribution of Morone saxatilis in the state: Red River (from the mouth upstream to and including the Kiamichi
River).
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United States are currently stable (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Morone saxatilis is a marine and estuarine coastal species that moves far upstream in rivers during
spawning migrations; widely introduced into lakes and impoundments (Hardy 1978; Burgess 1980); schooling
species (Hardy 1978).
 
Mesohabitat: Juveniles prefer shallow areas over substrates ranging from sand to rock, and are rarely found in
areas with soft mud substrates; adult populations in inshore areas utilize many different substrates, including rock,
boulder, gravel, sand, detritus, grass, moss, and mussel beds (Hill et al. 1989). In Lake Texoma, Oklahoma-Texas,
young fish occurred more frequently around open, wave-exposed shorelines than in more protected coves of
reservoirs (Matthews et al. 1992; Ross 2001). Large fish display a lower temperature tolerance than do smaller
fish, avoiding water temperatures greater than 22°C while smaller fish continue to occupy water temperatures up to
29°C, with optimal growth at 25°C. During the summer, large fish occupy deeper water with lower temperatures;
however low oxygen levels prevent their presence in the coldest water near the bottom. As a result, during the
summer, large individuals are found in a region immediately above the thermocline (area where the water
temperature changes quickly and below which oxygen levels are low; Cox and Coutant 1981; Coutant 1985;
Matthews et al. 1985, 1989; Ross 2001). In Lake Whitney, a Texas reservoir, distribution of fish in summer was
limited to an area near the dam, where fish survived temperatures up to 29 degrees; in summer, fish were usually
found in the coolest water available (27-29 degrees C) which contained adequate dissolved oxygen (>4.0 mg/L); in
winter fish occupied the warmest water (7.4-8.8 degrees C); during the rest of the year, fish were distributed
throughout available water temperatures (Farquhar and Gutreuter 1989). Fish may congregate in cooler, spring-fed
tributaries of reservoirs when the water temperature rises above 27°C in main reservoir (Moss 1985). Cheek et al.
(1985) reported that distribution of fish in Watts Bar Reservoir, Tennessee was related to temperature and
dissolved oxygen; consequently fish occupied cooler areas of the reservoir during the summer. Matthews et al.
(1985) noted that summer die-offs may occur (especially during July-September) if sufficient, oxygenated water is
not available. Gulf Coast race is apparently more tolerant of high temperatures than the Atlantic Coast race
(Wooley and Crateau 1983). Species is able to withstand abrupt temperature and salinity changes; salinity range
0.0-35.0 ppt (Hardy 1978).
 

Biology
Spawning season: In the spring, with exact timing dependant upon water temperature (Lewis 1962; Burgess 1980).
In the southeast and Gulf Coast region, spawning occurs at water temperatures between 14-21°C, and may begin in
mid-February and continue until April (Hardy 1978; Hill et al. 1989).
 
Spawning location: Occurs in upstream portions of rivers above tidal influence (Burgess 1980). Species frequently
spawns in streams with strong turbulent flows with substrate of rock or rock and fine gravel (Raney 1952;
Mansueti and Hollis 1963; Sublette et al. 1990).
 
Reproductive strategy: Nonguarders; open substratum spawners; phytolithophils – nonobligatory plant spawners
that deposit eggs on submerged items, have late hatching larvae with cement glands in free embryos, have larvae
with moderately developed respiratory structures, and have larvae that are photophobic (Balon 1981; Simon 1999).
Spawning behavior is characterized by brief peaks of surface activity; female often surrounded by several males;
eggs broadcast loosely into the water, where fertilization occurs (Hill et al. 1989). Spawning by a female is likely
completed within a few hours (Lewis and Bonner 1966).
 
Fecundity: High numbers of eggs produced, ranging from 15,000 eggs in small fish to 40.5 million eggs in a 14.5
kg fish (Hill et al. 1989). A mature female can produce, on average, 80,000 eggs per each 0.5 kg body weight
(Lewis and Bonner 1966). Raney (1952) reported fecundity ranging from 14,000-3,220,000 eggs. Mature eggs are
1.0-1.5 mm in diameter; after spawning, eggs may remain viable for about 1 hour prior to fertilization (Hill et al.
1989). Fertilized eggs are spherical, non-adhesive, semi-buoyant, nearly transparent; characterized by a single large
oil globule, a lightly granulated yolk mass, a wide perivitelline space, and a clear, tough chorion (Hardy 1978;
Setzler et al. 1980; Hill et al. 1989).  After water hardening, eggs are 2.4-3.9 mm in diameter and semi-buoyant;
hatching occurs in 2-3 days after fertilization depending on water temperature (Johnson and Koo 1975). Best
hatches at 19.9-20.5 degrees C; very few hatch at extremes of 11.1 and 26.6 degrees C (Hardy 1978). Egg survival
dependent upon sufficient water flow to keep eggs suspended in water column (Mansueti 1958). In response to
localized river discharge, different amounts of oil globules (which provide buoyancy) have apparently evolved in
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different stocks of this species (Hill et al. 1989). Bayless (1968) noted that eggs settling on a relatively coarse
substrata, where there is not extensive siltation, will also hatch;  although, few eggs or none at all hatch when on
silt, silty clay, or mud-detritus.
 
Age/size at maturation:  Males reach maturity in their second year and females in their third year (Breder 1966;
Hardy 1978); females mature at a minimum length of 432 mm, and males at a minimum length of 174 mm.
Maturity does vary among regions (Hardy 1978).
 
Migration: Populations inhabiting the Gulf coastal drainage are potadromous, as opposed to those along the
Atlantic Coast which have anadromous life cycles. Potadromous populations have reduced migrations or limit
migrations to freshwater, and move upstream or downstream to a spawning location (Raney 1952; Ross 2001). In
autumn, most fish in Lake Whitney, Texas, moved up the reservoir to and into the main tributaries, remaining there
until spring, then returning to the reservoir; during the two study years no spawning run up main tributaries was
observed, possibly as a result of low flows; individual fish preferred certain areas to which they returned yearly
(Farquhar and Gutreuter 1989). Hardy (1978) noted that this species is typically anadromous, although sometimes
strictly potadromous in certain landlocked lake populations. Extent of migration by this species varies between
sexes, among different populations, and among individuals within a population (Setzler et al. 1980; Hill et al.
1989).
 
Longevity: Gulf Coast populations of this species may live up to 12 years (Wooley and Crateau 1983).
 
Food habits: Goldstein and Simon (1999) listed first and second level trophic classifications for this species as
invertivore/carnivore, and whole body, respectively; trophic mode: chasing; main food items in diet include fishes,
squids, clams, lobsters, crabs, shrimps, and other invertebrates. Larvae feed on zooplankton, young primarily
consume invertebrates, and adults are predatory on fish and larger crustaceans (Burgess 1980). Due in large part to
local availability of prey items, food habits differ among areas; even so, clupeid fishes usually form a major
component (Ross 2001). Diet items of juvenile fish include small crustaceans (copepods and cladocerans), midge
larvae (Chironomidae), small shrimp, and fishes (larvae and juveniles) including inland (Menidia beryllina) and
brook (Labidesthes sicculus) silversides, mosquitofishes (Gambusia), and threadfin (Dorosoma petenense) and
gizzard (Dorosoma cepedianum) shads (Ware 1971; Van Den Avyle 1983; Matthews et al. 1992). Threadfin
(Dorosoma petenense) and gizzard (Dorosoma cepedianum) shads are reported to be a main food item of sub-
adults (larger than 100 mm TL) and adults, if available (Ware 1971; Minckley 1973; Matthews et al. 1988; Kilambi
and Zdinak 1981). Adult fish primarily feed just after dark, and just prior to dawn (Raney 1952). Adults feed
actively throughout the year, but may not eat just before and during spawning (Hill et al. 1989).
 
Growth: Growth rates increase along a north to south gradient as growing seasons become progressively longer
(Setzler et al. 1980; Hill et al. 1989). Ware (1971) reported that fish in Florida lakes reached 170-345 mm TL after
one year of growth, and 448 mm TL after two years; young grew most rapidly during the cooler months. In
Apalachicola River, Florida, fish reached 168 mm TL during the first year, 330 mm TL during the second year, and
473 mm, 598 mm, 700 mm, 774 mm, 842 mm, 895 mm, 933 mm, 970 mm, 1019 mm, and 1055 mm TL during
years 3-12, respectively (Wooley and Crateau 1983; Ross 2001). Fish inhabiting Tennessee reservoirs reach 175-
217 mm TL in one year (Saul 1991); in Percy Priest Reservoir growth averaged 216 mm at age 1, 404 mm at age 2,
and 528 mm, 625 mm, 701 mm, and 731 mm at ages 3-6, respectively (Weaver 1975; Etnier and Starnes 1993).
 

Phylogeny and morphologically similar fishes
Morone saxatilis differs from M. chrysops (white bass; though not from striped bass x white bass hybrids) in
having two elongate patches of teeth on the tongue, in contrast to a single rounded patch. They can be separated
from the hybrids by their shallower body depth (depth goes into FL 4.0-5.3 times vs. 3.0-4.0 times in the hybrid)
and by their shorter head relative to depth (body depth goes into HL 0.7-1.0 times vs. 1.1-1.3 times in hybrid;
Williams 1976; Ross 2001). M. saxatilis X M. chrysops hybrids (wipers) are difficult to distinguish, showing
intermediacy from paretnal types in basihyal tooth formation: tooth patches are broader, shorter, and closer together
than in M. saxatilis and narrower, longer, and more separated than in M. chrysops when two patches are present
(Waldman 1986; Sublette et al. 1990).
 

Host Records
Trematoda (3), Acanthocephala (1), Crustacea (2; Hoffman 1967). Monogenetic and digenetic trematodes,
cestodes, acanthocephalans; ectoparasites, such as copepods, lernaeopodids, and ergasilids (Raney 1952).
 

Commercial or Environmental Importance
Morone saxatilis supports extremely important sport and commercial fisheries (Burgess 1980). In Texas, this
species has been widely stocked and maintains a significant fishery in many reservoirs, commonly replacing the
previously introduced white bass (Morone chrysops; Hubbs et al 1991).
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Lepomis gulosus

warmouth
 
 
Type Locality

Lake Pontchartrain and lagoons around New Orleans (Cuvier in Cuvier and Valenciennes 1829).
 

Etymology/Derivation of Scientific Name
Lepomis, Greek, meaning “scaled gill cover”; gulosus, Latin, meaning “large-mouthed” (Pflieger 1975).
 

Synonymy
Pomotis gulosus: Cuvier in Cuvier and Valenciennes 1829:367.
Chaenobryttus gulosus: Nelson 1876:37; Jordan 1878; Forbes 1884:69; Forbes and Richardson 1908:245-247;
O’Donnell 1935:487; Smith 1965:9.
Choenobryttus gulosus: Large 1903:23.
 

Characters
Maximum size: Up to 284 mm TL (Trautman 1957; Carlander 1977; Edwards 1997).
 
Life colors: Black spot on opercular flap (Ross 2001); eye reddish with 3-5 reddish to purplish streaks radiating
across the eye and operculum; body and upper sides brownish to olivaceous with faint vertical bars; abdomen
greenish yellow. Single fins darkly mottled; pelvic fins with melanophores. Breeding male is yellow; eye distinctly
red (Sublette et al. 1990).
 
Tooth patch: Teeth on tongue and pterygoids (Hubbs et al. 1991).
 
Counts: 3 anal spines (rarely 2 or 4); 6-13 dorsal fin spines; 6 or 7 branchiostegals (Hubbs et al. 1991); 36-44
lateral line scales; 10 dorsal rays; 9-10 anal rays; 13-14 pectoral rays (Ross 2001).
 
Body shape: Somewhat elongate and robust (Ross 2001). Body depth usually contained two to two and one-half
times in standard length (Hubbs et al. 1991).
 
Mouth position: Terminal (Goldstein and Simon 1999).
 
External morphology: Supramaxilla longer than breadth of maxilla; maxillary width less than suborbital; lateral line
present; scales ctenoid (Hubbs et al. 1991). Gill rakers on first arch long and thin; pectoral fin short and rounded,
not reaching past the eye when bent forward; opercle bone (gill cover) stiff to its posterior margin; opercular flap
short; lateral line arched anteriorly (Ross 2001).
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Distribution (Native and Introduced)

U.S. distribution: Ranges from Kansas and Iowa to southern Wisconsin, lower Michigan, and west Pennsylvania,
south to Rio Grande and Florida (Larimore 1957, Lee 1980). Presumed native on Atlantic slope north into Virginia,
perhaps to Maryland. Transplanted west of Rockies and to portions of Atlantic slope (Lee 1980).
 
Texas distribution: Found statewide with the exception of the plains streams in the Texas Panhandle area (Hubbs et
al. 1991). Warren et al. (2000) list the following drainage units for distribution of Lepomis gulosus in the state: Red
River (from the mouth upstream to and including the Kiamichi River), Sabine Lake (including minor coastal
drainages west to Galveston Bay), Galveston Bay (including minor coastal drainages west to mouth of Brazos
River), Brazos River, Colorado River, San Antonio Bay (including minor coastal drainages west of mouth of
Colorado River to mouth of Nueces River), Nueces River.
 

Abundance/Conservation status (Federal, State, NGO):
Populations in the southern United States are currently secure (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Solitary fish inhabiting swamps, bayous, borrow ditches, oxbow lakes (Larimore 1957; Edwards
1997).
 
Mesohabitat: Prefers heavily vegetated habitats with limited flow (Lee 1980; Glenn 1999). Found in waters with
muddy substrates, detritus, dense beds of vegetation; these habitats having sources of cover including brushpiles,
stumps, cypress knees, discarded tires and barrels. Sometimes found in impoundments, generally in backwater
areas with extensive brushpiles or stumps (Larimore 1957; Edwards 1997). Occasionally found in somewhat turbid
waters; seem to prefer clear water with thick growths of vegetation (Gatz and Adams 1994). Species collected from
pool-rootwad, backwater, backwater-bank snag habitat in the Sulphur River, Texas (Gelwick and Morgan 2000;
Morgan 2002; Osting et al. 2003). Collected from riffle, run, snag habitats in Cibolo Creek, Texas; run,
riffle/bank/snag, run/bank/snag habitats in the San Antonio River; riffle/channel/snag habitat in the Guadalupe
River (Edwards 1999). Rose and Echelle (1981) reported collection of species mainly in pools and backwaters.
Fish less than about 127 mm TL tend to remain in shallow water, usually in some form of dense cover, but larger
fish occur more in deep water (Larimore 1957). Reported in brackish water up to 4.1 ppt (Carlander 1977);
abundant where introduced in saline water of lowermost Colorado River, Arizona (Minckley 1973). Critical
oxygen level is 3.6 ppm at 20 degrees C (Larimore 1957); however, it survives for short periods at levels as low as
1.0 ppm (Gould and Irwin 1962). Absent from much of the Great Plains, primarily because of lack of suitable
backwaters, and other flooded lowland-type habitats (Tomelleri and Eberle 1990; Edwards 1997). Increased flow
velocities and decreased vegetative cover will likely lead to the lateral migration of this species from a river
channel onto floodplain habitats (Welcomme 1979; Glenn 1999).
 

Biology
Spawning season: Reproductive development begins when water temperature begins to rise above 4.5 degrees C,
and actual spawning occurs at 21.1 degrees C (Ross 2001). Small Lepomis gulosus measuring less than 16 mm SL
taken from late March through July suggesting spawning season from early March – July, in Texas (Edwards
1997). Larimore (1957) reported spawning from April – October, in Texas, with larger females spawning over a
longer period than smaller females.
 
Spawning location: Lithophils; rock and gravel nesters (Larimore 1957; Simon 1999); Male constructs nest near a
stump, clump of vegetation, cover that is not on clean sand at depths of 15 cm – 1.5 m; nests may be clumped if
sites are limited, otherwise nests are separated (Larimore 1957).
 
Reproductive strategy: With gill covers flared and mouth open, courting male approaches potential mate. Body
color of male changes rapidly to yellow and eyes become blood-red. Receptive female directed to nest by male and
both fish swim in circular pattern with female nearer center of nest. Female jerks her body violently while releasing
her eggs, actually striking face of the male. This contact apparently stimulates the release of sperm. Male may
court and spawn with several females (Larimore 1957). Guarders (Larimore 1957; Simon 1999); nests are guarded
by males until fry are free-swimming, 5-6 days after spawning (Carlander 1977; Robison and Buchanan 1988).
 
Fecundity: Potential fecundity of all ova (not only “ripe” ova) estimated range from 4,500 to 63,200 eggs; water
hardened eggs averaged 1.010 ± 0.049 mm. Eggs adhesive, translucent, and light amber in color. Eggs hatch 33-36
hours after fertilization at temperatures between 25.0-26.4 degrees C (Larimore 1957). After hatching, young
immediately hide among sand and gravel particles at the bottom of the nest (Carlander 1977). Tomelleri and Eberle
(1990) report reasonably low reproductive potential for this species.
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Age at maturation: Usually reach adulthood at age 1, at a size of 75 – 100 mm TL. Size presumed to be of more
importance than age in attaining maturity (Larimore 1957).
 
Migration: NA
 
Longevity: About 3 years in most Texas aquatic environments (Larimore 1957; Edwards 1997).
 
Growth: Species attains relatively large size for sunfishes. Largest specimen found in Texas research museums is
170 mm SL (Edwards 1997). Individuals range from 41-114 mm TL after one year of growth and are 77-122 mm,
108-147 mm, 125-178 mm, 180-196 mm, 203-204 mm, 215-221 mm, and 217 mm TL at ages 2-8, respectively
(Carlander 1977). Males slightly larger than females (Larimore 1957).
 
Food habits: Trophic classifications: Invertivore/carnivore; drift/whole body. Feeding behavior: water
column/chasing. Main food items are insects, snails, and fishes (Larimore 1957;Goldstein and Simon 1999). Larval
fish feed on small crustaceans (copepods, ostracods, cladocerans; Pflieger 1975; Ross 2001). Individuals often
ambush prey by quickly darting out from cover and attacking unsuspecting prey. Diet includes small fishes,
crayfish, larval aquatic insects (Ephemeroptera, Odonata, Tricoptera), and isopods (Larimore 1957; Carlander
1977; Layzer and Clady 1991; Edwards 1997). Majority of feeding activity occurs at night, during dusk, or at
dawn; relatively little feeding activity occurs during midday (Larimore 1957). During summer, individuals may
consume prey amounts equivalent to 4% of their body weight per day; at water temperatures of 24-25 degrees C
they are able to completely digest a meal equivalent to 2.2-3.5% of their body weight in 26.2 hours (Hunt 1960).
 

Phylogeny and morphologically similar fishes
Lepomis gulosus most similar to Lepomis cyanellus, the green sunfish, from which it can be separated by the
presence of dark bars on the cheek and a tooth patch on the tongue. L. gulosus may be confused with Ambloplites
rupestris, the rock bass, from which it differs in having 3 rather than 5-6 anal spines (Ross 2001).  In contrast to its
ecological equivalent, Lepomis cyanellus (green sunfish), L. gulosus inhabit larger streams, bayous, and rivers with
suitable habitats while L. cyanellus inhabit smaller creeks and tributaries (Layzer and Clady 1991). Species known
to hybridize with at least four other Lepomis spp., including L. cyanellus and L. macrochirus; also hybridizes with
Micropterus salmoides (largemouth bass), and Pomoxis nigromaculatus (black crappie; Merriner 1971; Lee 1980).
Considerable ontogenetic and individual variation occurs within species, but little, if any geographic variation
(Smith 1979).
 

Host Records
Gyrodactylus macrochiri (Harris et al. 2004); host for Posthodiplostomum minimum, the strigeid fluke;
Proteocephelus ambloplites, the bass tapeworm; Camallanus oxycephalus, a nematode; Illinobdella moorei, a leech
(Larimore 1957). Trematoda (Allacanthocasmus varius, Homalometron pearsei, Crepidostomum cormutum,
Pisciamphistoma stunkardi, Posthodiplostomum minimum); Cestoda (Proteocephalus sp.); Nematoda
(Cammalanus oxycephalus, Capillaria catenata, Contracaecum spiculigerum, Contracaecum sp., Spinitectus
carolini, Spinitectus gracilis, Agamonema sp.); Acanthocephala (Leptorhynchoides thecatus, Neoechinorhynchus
cylindritus, Pallisentis sp.; Arnold 1967).
 

Commercial or Environmental Importance
Lepomis gulosus transport well, survive low dissolved oxygen levels, good bioassay animals, popular sportfish, and
are excellent to eat. Unlike other sunfishes, species does not tend to overpopulate ponds and develop stunted
populations (Carlander 1977).
 
[Additional literature noting collection of this species from Texas locations includes, but is not limited to the
following: Colle (1976); Eagle Mountain Lake (Gruninger et al. 1977); Lake Nasworthy (Colorado River Basin;
Yeh 1977); Edwards (1978); Devils River (Harrell 1978); Mosier (1984); Upper San Marcos River (Hays Co.;
Underwood and Dronen 1984); Hillebrandt Bayou (Linam and Kleinsasser 1987); Oyster Creek (Linam and
Kleinsasser 1987); Pine Island Bayou (Linam and Kleinsasser 1987); Lower Rio Grande River (Edwards and
Contreras-Balderas 1991); Linam et al. (1994); Village Creek (Hardin Co.; Moriarty and Winemiller 1997); Pinto
Creek (Garrett et al. 2004).]
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Lepomis macrochirus

bluegill
 
 
Type Locality:

“Ohio River” (Rafinesque 1819).
 

Etymology/Derivation of Scientific Name:
Lepomis, Greek, meaning “scaled gill cover”; macrochirus, Greek, meaning “large hand”, perhaps in reference to
the body shape (Pflieger 1975).
 

Synonymy:
Lepomis macrochira: Rafinesque 1819:420.
Ichthelis incisor: Nelson 1876:37.
Lepiopomus macrochirus: Jordan 1878.
Lepomis macrochirus: Forbes 1884:68.
Lepomis pallidus: Forbes 1884:67; Large 1903:25; Forbes and Richardson 1908:257-259.
 

Characters
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Maximum size: 405 mm TL (Lee 1980).
 
Life colors: Dark spot on posterior part of dorsal fin; opercle not margined with scarlet (Hubbs et al 1991). Sides
of head and chin bluish; back olivaceous to brown; sides bluish green shading ventrally to brownish orange or
pinkish, with 5-9 distinct vertical bars; breast yellowish; abdomen yellowish white; fins olivaceous; opercular flap
mostly black, sometimes with an iridescent blue anterior edge. Breast of breeding males copperish orange; head
and body with greenish or bluish metallic overtones (Sublette et al. 1990).
 
Counts: 3 anal fin spines; 10-12 anal fin rays; fewer than 55 lateral line scales; 6-13 dorsal fin spines; 6 or 7
branchiostegals (Hubbs et al. 1991); 11-12 dorsal rays; 12-13 pectoral rays (Ross 2001).
 
Body shape: Deep bodied, laterally compressed (Ross 2001); body depth usually contained two to two and one-half
times in standard length (Hubbs et al 1991).
 
Mouth position: Terminal, oblique (Sublette et al. 1990).
 
External morphology: Opercle flexible; gill rakers reaching at least to base of second below when depressed;
pectoral fins long and pointed, upper pectoral fin rays much longer than lower; pectoral fin contained 3.5 or fewer
times in SL; supramaxilla absent or shorter than breadth of maxilla; maxillary width less than suborbital; lateral
line present (arched upward anteriorly; Ross 2001); scales ctenoid (Hubbs et al.1991). Sexes may be differentiated
by the more conspicuous genital papilla of the female (McComish 1968).
 
Internal morphology: Intestine well differentiated; pyloric caeca present; silvery peritoneum (Goldstein and Simon
1999). Palantine teeth are usually absent (Hubbs et al. 1991; Ross 2001).
 

Distribution (Native and Introduced)
U.S. distribution: Occurs naturally in the United States east of the Rocky Mountains (Hubbs et al. 1991). Originally
restricted to western and central North America where it ranged from coastal Virginia to Florida, west to Texas
and northern Mexico, and north from western Minnesota to western New York; widely transplanted elsewhere in
North America (Lee 1980).
 
Texas distribution: Statewide (Hubbs et al. 1991). Warren et al. (2000) listed the following drainage units for
distribution of Lepomis macrochirus in the state: Red River (from the mouth upstream to and including the
Kiamichi River), Sabine Lake (including minor coastal drainages west to Galveston Bay), Galveston Bay
(including minor coastal drainages west to mouth of Brazos River), Brazos River, Colorado River, San Antonio
Bay (including minor coastal drainages west of mouth of Colorado River to mouth of Nueces River), Nueces
River.

 
Abundance/Conservation status (Federal, State, NGO)

Populations in the southern Unites States are currently secure (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Lakes, ponds, rivers, and creeks (Lee 1980). In Brazos River, Texas, species rarely found in river
channels, but abundant in oxbow lakes (Zeug et al 2005). One of the most abundant species collected from five
stations on the mainstem of Sister Grove Creek (Trinity River basin), Texas (Matthews et al. 1996). 
 
Mesohabitat: Inhabits shallow, warm, slow-flowing waters, often with abundant aquatic vegetation (Lee 1980).
Occurring primarily in pools and backwaters, L. microchirus was sparsely but widely distributed throughout the
Little River drainage (Brazos River, Texas), except that it was absent in all collections from the Blackland Prairie
(Rose and Echelle 1981). In Lake Texoma (Texas and Oklahoma), this species was abundant along shores in
clearer parts of lake; common in the tributaries and tail waters (Riggs and Bonn 1959). Younger fish utilize areas
with cover while older fish seek more open water, generally resulting in lack of competition for food between size
classes (Bianchi 1984; Mittelback 1984). Peterson and Ross (1991) note occurrence of species in waters with
salinities of up to 10 ppt.
 

Biology
Spawning season: In Texas, peak gonadal development was reached around mid-April, spawning continued well
into September (Schloemer 1947); March – September spawning reported by Estes (1949). Breder and Rosen
(1966) note spawning from April – October. In Florida, spawning takes place at water temperatures of 21-32
degrees C (Clugston 1966).
 
Spawning location: Nest spawners; Polyphils; this nesting species is not particular in choice of substrates and may
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spawn over gravel, sand, clay, or detrital nests (Simon 1999). Nests usually placed in area free of plants and with a
sand or gravel bottom. Males prepare nest by sweeping away silt and sand with tail so that coarser substrata
(gravels) are exposed (Avila 1976); coarser particles provide interstitial spaces for the yolk-sac larvae and may
function as a protective shelter (Ross 2001).
 
Reproductive strategy: Guarders (Simon 1999). Lepomis microchirus nest in colonies of 9 to 15 (Breder and Rosen
1966). Spawning males were more aggressive than non-spawning males, often leaving the nest, which provided
opportunities for other males to enter nest and engage female. In contrast to some sunfishes, males feed while
defending their territory. Simultaneous polygamous spawning is natural, but rarely occurs (Avila 1976). In Florida,
Clugston (1966) noted community spawning, with nests located very close together at depths of 457-914 mm.
Males court females by rushing out toward them, then returning rapidly to the nest, producing a series of distinctive
grunts during this display. Males may be attracted to areas of spawning by odor (Gerald 1971). Additional mating
tactics have been described by Dominey (1980; 1981) and Gross (1982).

 
Fecundity: Fertilized eggs average 1.09-1.40 mm in diameter (Merriman 1971). In Texas, females spawned an
average of 5 times a year, with a 120 mm female spwning about 80,000 eggs a year (Estes (1949). Ulrey et al.
(1938) reported females 2 years of age produced more than 3800 eggs; those at 4 years, more than 19,000. In Deep
Lake, Michigan, this species produced an average of nearly 18,000 fry per nest (Carbine 1939).
 
Age at maturation: Generally spawns first at one year of age, but as early as four months of age under favorable
conditions (Swingle and Smith 1943).

 
Migration:
 
Longevity: Applegate et al. (1967) reported that fish do not live much beyond their fifth year. The oldest age
reported from scale reading was year 11; life span apparently greater in the northern U.S. (Carlander 1977).
 
Food habits: Generalized wide spectrum feeder; actively feeding during daylight hours, with a minor feeding peak
in the morning and a major peak in the evening (Carlander 1977; Sarker 1977). Feeding location determined by
balance between abundance of food source and risk of exposure to predators; L. microchirus feeds in open water or
vegetation, choosing the area that provides the greatest energy return, as relative abundances of zooplankton and
aquatic insects associated with plants vary (Mittelbach 1981). Mittelbach (1984) demonstrated that individuals
undergo pronounced shifts in both habitat and food items as they grow due to changes in vulnerability to predation.
Competition between size classes is generally avoided as younger fish utilize areas with cover while older fish seek
more open water (Bianchi 1984; Mittelbach 1984). Selection of foraging area is also affected by water
temperatures, with fish preferring a temperature of 30 degrees C (Wildhaber and Hall 1988). Larvae and juveniles
of 5-10 mm in length frequently ingest Cladocerans and copepod nauplii (Werner 1969; Beard 1982). Individuals
reaching 20 mm have varied feeding habits, primarily consuming Cladocera (Chydorinae) and adult copepods and
insects (mainly chironomids; Beard 1982). The primary diet of adults in various water bodies is comprised of
aquatic insects, crayfish, and small fish, although zooplankton serves as the main food item in other bodies of water
(Mittelbach 1984; Carlander 1977). This species also ingests aquatic vegetation including algae (Carlander 1977;
Sublette et al. 1990).  Based on the following data, Goldstein and Simon (1999) list first and second level trophic
classifications as invertivore and drift; trophic mode listed as water column/surface: In Canada, populations
primarily consumed insects, crustaceans, and plant material, with 50% of food volume consisting of chironomid
larvae (Keast and Webb 1966); in late summer, when insects were not as abundant, 22% of diet was plant material
(Moffett and Hunt 1943; Goldstein and Simon 1999). The fish louse, Argulus, has been found in bluegill stomachs,
suggesting individuals may perform “cleaning” function on infected fish (Carlander 1977).
 
Growth: In the southeast, individuals reach 48.3-88.9 mm TL, 83.8-132.1 mm TL, 101.6-160.0 mm TL, 121.9-
182.9 mm TL, and 150.0-188.0 mm TL after years 1-5, respectively (Applegate et al. 1967). A study of L.
macrochirus populations in Lakes Nasworthy and Bastrop, Texas, indicated that early growth of individuals was
above average when compared to populations in other lakes in the more northern part of the U.S., but relative size
decreased at later annuli, this may have resulted from warm temperatures. Females grew faster than males in both
lakes (Serns and Strawn 1975). Growth rates are highest at summer water temperatures of 30-31°C (Beitinger and
Magnuson 1979).
 

Phylogeny and morphologically similar fishes
Lepomis macrochirus most similar to Lepomis humilis (orangespotted sunfish; Branson et al. 1962) and Lepomis
microlophus (redear sunfish), but differs from these species in having a distinct spot at the base of the soft dorsal
fin; it differs also from the L. microlophus in having long and slender gill rakers and from L. humilis in lacking the
elongate sensory pores on the preopercle margin (Ross 2001). Species hybridizes with Lepomis auritus, L.
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cyanellus, L. gibosus, L. gulosus, L. humilis, L. megalotis, L. microlophus, L. punctatus; artificial hybrids with
Pomoxis annularis and P. nigromaculatus (Carlander 1977).
 

Host Records
L. macrochirus host to Gyrodactylus goerani, G. macrochiri (Hoffman et al 1964; Rawson et al 1973; Harris et al
2004), Dactylogyrus aureus (Mizelle and McDougal 1970), Posthodiplostomum minimum (Lewis and Nickum
1964; Meade and Bedinger 1967), Tricodina (Carlander 1977), Eocollis arcanus (Acanthocephalan; Meade and
Harvey 1968).
 

Commercial or Environmental Importance
Parasite fauna of this species well known in Texas and may be utilized to monitor historical and present day health
of watershed ecosystems (Bhuthimethee et al. 2005). Species has commonly been used for research in aquatic
biology and ecotoxicology (Touart 1988). Pound for pound, this species is one of the best fighting and best tasting
fishes (Ross 2001). Seasonal hooking mortality rates were estimated for Lepomis macrochirus caught in Choke
Canyon and Cedar Lake reservoirs, in Texas. Results showed mortality to be significantly higher in summer than in
winter, which in addition to high fishing pressure, high exploitation, and high catch-and-release rates, may
significantly affect L. macrochirus populations (Coble 1988; Muoneke 1992). Species is important in pond
management (Carlander 1977). Species impact as predators of crustaceans and insects is most impressive, as a
population may eat six times its own weight during a single summer (Gerking 1962).
 
[Additional literature noting collection of this species from Texas locations includes, but is not limited to the
following: Bonham (1946); lower Rio Grande (Robinson 1959; Edwards and Contreras-Balderas 1991); Neches
and Trinity Rivers (Avise and Smith 1974); Devil’s River (Harrell 1978); upper San Marcos River (Hays Co.;
Underwood and Dronen 1984); Dolman (1990); Sister Grove Creek (Meador and Matthews 1992); Pecos River
(Rhodes and Hubbs 1992); Dumont and Dennis (1997).]
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Lepomis megalotis

longear sunfish
 
 
Type Locality

Kentucky, Licking, and Sandy Rivers, Kentucky (Rafinesque 1820).
 

Etymology/Derivation of Scientific Name
Lepomis, Greek, meaning “scaled gill cover”, megalotis, Greek, meaning “great ear” (Pflieger 1975).
 

Synonymy
Ichthelis megalotis:  Rafinesque 1820a:29; Nelson 1876:38.
Lepomis fallax Hay 1881:499.
Lepomis megalotis Hildebrand and Towers 1928:132; Cook 1959:180.
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Characters
Maximum size: 200 mm SL (Bauer 1980).
 
Life colors:  Back is brown to olive green. Scales on sides have brownish spots resulting in a brown background
overlain with bright blue spots. Fins are olive with a tinge of orange or red, and belly is white to orange. Irregular
blue lines on head; pupil is blue, with reddish iris (Ross 2001); opercle not dark to its margin (Hubbs et al. 1991).
Colors are much more intense in breeding males, which also have blue to charcoal-colored pelvic fins and bright
orange or red sides and belly. The head in breeding males is orange or red with bright blue stripes, the stripes
extending onto the body in back of the head, but not onto the throat region. The membranes of median fins of
breeding males are orange or red (Ross 2001). “Sneaker” males do not develop breeding coloration; instead they
are cryptically colored (Jennings and Philipp 1992a). Young fish lack distinct bands on the side (Ross 2001).
 
Counts: 5-7 cheek scales; 13-15 pectoral rays; 38-49 lateral line scales; 3 anal spines (rarely 2 or 4); 6-13 dorsal fin
spines; 6 or 7 branchiostegals (Hubbs et al 1991); 10-11 dorsal rays; 8-10 anal rays (Ross 2001).
 
Body shape:  Deep-bodied (Ross 2001); body depth usually contained two to two and one-half times in standard
length (Hubbs et al 1991).
 
Mouth position: Terminal, slightly oblique (Goldstein and Simon 1999).
 
External morphology: Anal base nearly straight; opercle produced into a thin flexible projection lying within the
opercular membrane; posterior edge of opercle within opercular membrane fimbriate; pectoral fins short and
rounded; pectoral fin contained 3.75 or more times in standard length; supramaxilla absent or shorter than breadth
of maxilla; maxillary width less than suborbital; lateral line present; scales ctenoid (Hubbs et al. 1991).
 
Internal morphology: Intestine well differentiated; silvery peritoneum; pyloric caeca present (Goldstein and Simon
1999). No teeth on tongue or pterygoid; palatine teeth absent (Hubbs et al 1991). “Sneaker” males have
significantly larger testes than parental males (Jennings and Philipp 1992a).
 

Distribution (Native and Introduced)
U.S. distribution: Wide ranging throughout much of the central United States (Hubbs et al. 1991). Restricted to
fresh waters of east-central North America; west of Appalachians, occurs from southern Québec south to Gulf of
Mexico in Alabama and western Florida; extends west through Texas and Rio Grande tributaries in northeast
Mexico, north through eastern parts of the states from Oklahoma to southern Ontario (Bauer 1980).
 
Texas distribution: Found statewide in Texas except in the headwaters of the Canadian and Brazos rivers; a number
of populations have been introduced in the state (Hubbs et al 1991). Warren et al. (2000) list the following
drainage units for distribution of Lepomis megalotis in the state: Red River (from the mouth upstream to and
including the Kiamichi River), Sabine Lake (including minor coastal drainages west to Galveston Bay), Galveston
Bay (including minor coastal drainages west to mouth of Brazos River), Brazos River, Colorado River, San
Antonio Bay (including minor coastal drainages west of mouth of Colorado River to mouth of Nueces River),
Nueces River.
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United States are currently secure (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Reservoirs, small streams; generally absent from downstream lowland sections (Bauer 1980).
 
Mesohabitat: Abundant in clear, small upland streams with rocky bottoms and permanent or semi-permanent flows
(Robison and Buchanan 1988). In upper reaches of Black Creek, Mississippi, habitats averaged 61 cm deep, had
slow current flow (5.2 cm/s) and a silt, mud, or sand substratum (Ross et al. 1987). Species generally shows little
movement in streams; however, when movements do occur they are more often downstream than upstream and
average 17 km (Funk 1955).
 

Biology
Spawning season: Occurs during the late spring and early summer (Huck and Gunning 1967; Bietz 1981).
 
Spawning location:  Polyphils; miscellaneous substrate and material nesters that have adhesive eggs either attached
or occur in clusters on any available substrate (Simon 1999). Spawning occurs in shallow water with gravel bottom,
shallow water and little current (Bietz 1981; Hubbs and Cooper 1935; Hankinson 1919).
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Reproductive strategy:  Guarders; nest spawners (Simon 1999). In preparation for spawning, males fan out a
depression in shallow water, using vigorous motion of the caudal fin. Nest diameter is about twice the length of the
fish (Huck and Gunning 1967; Bietz 1981). Males actively court females by quickly rushing back and forth from
nest to the female, while making distinctive grunts (Gerald 1971). During spawning, male and female swim in
circles around the nest, the female always nearer the center. After spawning, the male chases the female from the
nests, then guards and aerates the eggs (by fanning water with pectoral and caudal fins) until hatching (Huck and
Gunning 1967). Lepomis megalotis is more active in defense of nest than other sunfishes (Hankinson 1919). Nests
are often built close together, forming large groups of territorial males during the spawning season (Jennings and
Philipp 1992b), which allows for "sneaker" male behavior. “Sneaker” males, individuals of 40-85 mm TL,  attempt
to steal fertilizations from a normal, nesting male by darting into nest and fertilizing eggs when resident male is
spawning with a female (Jennings and Philipp 1992a). Some nesting/parental males will opportunistically engage
in sneaker behavior with neighboring males that may be more attractive to females (larger males, with centrally
located nesting sites in the spawning area; Keenleyside 1972; Jennings and Philipp 1992b).
 
Fecundity: Fertilized eggs demersal, adhesive, and average about 1.0 mm in diameter (Anjard 1974).
 
Age/Length at maturation: Both “sneaker” and parental males both mature after 2nd year. However, “sneaker”
males are at about 40 mm TL when mature and parental males are at about 75 mm TL when mature due to
different growth rates (Carlander 1977; Jennings and Philipp 1992b).
 
Migration:
 
Growth and population structure: In Bull Shoals Reservoir, Arkansas and Missouri, individuals reached 43.2 mm
TL after one year, 81.3 mm TL after two, 104.1 mm TL after three, and 114.3 mm TL after four (Applegate et al
1967). Growth rates are generally faster in reservoir habitats than in streams, although, even in reservoirs, although
fish may require five growing seasons to reach a minimum catch size of 127 mm TL. Fish in northern areas may
have smaller body size (Carlander 1977). “Sneaker” males have significantly slower growth rates after 1st year due
to majority of energy utilized in developing gonads rather than increasing length (Jennings and Philipp 1992a).
 
Longevity: 6 years in southern areas (Bacon and Kilambi 1968); fish in northern areas may live up to 9 years
(Carlander 1977).
 
Food habits:  Invertivore/piscivore. Individuals ingest mainly aquatic and terrestrial insects, other invertebrates and
occasional small fish (Robison and Buchanan 1988). Species feeds extensively at the surface (Goldstein and Simon
1999). Applegate et al. (1966) listed diet of individuals smaller than 48 mm as being 86 % aquatic insects and
Entomostraca; individuals between 48 -99 mm fed primarily on aquatic insects (48 %), fish eggs (23%), terrestrial
insects (9%) and bryzoans (9%); those longer than 102 mm ate terrestrial insects (37%), fish (29%), and aquatic
insects (15%). Bryant and Moen (1980) show population in DeGray Reservoir, Arkansas consuming insects
(52.6%), crayfish (12.5%), fish (7.4%), and plant material (6.7%). Smaller than 48 mm TL fed mainly on aquatic
insects and small crustaceans (copepods and cladocerans), fish larger than 102 mm TL also feed on aquatic insects,
but diet also included fish eggs, terrestrial insects, and bryozoans (moss animals; Applegate et al. 1967).
 

Phylogeny and morphologically similar fishes
Lepomis marginatus (dollar sunfish) is closest relative (sister species; Mabee 1993) to L. megalotis; these two
species comprise subspecies Icthelis. L. megalotis hybridizes extensively with other Lepomis (Bauer 1980). L.
megalotis easily mistaken for L. marginatus, from which it differs in having 5-7 rather than 3-4 rows of cheek
scales, 13-14 rather than 12 pectoral rays, and an opercular tab that is usually not slanted upward in adult males
(the opercular tab of females and of young fish has an upward slant). Habitat also distinguishes these two species,
with L. megalotis generally occurring in flowing water rather than in swamps (Ross 2001).
 

Host Records
 
 

Commercial or Environmental Importance
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Lepomis microlophus

redear sunfish
 
 
Type Locality:

St. Johns River, Florida (Günther 1859 in: Eschmeyer 1990).
 

Etymology/Derivation of Scientific Name:
Lepomis, Greek, meaning “scaled gill cover”, microlophus, Greek, meaning “small nape” (Pflieger 1975).
 

Synonymy:
Pomotis microlophus: Gunther 1859:264 in: Eschmeyer 1990.
Eupomotis notatus: Forbes 1884:67.
Eupomotis heros: Large 1903:25; Forbes and Richardson 1908:259-260; O’Donnell 1935:487).
Lepomotis microlophus: Smith 1965:9.
 

Characters
Maximum size: 355 mm TL (Carlander 1977).
 
Life colors: Opercle margined with scarlet (normally faded in preserved material; Hubbs et al 1991). Back is
iridescent olive green to brown, and sides below lateral line silvery to greenish brown with pale brown spots. Breast
is white to yellow. Opercular spot black with a bright red-orange margin. Pectoral and pelvic fins are light; median
fins are dusky. Young fish have irregular vertical bars along sides. Coloration of breeding males is very intense
with an overall darker body color, so that ventral parts of head, breast, and pelvic fin appear black (Ross 2001).
 
Counts: Fewer than 55 lateral line scales; 3 anal spines (rarely 2 or 4); 6-13 dorsal fin spines; 6 or 7 branchiostegals
(Hubbs et al 1991); 10-12 dorsal rays; 10-11 anal rays; 13-14 pectoral rays (Ross 2001).
 
Body shape: Relatively robust, somewhat elongate with pointed snout and small mouth (Ross 2001). Body depth
usually contained two to two and one-half times in standard length (Hubbs et al 1991).
 
Mouth position: Terminal oblique (Goldstein and Simon 1999). No teeth on tongue or pterygoids (Hubbs et al
1991).
 
External morphology: Opercle stiff to its margin; gill rakers short, not reaching below base of second raker below
when depressed; pectoral fins long and pointed, upper pectoral fin rays much longer than lower; pectoral fin
contained 3.5 or fewer times in standard length; supramaxilla absent or shorter than breadth of maxilla; maxillary
width less than suborbital; lateral line present (curved upward anteriorly; Ross 2002); scales ctenoid (Hubbs et al
1991).
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Distribution (Native and Introduced)

U.S. distribution: Ranges throughout most of the southeastern United States (Hubbs et al. 1991). Native to
peninsular Florida, lower Atlantic slope and Gulf slope drainages west to Texas, and north to southern Indiana
(Lee 1980).
 
Texas distribution: Native to the eastern two-thirds of Texas from the Red River to the Rio Grande River; has been
widely transplanted throughout the state (Hubbs et al. 1991). Warren et al. (2000) list the following drainage units
for distribution of Lepomis microlophus in the state: Red River (from the mouth upstream to and including the
Kiamichi River), Sabine Lake (including minor coastal drainages west to Galveston Bay), Galveston Bay
(including minor coastal drainages west to mouth of Brazos River), Brazos River, Colorado River, San Antonio
Bay (including minor coastal drainages west of mouth of Colorado River to mouth of Nueces River), Nueces
River. Sparsely, but widely distributed throughout Little River drainage, Central Texas, with the exception of
species absence in collections from the Blackland Prarie (Rose and Echelle 1981).
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United States are apparently secure (Warren 2000).
 

Habitat Associations
Macrohabitat: Found in large rivers, bayous, lakes (Carlander 1977).
 
Mesohabitat: Common in warm, clear, quiet water where vegetation, stumps, logs, and other cover abound;
occasionally brackish water (12.3 ppt.) (Lee 1980). Species seems to be better adapted to brackish water than
basses or other sunfishes, but at salinities above 4 ppt, individuals appear to be in poorer condition, perhaps due to
the metabolic expense of maintaining proper water balance (Peterson 1991). In Louisiana study, turbidity not
considered important factor to species habitat (Carlander 1977).
 

Biology
Spawning season: In Texas, season lasts from early May - early July (Schloemer 1947). Spawning occurs at water
temperatures of 21-32 degrees C during the spring and early summer (Clugston 1966; Lee 1980). In Florida,
spawning season may extend from March into August (Clugston 1966). Some evidence exists that peaks in
spawning activity may correspond to times of full or new moons (Wilbur 1969).
 
Spawning location: Polyphils; miscellaneous substrate and material nesters that have adhesive eggs either attached
or occur in clusters on any available substrate (Childers 1967; Hardy 1978; Simon 1999). Usually nesting in areas
of water less than 3 feet deep, in colonies, on firm substrates, often in locations exposed to the sun (Childers 1967).
Clugston (1966) reported community spawning, with nests located very close together at depths of 457-914 mm.
Wilbur (1969) reported nests constructed over bottom types ranging from sand to soft mud, and nests constructed
in areas containing aquatic plants.
 
Reproductive strategy: Guarders; nest spawners (Childers 1967; Simon 1999). Males produce grunt-like or popping
sounds near the sides and around head of female during courtship (Gerald 1971). Males usually do not feed during
the period that they are courting and defending the nest area (Wilbur 1969). Fry remain in nest about a week with
male guarding (Carlander 1977).

 
Fecundity: Females reported to produce about 2,000 – 10,000 eggs; fertilized eggs range 1.3 – 1.6 mm in diameter;
eggs hatch in 6 – 10 days (Carlander 1977).
 
Age at maturation: In Texas, individuals may spawn late in 1st year of life (Carlander 1977). Normally matures by
2nd year, although some studies indicate regional variation (Wilbur 1969; Lee 1980); Wilbur (1969) noted some
individuals spawning within 1st year of life.
 
Migration:
 
Longevity: Usually 5-6 years; fish may occasionally reach 9th year (Carlander 1977).
 
Food habits: Trophic classifications and mode for this species: Invertivore, benthic and drift; crusher. Main food
items are snails and small mussels, with aquatic insects taken also. Because of feeding mode, this species is known
as the shell cracker in some parts of range (Goldstein and Simon 1999). Seldom feeds at surface; aquatic snails are
major food item throughout range; diet also includes insect larvae and cladocerans (Carlander 1977, Lee 1980).
Huish (1958) and Wilbur (1969) note this species feeding primarily on bottom-inhabiting organisms; common



redear sunfish Lepomis microlophus

http://nucleus.bio.txstate.edu/~tbonner/txfishes/lepomis%20microlophus.htm[1/25/2010 12:47:04 PM]

 

foods including mollusks (primarily small snails), midge larvae (chironomids), amphipods, and mayfly and
dragonfly larvae. Individuals may swim head-down into the bottom, raising a cloud of sand or mud, when feeding
on bottom-inhabiting prey such as mayflies or snails (Wilbur 1969). The feeding pattern of this species, crushing
and consuming large numbers of snails, is unique among sunfishes found in Texas.  To accommodate feeding, both
the bones of the pharyngeal jaws are enlarged, as are muscles responsible for the crushing movement. Species also
shows a specialized pattern of muscle contraction that is not found in other, nonmolluskan-feeding sunfishes
(Wainwright and Lauder 1992). Feeding involves acquiring a snail using the jaws, followed by the transfer of the
snail to the pharyngeal area for crushing. After crushing shell, the soft tissues are held between upper chewing pad
and pharyngeal teeth, remnants of the shell (about 85% of shell material) is then expelled (Stein et al. 1984). Major
food items in Lake Ponchartrain, Louisiana, included mud crabs (Rhithropanopeus), other small crustaceans
(especially gammarid amphipods) and midges. Midges more important in diet of small individuals; large large fish
fed primarily on mud crabs (Desselle et al. 1978).
 
Growth: In Tennessee, L. microlophus average 109 mm TL in second summer, and 152, 175, 190, and 206 mm TL
in succeeding summers; no significant difference in rate of growth between sexes (Schoffman 1939). Carlander
(1977) noted average growth rates in the southeastern U.S.: 144 mm TL after one year, and 197 mm, 224 mm, and
226 mm at years 2-4, respectively.
 

Phylogeny and morphologically similar fishes
L. microlophus most similar to L. macrochirus (bluegill) and L. megalotis (longear sunfish); differs from L.
macrochirus in lacking a distinct spot at the base of the soft dorsal fin and in having short and stubby versus long
and slender gill rakers; species can be distinguished from L. megalotis by its long, pointed pectoral fin and by its
very short ear flap. Although L. gulosus (warmouth) also have a red opercular spot, the combination of the red
opercular spot and long pectoral fins differentiates L. microlophus from L. gulosus and other Lepomis (Ross 2001).
Childers (1967) found the intergeneric centrarchid hybrid, L. microlophus X C. gulosus to be fertile.
 

Host Records
Trematoda, Cestoda, Nematoda, Acanthocephala (Arnold 1967).
 

Commercial or Environmental Importance
Lepomis microlophus reported to be good test animals, as individuals are easy to handle and not nervous
(Carlander 1977). Ross (2001) noted that L. microlophus populations tend to decline in abundance in some lakes
and ponds over time, perhaps due to competition for food and space with other sunfishes. Also, species may spawn
only once during the summer, which puts them at a disadvantage, especially in bass-crowded situations.
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Lepomis miniatus
redspotted sunfish

 
 
Type Locality

Tangipahoa River, Louisiana (Jordan 1877).
 

Etymology/Derivation of Scientific Name
Lepomis: scaled operculum; miniatus: scarlet, in reference to the diagnostic red spots on males (Ross 2001).
 

Synonymy 
Lepomis miniatus (formerly L. punctatus miniatus) was elevated to species rank by Warren (1992) based on
morphological and pigmentation differences.
 
Lepiopomis miniatus Jordan 1877:26.
Lepomis miniatus Evermann 1899:310.
Lepomis punctatus miniatus Cook 1959:179.
Lepomis punctatus Caldwell 1966:221, Medford and Simco 1971:122; Pierson et al. 1986:13; Hubbard 1987:23;
Boschung 1989:83; Mettee et al. 1989:128; Hubbard et al. 1991:10; Becket et al. 1992:131.
 

Characters
Maximum size: 160 mm SL (Boschung and Mayden 2004).
 
Life colors: No dark spot at posterior base of dorsal fin (Hubbs et al. 1991). Adults have square, red or purplish red
(in males) or yellowish (in females) spots along the sides forming irregular rows. The cheeks have dark, coffee-
colored spots. The back is dark brown or olive, the belly is reddish orange, and the opercular spot is black with a
narrow white or reddish border. The fins are dusky, with the margins of median fins reddish orange. The front and
back of the iris is reddish and the lower part light blue or turquoise (Ross 2001).
 
Scale counts: There are 35-41 (34-42) lateral line scales, 11 dorsal rays, 10 anal rays, and 13-14 pectoral rays
(Warren 1992; Ross 2001); 3 anal spines (rarely 2 or 4); 6-13 dorsal fin spines; 6 or 7 branchiostegals (Hubbs et al.
1991). Breast scale rows 13-15 (11-16; Ross 2001), these are counted from the scale at the lower base of the
pectoral fin insertion downward and forward to ventral midline, then upward and backward from the lower
insertion of the right pectoral fin (Cashner and Suttkus 1977).
 
Body shape: Deep, slab-sided (Pflieger 1997). Body depth usually contained two to two and one-half times in SL
(Hubbs et al. 1991).
 
Mouth position: Moderate-sized mouth (Pflieger 1997).
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External morphology: Gill rakers in adults short, when depressed not reaching base of second raker below;
supramaxilla one-third width of maxilla; lateral line complete; opercle stiff to its margin (not including
membrane); posterior edge of opercle within opercular membrane smooth; pectoral fins short and rounded; pectoral
fin contained 3.75 or more times in SL; no teeth on tounge or pterygoids; scales ctenoid (Hubbs et al. 1991). Rear
margin of lower jaw extends past the front of the eye. Caudal fin emarginate (Ross 2001).
 

Distribution (Native and Introduced)
U.S. distribution: Lepomis miniatus occurs on the Gulf Slope from Mobile basin west to south Texas and north in
the Mississippi River Valley to the Illinois River of Illinois in the north, Red River of southeastern Oklahoma in
the west, and the lower Ohio River of Kentucky and Indiana in the east (Warren 1992).
 
Texas distribution: May be found in most drainages in Texas, with the exception of streams in the northwestern
part of the state (Hubbs et al. 1991). Warren et al. (2000) list the following drainage units for distribution of L.
miniatus in the state: Red River (from the mouth upstream to and including the Kiamichi River), Sabine Lake
(including minor coastal drainages west to Galveston Bay), Galveston Bay (including minor coastal drainages west
to mouth of Brazos River), Brazos River, Colorado River, San Antonio Bay (including minor coastal drainages
west of mouth of Colorado River to mouth of Nueces River), Nueces River.
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United States are currently stable (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Streams, swamps (Ross 2001; Boshung and Mayden 2004); low-salinity coastal estuaries (Desselle
et al. 1978).
 
Mesohabitat: Found in pool, chute, riffle, and backwater, run habitats in the San Antonio River, Texas (Edwards
1999). Species collected from pool habitat in the lower Brazos River, Texas (Gelwick and Li 2002). Occur most
abundantly in the clearer and more sluggish ditches in the Lowlands of Missouri, where aquatic plants are
abundant; and in the Ozark streams it occurs in quiet pools near boulders and submerged logs and in clear, heavily
vegetated backwaters (Pflieger 1997). Found in heavily vegetated, sluggish waters (Boschung and Mayden 2004).
Species occurs in streams, including those along the coastal region of Mississippi in areas of low salinity (Ross
2001). In Mississippi, Peterson (1991) noted the condition of fish appeared to be poorer at salinities above 4 ppt,
perhaps due to the metabolic expense of maintaining proper water balance. Habitats of this species in the upper
reaches of Lamar Creek, Mississippi, averaged 33 cm in depth and were in areas of very slowly moving water (0.4
cm/s). Compared to other sunfishes, L. miniatus occurred over finer substrata in very weedy habitats (Ross et al.
1987). In the delta in Louisiana, species was found in more diverse habitats than other centrachids (Carver 1967;
Carlander 1977). L. miniatus X L. punctatus hybrids reported to have been collected from the Escambia River, FL,
in salinities from 5.0 ppt. at the surface to 24.4 ppt at the bottom (Boshung and Mayden 2004).

 
Biology

Spawning season: L. miniatus spawn in Illinois during May (Forbes and Richardson 1920). In Mississippi, most
likely spawns in late spring or summer (Ross 2001). In Missouri, nesting activity observed in early July (Pflieger
1997).
 
Spawning location: Nests are built in shallow water, often within 30 cm of shore (Ross 2001). Nests were found in
water only a few inches in depth among the stems of water willow, over a bottom of sand and gravel. L. miniatus
usually a solitary nester; however, on occasion two or more males build nests so close together that they become
confluent (Pflieger 1997).
 
Reproductive Strategy: Nests are actively defended (Ross 2001). Gerald (1971) studied sound production in this
species in Hays Co., Texas. During courtship, nesting male rushes toward a female and then turns rapidly back to
the nest, producing a series of grunts throughout the entire process. The sound production may serve as a species-
specific signal helping to orient the female to the male.
 
Fecundity:
 
Age at maturation:
 
Migration:
 
Longevity:
 



redspotted miniatus Lepomis miniatus

http://nucleus.bio.txstate.edu/~tbonner/txfishes/lepomis%20miniatus.htm[1/25/2010 12:47:37 PM]

 

Food habits: Invertebrate feeder. Species feeds primarily on benthic prey. In Lake Ponchartrain, Louisiana, major
food items included small crustaceans (particularly gammarid amphipods) and midges (chironomids); large fish fed
to a greater extent on mud crabs (Rhithropanopeus) and sponges (sponges especially important in winter; Desselle
et al. 1978). In Davis Bayou, Mississippi, small L. miniatus depended on zooplankton, whereas larger fish shifted
their diets to benthic macrofauna. This species often used submerged aquatic vegetation-associated prey; however,
sediment-associated and water-column associated prey were used also (Vanderkooy et al. 2000).
 
Growth: Finnel et al. (1956) reported that young fish grow to an average length of 33 mm TL in the first year, and
reach average lengths of 74 mm TL, 114 mm TL, and 150 mm TL in their 2nd, 3rd, and 4th years, respectively. Six
individuals taken in a 25 mm bar measure gill net from Lake Bistineau, Louisiana averaged 124 mm (ranged from
102-140 mm; Lambou 1961; Carlander 1977).
 

Phylogeny and morphologically similar fishes
Lepomis miniatus previously considered a subspecies of L. punctatus (Warren 1992).
The redspotted sunfish is distinguished from all congeners, except L. punctatus, by the iridescent turquoise crescent
outlining the ventral curvature of the otherwise dark red iris and uniformly silvery,  creamy, pinkish, or white
narrow margins on the dorsal, caudal, and anal fins (Boschung and Mayden 2004). It is distinguished from L.
punctatus by the following: Breeding males have rows of spots from one to two scale rows below the lateral line to
the belly; the red orange pigment covers the scale centers, and the rows resemble a chain of rough triangles with
anteriorly directed, truncated apices. Breeding males also have red orange pigment covering the breast, belly, and
dorsal margin of the opercular tab and three quadrate to circular blotches located below the middorsal margin of
the operculum and anterior to the black opercular spot, above the opercular tab, and just above and behind the eye,
the latter usually diffuse. Breeding males usually have no discrete, dark spots of the anterior exposed scale bases of
the body; if present, spots on the body are diffuse or only slightly darker than the dorsal and ventral scale margins
and do not form horizontal rows (Warren 1992).
 
Lepomis miniatus known to hybridize with the bluegill (Lepomis macrochirus) in nature (Childers 1967).
 

Host Records
Leptorhynchoides thecatus (adult; Steinauer et al. 2006). Camallanus oxycephalus and Spinitectus carolini (Fiorillo
and Font 1999). Cestoda: Bothriocephalus,
Proteocephalidae; Trematoda: Clinostomum marginatum, Crepidostomum cooperi, Diplostomatidae, Halipegus,
Homalometron armatum, Posthodiplostomum minimum, Proterometra macrostoma, Textrema hopkinsi;
Nemata: Camallanus oxycephalus, Capillaria, Spinitectus carolini, Spinitectus gracilis, Spinitectus micracanthus,
Spiroxys contorta; Acanthocephala: Leptorhynchoides thecatus, Neoechinorhynchus clyindratum, Pomphorhynchus
bulbocolli (Mayberry et al 2000).

 
Commercial or Environmental Importance

[Additional literature noting collection of this species (previously referred to as Lepomis punctatus) from Texas
locations includes, but is not limited to the following: Hubbs (1957); lower Rio Grande River (Robinson 1959);
Bosque River (Linam and Kleinsasser 1987); Cow Bayou (Linam and Kleinsasser 1987);Village Creek (Neches
River; Moriarty and Winemiller 1997); San Antonio River (Edwards 2001).]
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Micropterus punctulatus

spotted bass
 
 
Type Locality

Ohio River (Rafinesque 1819).
 

Etymology/Derivation of Scientific Name
Micropterus, Greek, meaning “small fin”, the name resulting from an injury to the type specimen that made it
appear that the posterior rays of the soft dorsal formed a separate fin;  punctulatus, Latin, meaning “dotted”, in
reference to the rows of dark spots along the lower sides (Pflieger 1975).
 

Synonymy
Calliurus punctulatus Rafinesque 1819:420.
Micropterus salmoides  Forbes and Richardson 1908:267-269.
Micropterus pseudaplites O’Donnell 1935:486.
Micropterus punctulatus punctulatus Smith 1965:10.
 

Characters
Maximum size: 610 mm TL (Webb and Reeves 1975).
 
Life colors:  Small spots on scales not present dorsal to lateral line; dark lateral stripe prominent; caudal spot
prominent; maximum depth of bars making up lateral stripe contained three to four times in maximum body depth
(Hubbs et al. 1991). Back olive green with dark mottling. The single, distinctive, dark lateral stripe on each side, is
sometimes separated into diamond-shaped blotches. Lower sides have rows of dark brown or black spots overlying
a white background. Fins dusky; undersides of head white; dark spot on edge of each opercle and 3-4 dark bars on
each cheek. Breeding males have red eyes. Juveniles have prominent black spot at the caudal base and tricolored
caudal fin (black, yellow-orange, and a white edge).

 
Counts: 12 dorsal fin soft rays; 22-28 scales around caudal peduncle; 7-10 scales above lateral line; 14-19 scales
below lateral line; 55+ lateral line scales; 3 anal spines (rarely 2 or 4); 6-13 dorsal fin spines; 6 or 7 branchiostegals
(Hubbs et al. 1991); 9-11 anal rays, and 14-16 pectoral rays (Ross 2001).
 
Body shape:  Slender (Ross 2001); body depth usually contained three to five times in standard length (Hubbs et al
1991).
 
Mouth position: Terminal or slightly supraterminal (Goldstein and Simon 1999); mouth moderately large ; upper
jaw reaches to or slightly beyond the posterior margin of the eye, and lower jaw projects anteriorly beyond the
upper jaw (Ross 2001).
 
External morphology: Shortest dorsal fin spine contained 1.1 to 2.5 times in longest dorsal spine; bases of soft
dorsal and anal fins scaled;lateral line present; scales ctenoid (Hubbs et al. 1991).
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Internal morphology: Pyloric caecae not branched (Hubbs et al. 1991); no patch of teeth on the tongue (Ross
2001).
 

Distribution (Native and Introduced)
U.S. distribution: Native to streams of the lower Mississippi and Ohio basins, extending eastward to northwestern
Florida (Hubbs et al. 1991).
 
Texas distribution: Native to eastern Texas from the Red River to the Guadalupe Basin exclusive of the Edwards
Plateau (Hubbs et al. 1991). Warren et al. (2000) listed the following drainage units for distribution of Micropterus
punctulatus in the state: Red River (from the mouth upstream to and including the Kiamichi River), Sabine Lake
(including minor coastal drainages west to Galveston Bay), Galveston Bay (including minor coastal drainages west
to mouth of Brazos River), Brazos River, Colorado River.

 
Abundance/Conservation status (Federal, State, NGO)

Populations in southern drainages are currently secure (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Found in small to large streams and rivers; is especially abundant in large, deep, oligotrophic
reservoirs of upper Mobile Bay drainage (Gilbert 1980).
 
Mesohabitat: In streams, species usually found in faster water than the largemouth bass (Micropterus salmoides);
prefering open windswept areas in reservoirs, often associated with rock or riprap (Ross 2001). Larger fish prefer
deeper water (Webb and Reeves 1975); select summer water temperature of 24 degrees C (Coutant 1975). Near the
Gulf Coast, species may occur in salinities up to 11 ppt, but growth is poor above 4 ppt (Peterson 1991; Peterson
and Ross 1991).
 

Biology
Spawning season: Occurs in mid-April – June at water temperatures of 17.2-25.6 degrees C (Ryan et al. 1970;
Smitherman and Ramsey 1972; Vogele 1975a).
 
Spawning location: Polyphils; miscellaneous substrate and material nesters that have adhesive eggs either attached
or occur in clusters on any available substrate (Simon 1999). Male bass excavate shallow nests over rock or gravel
substrata; in rivers, along gravel bars (Viosca 1931); in lakes, areas of dense cover such as brush piles, is generally
preferred (Vogele and Rainwater 1975).
 
Reproductive strategy: Guarders; nest spawners (Simon 1999). Male bass courts receptive female, guiding female
around the nest in a circular pattern, biting at her opercle and vent; this spawning activity may last 3.5 hours. Male
vigorously defends and fans the eggs in the nesting site (Vogele 1975a).
 
Fecundity: Number of eggs produced by mature female varies with size and age, ranging from 3249 in 311 mm
TL, age 3 fish, to 30,586 in a 444 mm TL, age 6 fish Maximum ova diameters in females nearing maturity (late
maturing stage) are 1.0 – 1.5 mm (Vogele 1975b). Eggs hatch in 2 days at a water temperature of 21.2 degrees C
and in about 5 days at 14-16 degrees C. Larvae remain in nest area for 4-8 days. Average number of eggs per nest
is 5016, and average number of larvae is 1476 (Vogele 1975a, b).
 
Age at maturation: By the end of their second year; some fish reach maturity after one year; generally, females are
mature at 249+ mm TL and males at 241+ mm TL (Vogele 1975a; Webb and Reeves 1975).
 
Migration: Larger individuals often migrate into tributaries during the spwning season (Pflieger 1975). Individuals
show little movement, although fish that do move tend to go downstream, averaging distances traveled of 39 km
(Funk 1955).
 
Longevity: Usually not beyond 6 years; maximum reported 11 years. Individuals found in reservoirs seem to be
longer-lived than those found in streams (Webb and Reeves 1975).
 
Growth: Species seems to grow more rapidly in reservoirs than in streams (Webb and Reeves 1975; Carlander
1977). In Tennessee reservoir populations, growth averages 160 mm TL at age 1, 280 mm TL at age 2, 345 mm TL
at age 3, and 390 mm TL at age 4 (Eschmeyer 1940; Stroud 1948; Hargis 1965). Finnel et al. (1956) reported
respective length of age classes 1-5 in an Oklahoma stream population of 84, 165, 224, 277, and 320 mm TL.
 
Food habits: Goldstein and Simon (1999) list first and second level trophic classifications for this species as
invertivore/carnivore and wholebody, respectively; main food items are insects, crayfishes, and fishes (Vogele
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1975a). Newly hatched bass feed on plankton. Fish larger than 75 mm TL commonly feed on small crustaceans
(cladocerans and copepods). Aquatic insects, including midge larvae and mayflies are eaten by all size classes, but
ingestion of aquatic insects drops about 50% in fish larger than 153 mm TL. Midge and black fly larvae primary
food items in fish up to 75 mm TL. Primary food items of individuals between 75-152 mm TL are large mayflies
(caenids and heptageniids). Diets of fish larger than 153 mm TL more commonly include terrestrial insects such as
ants, wasps, grasshoppers, beetles, flies, and dragonflies. Large bass consume crayfishes and fishes, including
gizzard shad (Dorosoma cepedianum); longear sunfish (Lepomis megalotis); and various minnows (Cyprinidae),
which may constitute a large portion of the food volume, especially in streams (Applegate et al. 1967; Mullan and
Applegate 1968; Smith and Page 1969; Ryan et al. 1970; Matthews et al. 1992). In some areas, there may be a
relationship between feeding activity and time of day, with activity highest near dusk and sunrise (Vogele 1975a).
 

Phylogeny and morphologically similar fishes
Juvenile spotted bass can be difficult to distinguish from young largemouth bass (M. salmoides). In the spotted
bass, spinous and soft dorsal fins more broadly connected than in M. salmoides; caudal fin of young spotted bass
distinctly tricolored versus the caudal fin of young M. salmoides, which has a wide black margin with a lighter
base, but lacks the orange-red pigment; pyloric caecae are unbranched in spotted bass and branched in M.
salmoides, which is a helpful character for distinguishing small specimens. Spotted bass differ from smallmouth
bass (M. dolomieu) in having a distinct lateral stripe, a tooth patch on the tongue, and a larger mouth (Ross 2001).
 

Host Records
Cestoda: Proteocephalidae, Proteocephalus ambloplitis; Trematoda: Acolpenteron ureteroecctes, Caecincola
latostoma, Caecincola parvulus, Clinostomum marginatum, Oncocleidus principalis, Phyllodistomum pearsei,
Pisciamphistoma reynoldsi, Posthodiplostomum minimum, Textrema hopkinsi, Urocleidus principalis
Nemata: Camallanus oxycephalus, Contracaecum, Spinitectus carolini, Spinitectus micracanthus, Spiroxys
contorta; Acanthocephala: Leptorhynchoides thecatus, Neoechinorhynchus clyindratum; Copepoda: Ergasilus
arthrosis (Mayberry et al. 2000).
 

Commercial or Environmental Importance
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Micropterus salmoides

largemouth bass
 
 
Type Locality

“Les rivieras de le Carolina”; Charleston, South Carolina, regarded as probable type locality (Lacepede 1802 in:
Eschmeyer 1990). 
 

Etymology/Derivation of Scientific Name
Micropterus, Greek, meaning “small fin”, name resulting from an injury to the type specimen that made it appear
that the posterior rays of the soft dorsal formed a separate fin; salmoides, from Salmo, the trout – species often
called “trout” in the southern states (Pflieger 1975).
 

Synonymy
Labrus salmoides (Lacepede 1802:716 in: Eschmeyer 1990).
 

Characters
Maximum size: 700 cm TL (Lee 1980).
 
Life colors:  Usually green with dark blotches that form a horizontal midlateral stripe. Underside is light green to
almost white (Chilton 1997). Coloration and pattern varies depending on water condition, especially turbidity;
colors more pronounced in clear water. Black, even-edged lateral line. Few scales on the lower side have dark
bases and these do not form horizontal rows of spots. Specimens from turbid waters are much lighter and
sometimes express no lateral band. Young under 150 mm TL often have a more continuous straighter-edged lateral
band, a bi-colored tail (basal 2/3 whitish orange and posterior 1/3 dusky gray) and a small caudal spot (Douglas
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1974; Williams 1983).
 

Counts: 55+ lateral line scales; 3 anal spines (rarely 2 or 4); 6-13 dorsal fin spines; 6 or 7 branchiostegals (Hubbs et
al. 1991); 13-14 dorsal rays; 10-12 anal rays; 14-16 pectoral rays (Ross 2001).
 
Body shape:  Body depth usually contained three to five times in standard length (Hubbs et al 1991).
 
Mouth position: Terminal, slightly oblique (Goldstein and Simon 1999); mouth extending well behind posterior eye
margin in fish larger than about 152 mm SL (Ross 2001).
 
External morphology:  Shortest dorsal fin spine contained 2.4 to 3.9 times in longest dorsal spine; bases of soft
dorsal and anal fins without scales; lateral line present; scales ctenoid (Hubbs et al. 1991); first and second dorsal
fins nearly separate (Ross 2001).
 
Internal morphology: Intestine well differientiated; peritoneum silvery (Goldstein and Simon 1999); pyloric caecae
branched at base (Hubbs et al. 1991); tongue usually lacks a tooth patch (Ross 2001).
 

Distribution (Native and Introduced)
U.S. distribution: Wide-ranging species originally found throughout much of the United States east of the Rocky
Mountains (Hubbs et al. 1991).
 
Texas distribution: Entire state except Panhandle region (Hubbs et al. 1991). Warren et al. (2000) list the following
drainage units for distribution of Micropterus salmoides in the state: Red River (from the mouth upstream to and
including the Kiamichi River), Sabine Lake (including minor coastal drainages west to Galveston Bay), Galveston
Bay (including minor coastal drainages west to mouth of Brazos River), Brazos River, Colorado River, San
Antonio Bay (including minor coastal drainages west of mouth of Colorado River to mouth of Nueces River),
Nueces River.
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United States are currently secure (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Lakes, ponds, reservoirs, backwaters, and slow-moving rivers and streams (Williams 1983; Chilton
1997; Ross 2001).
 
Mesohabitat: Prefers clear, quiet waters with aquatic vegetation (Lee 1980), but survives in a variety of
mesohabitats (Chilton 1997). In Texas reservoirs, a strong positive correlation exists between abundance of
Micropterus salmoides and amount of submerged vegetation; after about 20% surface coverage the relationship
deteriorates (Durocher et al. 1984). In a Texas impoundment, species was associated with shoreline cover;
association with cover decreased as water temperature increased; association with cover, on a daily basis, was
greatest near dawn (Wildhaber and Neill 1992). Growth seems to be poor for fish in salinities of over 4 ppt
(Peterson 1991); fish cannot survive for an extended period in salinities greater than 12 ppt (Meador and Kelso
1990).
 

Biology
Spawning season: Occurs in late winter or early spring, when water temperatures rise to about 15.5 degrees C
(Coutant 1975) and continuing over a temperature range of 15-24 degrees C. In Pickwick Reservoir on the
Tennessee River, spawning occurs from late March – mid-April (Miranda and Muncy 1987).
 
Spawning location: Polyphils; miscellaneous substrate and material nesters that have adhesive eggs either attached
or occur in clusters on any available substrate (Simon 1999). Nests are constructed by males, generally in 0.33 –
1.33 m of water, and are often separated from each other by 2 m or greater distance; nests may be closer if
underwater objects prevent bass from seeing one another (Clugston 1966; Heidenger 1976). Nests are usually
constructed near submerged logs, brush piles, clumps of aquatic vegetation, or under overhanging limbs, usually
over a firm bottom (Carr 1942; Vogele and Rainwater 1975; Ross 2001). Males will construct nests among the
roots or underground stems of submerged plants when a firm substratum is absent (Bruno et al. 1990).
 
Reproductive strategy: Guarders; nest spawners (Simon 1999). While constructing the nest, male places his head at
center of nest area and sweeps debris out in front of him by powerful undulation and lateral pushing movement of
the whole body; male may repeat this process many times. Male also places head at center of nest, slowly pivoting
around in a circle while actively beating pectoral, second dorsal, and caudal fins; consequently, the radius of nest is
usually equal to length of the fish (Carr 1942). After construction of nest is complete, male leaves nest area to
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search for ripe females, luring them back to the nest with courtship displays which include rapid changes in color
pattern. While spawning, male and female remain above the nest area side by side and angled in such a way that
ventral areas of both are close together; eggs and sperm are shed at the same time. After spawning, male fans the
eggs day and night and chases away potential predators (Carr 1942; Ross 2001). Male guards nest for several
weeks. During this time male does not feed; male will remove a potential predator (or artificial bait) from nest,
carrying it in his mouth (Carr 1942; Heidenger 1976). When heavy fishing occurs over nest of a guarding male, he
will be frightened away from the area, and a greater mortality of eggs and fry will result from this action (Carr
1942).
 
Fecundity: Fertilized eggs demersal and adhesive; ripe, water-hardened eggs relatively large, ranging from 1.4 –
1.8 mm in diameter, yellow to orange in color; nest may contain 5000 – 43,000 eggs (Carr 1942; Merriner 1971;
Heidinger 1976). Hatching occurs in 3 days at a water temperature of 19.6 degrees C and in 4 days at 15.6 degrees
C (Kramer and Smith 1960).

 
Age/size at maturation: Maturity related more to size than to age; females mature at about 200 g and 25 cm TL;
males at 160 g and 22 cm TL (Heidinger 1976).
 
Migration:  During spawning periods, in Florida, fish may travel about 3 km from their normal home range to
shallow, protected spawning sites (Mesing and Wicker 1986).
 
Longevity: Females tend to live longer than males. In the southeast, males tend to have a maximum lifespan of 5-7
years, and females up to 10 years (Padfield 1951; Webb and Reeves 1975).
 
Growth and population structure: Growth rate greatest at water temperatures of 25-27 degrees C (Coutant 1975).
Average TL for southeastern largemouth bass are 147-173 mm , 274-295 mm, 333-358 mm, 381-401 mm, 429-460
mm, and 455-500 mm for years 1-6 respectively (Schultz 1968; Webb and Reeves 1975). Females tend to grow
somewhat faster than males, averaging about 25 mm longer than males by their fifth year, and attain larger
maximum sizes (Padfield 1951; Webb and Reeves 1975). Newly hatched larvae are 3.0 – 5.5 mm TL; initially sink
to bottom of nest area, where they lie on their sides with large yolk sac facing up for 5-7 days before moving into
water column to begin feeding (Kramer and Smith 1960). Egg and larval development described by Carr (1942);
Meyer (1970); Chew (1974), and Kramer and Smith (1960).

 
Food habits: Goldstein and Simon (1999) list first and second level trophic classifications as invertivore/carnivore
and wholebody, respectively; sight feeder. Two basic feeding modes reported: midwater attack and benthic attack
(Nyberg 1971). Fish rise from the nest and begin feeding on microcrustacean nauplii and rotifers at lengths ranging
from 5.9 – 6.3 mm TL (Kramer and Smith 1960).Fish smaller than 48.3 mm TL feed on small crustaceans, but
rotifers are no longer an item included in diet. Primary food items of fish 50.8-101.6 mm TL: aquatic insect larvae;
water bugs (Corixidae); decapod crustaceans (including grass shrimp and crayfishes); and bluegill (Lepomis
macrochirus), threadfin shad (Dorosoma petenense), and inland silverside (Menidia beryllina). Adults feed heavily
on fishes including threadfin shad (Dorosoma petenense), gizzard shad (Dorosoma cepedianum), various minnows
(Cyprinidae), sunfishes (Centrarchidae), and darters (Percidae), while continuing to consume aquatic insects
(especially large insects such as dragonfly larvae; Carr 1942; McLane 1948; Applegate et al. 1967; Schramm and
Maceina 1986; Matthews et al. 1992).
 

Phylogeny and morphologically similar fishes
Micropterus salmoides is sympatric with the spotted bass (M.  punctulatus) and sometimes identities (especially of
young) confused (Douglas 1974); however, young M. salmoides usually lack the white, black, and yellow-orange
caudal fin coloration of M. punctulatus (Ross 2001). M. salmoides may be distinguished from other bass by the
following characters: spinous and soft dorsal fins are nearly separate; 9-12 rows of cheek scales versus greater than
12; pyloric caecae are branched; maxilla extends posteriorly beyond the eye (Ross 2001).
 

Host Records
Gyrodactylus macrochiri (Rawson et al. 1973; Harris et al. 2004); Textrema hopkinsi  (Dronen et al. 1977) ;
Cestoda (5); Trematoda (28); Nemata (10); Acantocephala (3); Copepoda (3; Mayberry et al. 2000).
 

Commercial or Environmental Importance
This game species has been widely introduced and transplanted throughout the world (Hubbs et al. 1991). This
species is by far the most sought-after recreational fish in Texas and beyond. Hundreds of clubs in Texas devoted
to bass angling and conservation (Douglas 1974; Williams 1983; Chilton 1997).
 
Golden shiners (Notemigonus crysoleucas; Kramer and Smith 1960) and lake chubsuckers (Erimyzon sucetta; Carr
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1942) have been documented from nesting areas of Micropterus salmoides; spawning over the area in order to take
advantage of care given by the M. salmoides male.
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Pomoxis annularis

white crappie
 
 
Type Locality

Ohio River (Rafinesque 1818).
 

Etymology/Derivation of Scientific Name
Pomoxis, Greek, meaning “opercle sharp”, in reference to the spines on the gill cover; annularis, Latin, meaning
“having rings”, in reference to the dark bands extending around the body (Pflieger 1975).
 

Synonymy
Pomoxis annularis: Rafinesque 1818:41; Large 1903:23; Forbes and Richardson 1908:238-240; O’Donnell
1935:487; Smith 1965:10. 
Pomoxys annularis:  Nelson 1876:37; Jordan 1878.
 

Characters
Maximum size: 510 mm TL (Carlander 1977).
 
Coloration: Body pigmentation in vertical bands (Hubbs et al. 1991). Eyes greenish yellow; upper head and back
darkish greenish with bluish, greenish, and silver overtones; sides with greenish wash over silver ground color and
with 5-10 darker, irregular vertical bars; ventral head and abdomen whitish. Dark spots present on the operculum.
Dorsal, caudal, and anal fins marked with dark vermiculations and light spots (Sublette et al. 1990).

 
Counts:  Usually 6 dorsal fin spines; 5-8 anal spines; 6 or 7 branchiostegals (Hubbs et al. 1991); 38-50 lateral line
scales; 14-15 dorsal rays; 6 (5-6) anal spines; 17-19 anal rays; 15 pectoral rays (Ross 2001).
 
Body shape:  Laterally compressed (Sublette et al. 1990).
 
Mouth position: Terminal, somewhat oblique (Goldstein and Simon 1999).
 
External morphology: Length of dorsal fin base less than distance from its origin to posterior margin of eye; lateral
line present (complete and arched upward anteriorly; Ross 2001); scales ctenoid (Hubbs et al. 1991).
 
Internal morphology: Intestine well differentiated; silvery peritoneum; pyloric caecae present; jaws, palantines, and
pharyngeal arches with numerous small, sharp teeth (Goldstein and Simon 1999; Sublette et al. 1990).
 

Distribution (Native and Introduced)
U.S. distribution: Natural range restricted to freshwaters of east central North America from southern Ontario and
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southwestern New York west of Appalachians, south to Gulf coast and west to Texas, South Dakota, and southern
Minnesota; widely introduced into other suitable waters in United States (Lee 1980).
 
Texas distribution: Occurred naturally in the eastern two-thirds of Texas, but introduced populations now may be
found statewide except in the upper Texas portions of the Rio Grande and Pecos basins (Hubbs et al 1991). Warren
et al. (2000) list the following drainage units for distribution of Pomoxis annularis in the state: Red River (from the
mouth upstream to and including the Kiamichi River), Sabine Lake (including minor coastal drainages west to
Galveston Bay), Galveston Bay (including minor coastal drainages west to mouth of Brazos River), Brazos River,
Colorado River, San Antonio Bay (including minor coastal drainages west of mouth of Colorado River to mouth of
Nueces River), Nueces River.

 
Abundance/Conservation status (Federal, State, NGO)

Populations in the southern drainages are currently secure (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Streams, lakes, ponds, slow-moving areas of large rivers (Lee
1980). Species was rare in river channel samples, but abundant in oxbow lakes of the Brazos River, Texas (Zeug et
al. 2005).
 
Mesohabitat: In Lake Texoma (Oklahoma-Texas) species was abundant in nearly all parts of lake down to a depth
of 50 feet; most frequently taken at depths less than 10 feet during April and May, and at depths ranging from 25-
40 feet, from November – February; occasionally found in tail waters (Riggs and Bonn 1959). In reservoirs,
juvenile and nonspawning adults occur in open water and show pattern of vertical migration, moving nearer the
surface at night. In summer, fish move to cool water and are found near or below thermocline in lakes. As water in
this area is often devoid of oxygen, fish may be forced into a narrow zone around thermocline where sufficient
oxygen can be found, as well as lower water temperatures (O’Brien et al. 1984; Ross 2001).
 

Biology
Spawning season: In Texas, late March - early May (Schloemer 1947).
 
Spawning location: Phytophils; plant material nesters that have adhesive eggs and free embryos that hang on plants
by cement glands (Simon 1999). Nesting at depths of 5 cm to 1.5 m, generally within 10 m of the shore, on hard
clay or gravel, or on the roots of aquatic or terrestrial plants on which eggs are deposited (Hansen 1965; Siefert
1968). Demersal, adhesive eggs may drift outside of nest area and attach to logs, vegetation, or other structure
(Hansen 1943, 1965). Taber (1969) reported that spawning was associated with inundated terrestrial vegetation in
Lake Texoma, Oklahoma-Texas.
 
Reproductive strategy: Guarders; nest spawners (Simon 1999). Nests averaging 30 cm in diameter, irregularly
shaped, often shallow and ill-defined, are built by the male who sweeps out sediment from an area using fin and
body movements (females occasionally display nest-sweeping behavior); male actively defends territory of about 1
m² around the nest site (Hansen 1965; Siefert 1968). Male guards nest area against egg predators and may court
and spawn with several females (Siefert 1968).
 
Fecundity: Morgan (1954) reported fecundity, indicated by ovarian egg counts, markedly varied with size of
female; 149 mm TL individual producing about 1,900 eggs, while a 330 mm TL fish produced 325,677 eggs.
Fertilized eggs are adhesive, demersal, averaging 0.90 mm in diameter (Hansen 1943). Eggs hatch in 42 hours at
water temperature of 22.8 degrees C and in 93 hours at 14.4 degrees C. Larvae remain in nest area until 4.1-4.6 mm
TL, this length usually reached between 2.1-6.8 days (Siefert 1968).
 
Age at maturation: In Texas, some individuals mature at age 1 (Carlander 1977); in Illinois, maturity was reached
by 2 or 3 years (Hansen 1951).
 
Migration:
 
Longevity: About 8 years, may live up to 10 years in more northern areas (Muoneke et al. 1992).
 
Food habits: Goldstein and Simon (1999) list first and second trophic level classifications as invertivore/carnivore
and whole body, respectively.  Carlander (1977) lists rotifers, copepod nauplii, and Bosmina as first foods eaten,
with Daphnia, Diatomus, and Leptodora eaten as size increased; zooplankton primary food source during first year,
with some amphipods and chronomids taken in late fall and early spring; entomostraca continues to be significant
food source throughout life in most water; insects and forage fish usually main food source for large crappies.
Threadfin shad (Dorosoma petenense) comprised over 97% of the volume of food in the diet of the Benbrook
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Lake, Texas population, except period from March – May when plankton and insect larvae contributed up to 45%
(Greene and Murphy 1971).
 
Growth: In Texas, average condition increased with length and also when numbers of crappies were reduced,
condition was highest in the winter when metabolic rates were low and were lowest in the spring, when food was
scarce, improving in summer and fall; little evidence of sex differences in growth (Carlander 1977). Averages of
fish from Mississippi were: 114 mm TL after one year, 171 mm TL  after two years, 223 mm TL after three years, 
245 mm TL after four, 281 mm TL after five, 291 mm TL after six, 333 mm TL after seven, and 365 mm TL after
eight (Hammers and Miranda 1991).

 
Phylogeny and morphologically similar fishes

This species is most similar to the black crappie (Pomoxis nigromaculatus), drom which it differs in having 5-6
rather than 7-8 dorsal spines, a shorter dorsal fin base (length of the fin is less than distance from dorsal origin to
the eye), more distinct bands on sides, and a somewhat shallower body. White crappie differs from all other
sunfishes in having less than 10 dorsal spines (Ross 2001). P. annularis more tolerant of turbidity and siltation than
P. nigromaculatus (Carlander 1977; Lee 1980). P. annularis known to hybridize naturally with black crappie (P.
nigromaculatus); artificially crossed with other genera (Schwartz 1972; Travnichek et al. 1996).
 

Host Records
Species reported to host: Gyrodactylus goerani (Harris et al. 2004); Cestoda (2), Trematoda (9), Nemata (4),
Acanthocephala (2), Copepoda (3; Mayberry et al. 2000).
 

Commercial or Environmental Importance
Although the natural range of this species through most of the south-central U.S., widely stocked as a game fish
(Hubbs et al 1991). One of the most important game fishes in Lake Texoma (Oklahoma-Texas; Riggs and Bonn
1959). In Missouri, ranks as one of most popular panfishes, as it is fairly large in size and readily caught (Pflieger
1975).
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Pomoxis nigromaculatus

black crappie
 
 
Type Locality

Wabash River, Ohio (LeSueur 1829 in: Cuvier and Valenciennes 1829).
 

Etymology/Derivation of Scientific Name
Pomoxis – sharp opercle; as opposed to an extended in a flap as in some other sunfishes; nigromaculatus – black
spotted (Pflieger 1975).
 

Synonymy:
Cantharus nigro-mactulatus LeSueur 1829 in: Cuvier and Valenciennes 1829:65
Pomoxys nigromaculatus Hay 1881:500.
Pomoxis nigromaculatus Cook 1959:175.
Pomoxys sparoides Hay 1883:62
Pomoxis sparoides Hildebrand and Towers 1928:127
Pomoxis barberi Hildebrand and Towers 1928:128.
 

Characters
Maximum size: Up to 559 mm TL (Carlander 1977).
 
Life colors: Body pigmentation in scattered spots (Hubbs et al. 1991). Eyes yellowish brown; dark spot at margin
of opercle. Upper head and back green with blueish, greenish, and silvery overtones; sides lighter green with
randomly scattered dark splotches; ventral head and abdomen whitish. Dorsal, anal, and caudal fins with yellowish
to greenish spots and vermiculations. Breeding male usually darker and more intensely colored than female
(Sublette et al.1990). Buchanan and Bryant (1973) note a black predorsal stripe, extending around the snout onto
the chin, present in about 30% of specimens in some areas.
 
Counts: 7or 8 dorsal fin spines; 5-8 anal spines; 6 or 7 branchiostegals (Hubbs et al. 1991); 31-44 lateral line
scales; about 29 long, slender gill rakers (Sublette et al. 1990); 14-16 dorsal rays; 17-19 anal rays; 14-15 pectoral
rays (Ross 2001).
 
Body shape: Strongly compressed; greatest body depth about the origin of dorsal fin; back rounded (Sublette et al.
1991).
 
Mouth position: Terminal, oblique (Goldstein and Simon 1999).
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External morphology: Length of dorsal fin base equal to or greater than distance from its origin to posterior margin
of eye; lateral line present (complete and arched upward anteriorly; Ross 2001); scales ctenoid (Hubbs et al 1991);
pectoral fins elongate, broad, rounded; pelvic fins thoracic, tips rounded; anal fin truncate to rounded; caudal fin
slightly forked, lobes rounded (Sublette et al. 1990).
 
Internal morphology: Intestine well differentiated; peritoneum silvery; pyloric caecae present (Goldstein and Simon
1999); small, sharp teeth on jaws and palantines (Sublette et al. 1991).
 

Distribution (Native and Introduced)
U.S. distribution: Native range originally included eastern Great Plains, north through the Great Lakes region and
east to the southern Atlantic coastal drainages of Virginia (Hubbs et al. 1991).
 
Texas distribution: Native range originally included the central part of the state eastward, exclusive of the Edwards
Plateau (Hubbs et al. 1991). Warren et al. (2000) list the following drainage units for distribution of Pomoxis
nigromaculatus in the state: Red River (from the mouth upstream to and including the Kiamichi River), Sabine
Lake (including minor coastal drainages west to Galveston Bay), Brazos River, Colorado River, San Antonio Bay
(including minor coastal drainages west of mouth of Colorado River to mouth of Nueces River), Nueces River.
 

Abundance/Conservation status (Federal, State, NGO)
Populations in southern drainages are currently stable (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: Inhabits large ponds and shallow areas of lakes (Lee 1980). Commonly found in slower sections of
large streams, oxbow lakes, and reservoirs (Ross 2001).
 
Mesohabitat: Occurs in quiet warm waters; usually associated with abundant aquatic vegetation and sandy to
muddy bottoms (Lee 1980). Occupy middle to upper sections of water column (Ross 2001). In reservoirs, they may
be associated with inundated terrestrial vegetation, and as the material deteriorates over time, the black crappie
may decline in abundance relative to the white crappie (Ball and Kilambi 1972). In Lake Texoma (Oklahoma-
Texas), where the species was stocked shortly after impoundment, white crappie were reported by Riggs and Bonn
(1959) to be very rare; only two specimens taken during 1954-1959, from a site along with several thousand white
crappie. Fish move mostly at night or in the early morning, and in reservoirs (if not other habitats as well) tend to
move from open waters during the day to shore at night (Guy et al. 1992; Keast and Fox 1992). Movement also
increases during periods of rising barometric pressure (Guy et al. 1992).
 

Biology
Spawning season: In Texas, late March – early May (Schloemer 1947); in Florida, early spring (Reid 1949; Huish
1958).
 
Spawning habitat: In shallow water (Reid 1949; Huish 1958); fish prefer nesting areas near cover of some kind,
especially emergent or floating vegetation (Reid 1949).
 
Reproductive Behavior: Guarders; nest spawners; phytophils, plant material nesters that have adhesive eggs and
free embryos that hang on plants by cement glands. Species adapted to nesting on or above soft muddy bottoms
(Simon 1999). Spawning behavior approximates that of the white crappie (Pomoxis annularis) except that nests are
more associated with vegetation where possible and it may have a preference for cleaner substrates (Carlander
1977; Etnier and Starnes 1993). Males guard the nest, usually feeding on a close-by food source such as
amphipods associated with vegetation during this time (Reid 1949).
 
Fecundity: Eggs demersal and adhesive; incubate in 48-68 hours at 18.3 degrees C; water-hardened, ripe eggs are
small compared to other members of the family, averaging only 0.93 mm in diameter (Merriner 1971). Fish in the
3-8 year age group produce 3,000-188,000 eggs (Vessel and Eddy 1941).
 
Age at maturation:
 
Migration: Fish move into shallow water in early spring for spawning (Reid 1949; Huish 1958).
 
Growth and Population structure: In Alabama, fish averaged 136 mm TL after one year, 202 mm after two, 257 mm
after three, and 299 mm TL after four years (Reed and Davies 1991).
 
Longevity: Up to 10 years (Huish 1958).
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Food habits: Invertivore/carnivore (Goldstein and Simon 1999). Primarily nocturnal foragers, though may feed
occasionally during the day (Huish 1958; Keast 1968a; Helfman 1981; Keast and Fox 1992). Pomoxis
nigromaculatus are less efficient than white crappie (P. annularis) at taking fishes in turbid water, resulting in
increased mortality of individuals larger than 200 mm TL. Feeding activity may shift to late afternoon as a result of
high turbidity (Ellison 1984). Very small fish eat mainly microcrustaceans (copepods and cladocerans) and midges
(chironomids); fish about 60 - 115 mm TL consume mainly small crustaceans and small insect larvae and pupae,
rarely fishes; fish 116 - 160 mm TL include fish regularly in the diet. Due to the fact that fish larger than 160 mm
TL cannot ingest enough zooplankton to maintain a positive growth rate, they primarily consume minnows and
sunfishes (Reid 1949; Ellison 1984). Keast and Webb (1966), Keast and Welch (1968), and Keast (1968a, 1968b)
reported food volume up to 70% Chaoborus larvae, 50% cladocerans, 20% copepods, 25% fishes, 15% flying
insects, 25% chironomid pupae and larvae, etc.; food habits of this species likely similar throughout range.
 

Phylogeny and morphologically similar fishes
The black crappie is most similar to the white crappie (Pomoxis annularis), but differs in having 7-8 rather than 5-
6 dorsal spines, a longer dorsal fin base (the length of fin base is greater than or equal to the distance from dorsal
origin to eye), and a somewhat deeper body. The black crappie differs from other centrarchids in having 7-8 dorsal
spines versus 10 or more (Ross 2001). Black crappie generally prefer cleaner, deeper and cooler waters than do
white crappie (Carlander 1977). Black crappie known to hybridize in nature only with the white crappie (Pomoxis
annularis); artificially crossed with other genera (Schwartz 1972; Travnichek et al. 1996).
 

Host Records
Gyrodactylus goerani host, Gyrodactylus lineadactylus host (Harris et al. 2004). Listed for species throughout
entire range: protozoans (14), trematodes (19), cestodes (5), nematodes (9), acanthocephalans (4), leeches (1;
Hoffman 1967).
 

Commercial or Environmental Importance
In Texas, the black crappie has been widely introduced as a game species, although not to the extent of the white
crappie (Pomoxis annularis; Hubbs et al. 1991). This species spawns about the same time as largemouth
(Micropterus salmoides) or spotted (Micropterus punctulatus) basses, and is therefore less affected by bass
predation; this may result in overpopulation and stunting (DeVries and Stein 1990; Reed and Davies 1991).
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Ammocrypta clara
western sand darter

 
 
Type Locality

Des Moines River, Ottumwa, Iowa (Jordan and Meek1885).
 

Etymology/Derivation of Scientific Name
Ammocrypta, Greek, meaning “sand concealed,” in reference to the habit of lying buried in the sand; clara, Latin
meaning “clear,” in reference to the translucent appearance of the species (Pflieger 1997).
 

Synonymy
Ammocrypta clara Jordan and Meek 1885:8.
 

Characters
Maximum size: 70 mm (Etnier and Starnes 1993).
 
Coloration: Live fish are a translucent, pale yellow. There are 12-18 dark, narrow dorsal blotches and narrow
horizontal “dashes” along the lateral line, with the latter more prominent in males (J.D. Williams 1975). Lateral
blotches longer than deep (Hubbs et al. 1991). Lateral scale margins are outlined in black. The undersides of the
head and body are unpigmented except for a narrow midventral black stripe that extends from the anal base to the
caudal fin. Head pigmentation consists of scattered melanophores dorsally, a band of melanophores anterior to the
eyes and extending onto the snout and scattered melanophores posterior to the eyes. The median fins are lightly
spotted near the bases and along the fin elements; pectoral fins have small spots at the bases and pelvic fins are
clear (Ross 2001).

 
Counts: Lateral line scales 63-84; 10-12 (9-13) dorsal rays; 9-13 dorsal spines; pectoral fin rays 13-14 (12-15);
principle caudal fin rays 15-16 ; gill rakers 10-12; vertebrae 39-40 (38-42; Etnier and Starnes 1993); 1 anal spine;
8-9 (8-11) anal rays (Ross 2001).
 
Body shape: Very slender, almost cylindrical (Becker 1983); body depth contained in standard length more then
seven times; upper jaw not extending as far as to below middle of eye (Hubbs et al. 1991); minute teeth in narrow
bands on upper and lower jaws (Becker 1983).
 
Mouth position: Terminal (Goldstein and Simon 1999).
 
External morphology: Scales restricted to lateral line region; belly naked; preopercle smooth or weakly serrate
(Hubbs et al. 1991); length of longest gill rakers about 3 times their basal width (Etnier and Starnes 1993); large
mouth (Ross 2001). Males develop breeding tubercles on the anal, lower caudal, and pelvic fins (Collette 1965).
 

Distribution (Native and Introduced)
U.S. distribution: Occurs in the mainstream Mississippi River and its larger tributaries, from southern Minnesota
and Wisconsin (including Lake Michigan drainage) southward into Mississippi, Louisiana and Texas (Williams
1975).
 
Texas distribution: The range of this species extends from Neches, Sabine, and Red River basins (Jordan and Meek
1885; Williams 1975; Stauffer 1980; Hubbs et al. 1991; Warren et al. 2000).
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Abundance/Conservation status (Federal, State, NGO)

Not listed as threatened or endangered by Texas Parks and Wildlife Department
(2006). Considered vulnerable in the southeastern drainages (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: In habits medium to large streams where it occurs in sandy areas with moderate current (Etnier and
Starnes 1993; Carlander 1997). This species has the habit of burying itself in soft sand with nothing visible but its
eyes and mouth (Cahn 1927); western sand darter buries itself in the same manner described for other sand darters
(Page 1983).

 
Mesohabitat: Specimens from Powell River, Tennessee, were taken from a slight depression in bedrock which
contained deposits of silty sand; water depth averaged about 1 m (Etnier and Starnes 1993). Found over soft sand
and gravel substrate in clear to turbid water usually less than 1 m deep (Carlander 1997). Occur in waters having
slight to moderate current over sandy substrata (Starnes et al.1977; Keuhne and Barbour 1983).
 

Biology
Spawning season: In East Texas, record of a ripe female on 8 April and fertilization of darter eggs by male A. clara
on 5 April (Hubbs 1985). Based on breeding tubercles and ovary examination, height of spawning season occurs in
July and early August; females with mature eggs found in late August (Williams 1975).
 
Spawning habitat: Open substratum spawners; Psammophils are sand spawners with adhesive eggs (Simon et al.
1992; Simon 1999).
 
Reproductive strategy: Nonguarders; open substratum spawners; psammophils; sand spawners with adhesive eggs,
free embryos not possessing cement glands, free embryos with large pectorals, larvae with weakly developed
respiratory structures and large neuromasts (cupulae), and phototropic larvae (Balon 1991; Simon et al.1992;
Simon 1999). Reproductive strategy for Ammocrypta clara may be like that of the eastern sand darter A. pellucida
(Putnam): A. pellucida male takes position above the female and both vibrate rapidly, burying their tails and caudal
peduncles in the sand. Sometimes a second positions himself beside and vibrates as well (Pflieger1997).
 
Fecundity: Lutterbie (1979) found mature ova collected from females in Wisconsin, June-September, to measure
0.8-1.0 mm in diameter and vary in number from 61 to 324 depending on size of female. Lutterbie (1976) reported
that eggs appeared in three size classes: yellow eggs, 0.5 mm diameter; orange eggs, 0.75 mm; and orange eggs,
1.00 mm.
 
Age at maturation:
 
Migration:
 
Growth and population structure: From 178 specimens collected in Wisconsin, Lutterbie (1979) calculated a mean
total length of about 44 mm at the first annulus, 56 mm at the second, and 61 mm at the third. Females usually
 larger and more abundant that males in collections (Lutterbie 1976; Stauffer 1980).
 
Longevity:
 
Food habits: Invertivore; benthic; feeding on aquatic insects (Forbes and Richardson 1920; Goldstein and Simon
1999). Diet includes mayfly nymphs (Ephemeroptera), midge larvae (Diptera), and Hyalella (Carlander 1997).
 

Phylogeny and morphologically similar fishes
The western sand darter is most similar to the scaly sand darter; differing from A. vivax in usually having 7 or
fewer transverse scales (Ross 2001).
 

Host Records
 
 

Commercial or Environmental Importance
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Etheostoma radiosum

orangebelly darter
 

 
THIS ACCOUNT IS IN PROCESS.  PLEASE CHECK BACK LATER FOR ADDITIONAL INFORMATION.

 
 
Type Locality

Sugar Loaf Creek, tributary of Caddo River, Ouachita River system, on. U.S. Highway 70, in Township 4S, Range
22W, Hot Spring County, Arkansas (Hubbs and Black 1941).
 

Etymology/Derivation of Scientific Name
Etheostoma, from the Greek etheo, “to strain,” and stoma, mouth” (Pflieger 1997); radiosus – referring to the large
number of soft dorsal rays (Hubbs and Black 1941).
 

Synonymy
Variation and systematics of Etheostoma radiosum were reviewed by Matthews and Gelwick (1988) who
recognized three subspecies previously named by Moore and Rigney (1952): E. radiosum radiosum (inhabiting the
Ouchita and Little rivers, Arkansas and Oklahoma), E. r. paludosum (Kiamichi, Boggy and Washita rivers,
Oklahoma), and E. r. cyanorum (Blue River, Oklahoma). Echelle et al. (1975) analyzed variability in lactate
dehydrogenase and esterase isozymes in Etheostoma radiosum and compared to patterns of morphological
variability described by Moore and Rigney (1952).
 
Poecilichthys whipplii radiosus Hubbs and Black 1941:10-14.
Poecilichthys radiosus
 

Characters
Maximum size: 85 mm TL (Page and Burr 1991).
 
Coloration: Vertical blotches on sides of body most distinct posteriorly; a black spot at upper margin of pectoral
fins (Hubbs et al. 2008). Page and Burr (1991) described coloration of species: short dark bars (rear bars long)
along side, cut into upper and lower halves by yellow lateral line; body olive to tan above, 8-10 dark saddles; body
white to orange below; black teardrop present; dorsal, caudal, and anal fins with blue edge and middle red band
(faint on female); on large males, branchiostegal membranes orange and pelvic fins blue. Scalet (1973b) noted that
color of females fades as breeding season approaches, while colors of the male intensify; in males, the humeral
spot and the anteriormost saddle on the dorsal portion of the body become brilliant blue-green, the blue-green color
of the pelvic fins intensifies and pelvic fins are tipped with orange, the breast and belly become bright orange, and
colors of other fins and general body surface intensify.
 
Counts: Anal fin spines 2; more than 6 pored lateral line scales; less than 77 scales in lateral line (Hubbs et al.
2008); 47-66 (usually 52-61) lateral scales (Page and Burr 1991).
 
Mouth position:
 
Body shape: Body cross section oval; body depth contained in standard length less than 5 times; pectoral fin shorter
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than head, not reaching anus; head profile rounded, profile in front of eye less than 45 degrees; snout not extending
beyond upper lip; upper jaw not extending as far as to below middle of eye (Hubbs et al. 2008).

 
External morphology: Gill membranes rather widely joined across the isthmus; lateral line straight; scales on belly
normal; preopercle smooth or weakly serrated (Hubbs et al. 2008). Genital papilla of female is long and conical
(Page 1983). During the breeding season, males develop conical breeding tubercles located in the ventral portion of
the body, extending from just behind pelvic fin origins to the anal fin origin (Scalet 1973b).
 

Distribution (Native and Introduced)
U.S. distribution: Primarily found in Red River tributaries in Oklahoma and Arkansas (Hubbs and Black 1941;
Hubbs et al. 2008). Matthews and Gelwick (1988) and Moore and Rigney (1952) recognized three subspecies of
Etheostoma radiosum: E. radiosum radiosum (inhabiting the Ouchita and Little rivers, Arkansas and Oklahoma),
E. r. paludosum (Kiamichi, Boggy and Washita rivers, Oklahoma), and E. r. cyanorum (Blue River, Oklahoma).
 
Texas distribution: Red River (Hubbs and Black 1941; Hubbs et al. 2008).
 

Abundance/Conservation status (Federal, State, NGO)
Special Concern (Texas; Hubbs et al. 2008). Currently Stable (Warren et al. 2000) in the southern United States.
Etheostoma radiosum widespread and abundant (Page 1983). Riggs and Bonn (1959) reported collection of four E.
radiosum specimens from Butcher Pen Creek (Lake Texoma), Johnston County, Oklahoma, during the collection
period from 1948-1958.
 

Habitat Associations
Macrohabitat: Streams (Scalet and Platania 1980); creeks, small to moderate-sized rivers (Page and Burr 1991).
 
Mesohabitat: Etheostoma radiosum inhabits a variety of habitats ranging from high gradient streams to more
sluggish lowland streams; apparently preferring riffle areas of gravel-bottoms streams with moderate to high
currents (Scalet and Platania 1980). In the Blue River, Oklahoma, E. r. cyanorum primarily associated with clear,
flowing, rocky-bottomed raceways in the upper two-thirds of the river system: adults exhibited very little
movement within the stream, while larval and young-of-year fish exhibited stream movement; postlarval fish were
found in quiet water or pool areas of the stream; with increase in size, fish moved into progressively swifter water,
and were found in raceway areas of the stream (adult habitat) at approximately 25 mm TL (Scalet 1973a).
Collected from both isolated and connected pools in Cucumber Creek (third-order, upland stream) in the Mountain
Fork drainage (Little River system), Oklahoma (Taylor 1997). Taylor (2000) sampled riffle and pool habits at
upland localities in the Little River system and found E. radiosum to be associated with riffles. Laboratory testing
indicated that E. r. cyanorum does not actively seek a particular thermal regime, but moves merely to avoid adverse
conditions, and probably makes little use of temperature as a cue in habitat selection (Hill and Matthews 1980).
 

Biology
Spawning season: E. r. cyanorum spawns February to May, but mainly between mid-March and mid-April (Scalet
1973b).
 
Spawning habitat: E. r. cyanorum select small (3-5 mm in diameter) areas of gravel located in moderate current
portions of raceway sections of the stream for spawning (Scalet 1973b). Protolarvae are passively swept into quiet
water areas of the stream after hatching in raceway sections, or small bits of gravel on which eggs are attached
may be carried by the water current into pool or quiet water areas prior to hatching (Scalet 1973a).
 
Spawning behavior: Spawning occurred in daylight hours, but not at night; male will follow and nip at the female
while displaying brightly colored fins; when ready to spawn, the female will partially bury herself in the gravel or
sand substrate, after which the male mounts her and the pair vibrate releasing eggs and sperm; female will move to
another area where the process is repeated, sometimes with either the original male or another (Scalet 1973b; Page
1983).
 
Fecundity: Scalet (1973b) reported that peak gonadal development for E. r. cyanorum occurred in March, April and
May, at which time the ovaries of females constituted approximately 10-15% of the body weight; fecundity was
low, ranging from 51-270 mature eggs per female (based on counts from 11 specimens ranging from 35-55 mm
SL) depending on size; fertilized eggs yellowish in color, spherical, transparent, demersal and adhesive, range in
size from 1.2-1.5 mm; eggs laid singly or in clusters of up to 12.
 
Age/size at maturation: E. r. cyanorum reaches sexual maturity and spawns at 1 year old (Scalet 1973b).
 
Migration: Scalet (1973a) observed a type of migration in the Blue River proper (Oklahoma); just after spawning,
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large numbers of adults were found congregating in thick stands of Myriophyllum heterophyllum (water milfoil)
where food was abundant, just after spawning; almost all individuals in these areas were completely spent, while
individuals collected in spawning areas only a short distance away were still in spawning condition; apparently
adults moved to areas with abundant food post-spawn.
 
Growth and population structure: Males slightly larger than females of the same age (Scalet 1973b). Scalet (1973a)
reported approximately 2.7 adults present per square meter of raceway in the Blue River, Oklahoma study area.
 
Longevity: Up to 4 years (Scalet 1972, 1973b).
 
Food habits: Goldstein and Simon (1999) listed first and second level trophic classifications for this species as
invertivore and benthic, respectively; main food items include crustaceans, mayfly and other insect larvae. In
Glover Creek, Oklahoma, the diet of E. r. radiosum consisted primarily of aquatic insect larvae, especially
dipterans, although a wide variety of other organisms were eaten; fish apparently fed selectively as frequency of
major food items shifted noticeably between seasons; juveniles and adults diets differed significantly (Jones and
Maughan 1989). In the Blue River, Oklahoma, diet of E. r. cyanorum adults consisted primarily of aquatic insect
larvae and naiads (Tendipedidae, Baetidae, Hydropsychidae, Ephemeridae, and Simuliidae); young fish fed
primarily on copepods and cladocerans; when fish reached approximately 16 mm TL the primary source of food
consisted of ephemerids and dipteran larvae; fish from 22-30 mm TL fed mainly on small ephemerids, dipteran
larvae, hydropsychids and baetids; both adults and juveniles were selective feeders (Scalet 1972). Scalet (1974)
reported presence of four E. r. cyanorum eggs in two daters of the same subspecies, but noted that this predation
was accidental or of little importance. In a study under laboratory conditions, Linder (1958) reported that E.
radiosum ate their own eggs.
 

Phylogeny and morphologically similar fishes
Etheostoma radiosum differs from E. artesiae (redspot darter) in that no discrete red or yellow spots are present on
side of body, and the vertical blotches on sides of body are most distinct posteriorly; E. artesiae has discrete red (in
males) or yellow spots (in females) on side of body, and the vertical blotches on sides of body are usually not
prominent (Hubbs et al. 2008).
 
Hybridization between Etheostoma spectabile and E. radiosum occurs in the Blue River, Oklahoma (Page 1983),
and hybridization between these two species has been studied (Linder 1955, 1958; Branson and Campbell 1969;
Echelle et al. 1974; Hubbs 1959, 1967; Mendelson 2003a, 2003b).

 
Host Records

Scalet (1971) reported the following parasites from Etheostoma radiosum: Illinobdella moorei, a piscicolid leech;
Crepidostomum cooperi, a digenetic trematode; and Uvulifer ambloplitis, the black-spot or black grub.
 

Commercial or Environmental Importance
Scalet (1974) examined twenty possible predator fishes of E. r. cyanorum and found no evidence of predation on
either adult, juvenile, larval or egg stages, with the exception of four eggs eaten by two orangebelly darters.
 
Matthews et al. (2006) reported that this species was used successfully in a modular experimental riffle-pool
stream system
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Perca flavescens

yellow perch
 

 
THIS ACCOUNT IS IN PROCESS.  PLEASE CHECK BACK LATER FOR ADDITIONAL INFORMATION.

 
 
Type Locality

New York (Mitchill 1814).
 

Etymology/Derivation of Scientific Name
 
 

Synonymy
Morone flavescens Mitchill 1814:18.
 

Characters
Maximum size: 40 cm TL (Page and Burr 1991).
 
Coloration: Peritoneum silvery (Goldstein and Simon 1999).
 
Counts: Anal fin soft rays 6 to 8 (Hubbs et al. 2008
 
Mouth position: Terminal, slightly oblique (Goldstein and Simon 1999).
 
Body shape: Upper jaw extending to below the middle of eye or farther (Hubbs et al. 2008).

 
External morphology: Preopercle strongly serrate (Hubbs et al. 2008).
 
Internal morphology: No canine teeth (Hubbs et al. 2008). Intestine well differentiated; pyloric caeca thick
(Goldstein and Simon 1999).
 

Distribution (Native and Introduced)
U.S. distribution: Introduced as game fish throughout much of North America; native range includes much of
southern tier of Canada and the northern United States east of the Rocky Mountains (Hubbs et al. 2008).
 
Texas distribution: Introduced into many waters in the state; established breeding populations exist only in the Rio
Grande near El Paso, in Meredith Reservoir on the Canadian River, and Greenbelt Reservoir on the Salt Fork of
the Red River (Hubbs et al. 2008).
 

Abundance/Conservation status (Federal, State, NGO)
Currently Stable (Warren et al. 2000) in the southern United States.
 

Habitat Associations
Macrohabitat:
 
Mesohabitat: Freshwater, rarely brackish waters; very adaptable species that lives in a variety of habitats; most
common in clear, open water with moderate vegetation; occurs irregularly at depths greater than 10 m (Lee 1980).
 

Biology
Spawning season:
 
Spawning habitat: May reproduce in clear water on submerged plants or, if not available, on other submerged items
such as logs, gravel, and rocks (Simon 1999).
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Spawning behavior: Nonguarder; open substratum spawner; phytolithophil – nonobligatory plant spawner that
deposits eggs on submerged items, has late hatching larvae with cement glands in free embryos, has larvae with
moderately developed respiratory structures, and has larvae that are photophobic (Balon 1981; Simon 1999).
 
Fecundity: 
 
Age at maturation: 
 
Migration:
 
Growth and Population structure: 
 
Longevity:
 
Food habits: Invertivore/carnivore; main food items include immature insects, larger invertebrates, fishes and fish
eggs (Goldstein and Simon 1999).
 

Phylogeny and morphologically similar fishes
 

 
Host Records

 
 
Commercial or Environmental Importance
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Percina maculata
blackside darter

 
 
THIS ACCOUNT IS IN PROCESS.  PLEASE CHECK BACK LATER FOR ADDITIONAL INFORMATION.

 
 

Type Locality
Fort Gratiot, Lake Huron, Michigan (Girard 1860).
 

Etymology/Derivation of Scientific Name
Percina – Latin diminutive of perca, “perch”; maculata – Latin maculatus, “spotted”, from macula, “spot”
(Boschung and Mayden 2004).
 

Synonymy
Alvordius maculatus Girard 1860:67.
Alvordius aspro
Hadropterus aspro
Hadropterus maxinkuckiensis
Hadropterus maculatus
 

Characters
Maximum size: 110 mm TL (Page and Burr 1991).
 
Coloration: Sides with large black rectangular blotches (Hubbs et al. 2008). Discrete medial black caudal spot;
prominent teardrop; olive above, wavy black lines, 8-9 dark saddles; 6-9 large oval black blotches along side; 1st

dorsal fin dusky, black at front and along base (Page and Burr 1991). In the female, slaty shades intensify during
the breeding season and appear somewhat browner than at other times; in males, color hues are intensely dark
during the nuptial season (Petravicz 1938).
 
Counts: 61-76 lateral line scales (Hubbs et al. 2008).
 
Mouth position: Terminal (Goldstein and Simon 1999).
 
Body shape: Upper jaw reaches to pupil of eye; snout less conical, not extending beyond upper lip; body depth
contained in standard length less than 7 times (Hubbs et al. 2008).
 
External morphology: Nape naked; upper lip connected to snout by a broad frenum; midline of belly with a series
of enlarged scales or naked; preopercle smooth or weakly serrate (Hubbs et al. 2008). In the male, anterior flap of
the ventral fin which contains the spine is sturdier and bulkier than in females, and the distal end and exterior
border of the spine and the adjacent ray are very stout and crenate; the spread of male’s fin is also broader than that
of the female (Petravicz 1938).
 
Internal morphology: See Branson and Ulrikson (1967) for information on morphology and histology of the
branchial apparatus.
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Distribution (Native and Introduced)

U.S. distribution: Wide ranging species from the Great Lakes southwards through the Mississippi basin (Hubbs et
al. 2008).
 
Texas distribution: Restricted to the Red River basin in the northeast part of the state (Hubbs et al. 2008).
 

Abundance/Conservation status (Federal, State, NGO)
State Threatened (Texas; Hubbs et al. 2008). Currently Stable (Warren et al. 2000) in the southern United States.
According to Page and Burr (1991), this species is one of the most common and widespread darters; however, it is
seldom found in large populations (Page 1983). In Alabama, Percina maculata present in small numbers wherever
found, but populations apparently unstressed (Boschung and Mayden 2004). Taylor et al. (2001) reported that this
species had not been collected in Kinkaid Creek drainage, southern Illinois, since its impoundment in 1970 and P.
maculata is believed to be extirpated from the drainage. Lindsey et al. (1983) suggested that this species was rarer
in the Poteau River (Oklahoma and Arkansas) than it was in the past; the species was taken at 13 locations during
collections in 1947, while no specimens were captured during a 1974 survey. In southeastern Oklahoma, Eley et al.
(1981) compared abundance of this species in the Mountain Fork River both before and after its impoundment by
Broken Bow Dam and reported that no specimens had been collected since impoundment.
 

Habitat Associations
Macrohabitat: Small to medium rivers (Page and Burr 1991).
 
Mesohabitat: Often found in clear, gravelly streams, and taken in turbid (Ontario, Canada) streams (Beckham and
Platania 1980); prefers pools with some current, or even quiet pools, to swift riffles. Found in slow-moving streams
(Auer 1982). In the Des Moines River (Boone Co., Iowa), larger individuals were found in deeper, slower-moving
water in pools, while smaller fish were usually found in shallow water associated with sand (Karr 1963). In the
River Rouge (Belle Branch), southern Michigan, specimens were captured in depressions with bottom of sand and
gravel during late spring and early summer (Petravicz 1938). During the non-breeding season, species occurred in
deep, often silt-covered pools (Winn 1958a). In the Kaskaskis River, Illinois, species collected from pools and
riffles; in riffles, it was found most often in the deeper places where the current decreased.; in one area, species
was often collected around brush and logs where the current was slow (Thomas 1970). Specimens captured from
Kincaid Creek, Illinois were collected from deep pools surrounded by debris (Stegman 1969). Trautman (1957)
noted that the species frequented brush heaps and tree roots under cut-banks, especially as emergency cover;
species found in moderate strands of water willow and pondweeds, especially young fish. Found in streams with
substantial gravel, in southeastern Michigan (Diana et al. 2006). Hocutt et al. (1978) noted collection of specimens
from sites on a stream (Greenbriar River, West Virginia) having excellent water quality. During May-September
sampling of the Thames River watershed, southwestern Ontario, Canada, P. maculata was found mainly in pools or
raceways; species was also observed in relatively quiet waters along the edge of riffles or behind large rocks
(Englert and Seghers 1983).
 

Biology
Spawning season: Spawning observed in May when water temperature was 16.5°C, in southern Michigan
(Petravicz 1938). Spawning occurs during April and May, in Wisconsin (Lutterbie 1979). Early May to mid-June
in Michigan and throughout the Great Lakes region (Auer 1982).
 
Spawning habitat: Eggs deposited in a depression of fine sand or gravel in water about 30 cm deep with moderate
current (Petravicz 1938). Winn (1958a, 1958b) observed mating in streams in water 60 cm or more deep in pool or
raceway-like areas over sand or gravel. Trautman (1948) reported spawning in streams of moderate gradient in
pools with current over sand or gravel substrate, in Ohio.
 
Spawning behavior: Nonguarder; brood hider; lithophils – rock and gravel spawners that do not guard eggs (Simon
1999). Female usually initiates spawning act; after swimming to a desirable depression the female is pursued by
males; when the female stops, a single male assumes a clasping position with her (male on female’s back;
horizontal; Winn 1958a) the pair vibrate their bodies for several seconds while pressing the genital apertures of
their vibrating bodies into the gravelly or sandy depression where eggs are deposited (Petravicz 1938); when
spawning over sand, fish displace bottom material, thus forming a shallow depression; their motions are not strong
enough to disturb gravel; the spawning act may be repeated after a period of rest lasting from 5-30 minutes; female
spawns periodically (with several different males) from early morning until late afternoon and is usually spent
within 2 ½ days (Petravicz 1938). Winn (1958a) described territorial defense as weakly interspecific around
female, and territory as moderate-sized.
 
Fecundity: Winn (1958a) reported egg counts for 2 pre-spawning females (52 mm SL and 53 mm SL) ranging from
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1,000-1,758, respectively; eggs large, colorless, about 2 mm in diameter. In the Kaskaskia River, Illinois, older
females had gonads containing up to 2,000 eggs as early as March (Thomas 1970). Eggs adhesive, demersal,
spherical, and 2 mm in diameter; minimum incubation period of 142 hours (incubation temperature not reported;
Petravicz 1938).
 
Age at maturation: Usually after the first year (Winn 1958a). Thomas (1970) suggested that larger yearling females
in the Kaskaskia River, Illinois, probably spawned, but that small yearling females had very small eggs and
probably would not have spawned until after their first year.
 
Migration: Fish migrate upstream to breeding grounds (Winn 1958b). Enters riffles for spawning in the spring
(Thomas 1970). Species is migratory (Trautman 1957; Thomas 1970); in the Kaskaskia River, Illinois, it was more
abundant in the headwaters in winter and spring than in summer (Thomas 1970).
 
Growth and Population structure: In the Des Moines River, Iowa, calculated average total length at annulus was
34.7 mm TL at the first annulus, 50.9 mm at second annulus, 65.3 mm at third annulus, and 77.0 mm TL at fourth
annulus (Karr 1963). In the Kaskaskia River, Illinois, year I fish averaged 50.9 mm TL, year II fish averaged 63.3
mm TL, year III fish averaged 69.4 mm TL, and year IV fish averaged 78.7 mm TL (Thomas 1970); most rapid
growth in young fish occurred June –September. Calculated mean total lengths were reported for 128 specimens
captured in Wisconsin: 46.5-47.8 mm at first annulus, 70-74 mm at second annulus, 80-95 mm at third annulus,
and 92-108 mm TL at fourth annulus (Lutterbie 1979; Page 1983).
 
Longevity: 4 years (Karr 1963). Two individuals collected from the Kaskaskia River, Illinois in their fifth year of
life (Thomas 1970).
 
Food habits: Invertivore; benthic (Goldstein and Simon 1999). In Ohio specimens, stomachs contained mayfly and
midge larvae, copepods, corixid nymphs, and fish remains (Turner 1921; Beckham and Platania 1980). In the Des
Moines River, Iowa, insects were the principle food (Diptera, Ephemeroptra, and Tricopter in order of importance),
and crustaceans (Ostracoda) also occurred in the diet; the small stones and plant material that occurred in stomachs
was probably ingested incidentally in normal feeding (Karr 1963). Food organisms found in Percina maculata from
the Kaskaskia River, Illinois: Diptera, Ephemeroptera, Trichoptera, Coleoptera, Hemiptera, Crustacea, fish eggs,
insect eggs, and plant material; species fed during daylight hours (Thomas 1970). Trautman (1957) observed
feeding at the water surface.
 

Phylogeny and morphologically similar fishes
Subgenus Alvordius (Page 1974; Beckham 1986). Percina maculata is often confused with P. sciera, which has a
vertical row of 3 diffuse dark brown caudal spots, while P. maculata has a discrete medial black caudal spot (Page
and Burr 1991). In Texas, P. maculata may be distinguished from P. sciera in that it has a longer jaw, no scales on
the nape (extralimital P. maculata may have the nape scaled), and by the presence of a distinct roundish median
black spot at the base of the caudal (Hubbs 1954).
 
Percina maculata known to hybridize with P. caprodes (logperch; Winn 1958a; Page 1976). Thomas (1970)
reported hybrids of P. maculata and P. phoxocephala from the Kaskaskia River, Illinois; and Page (1976) reported
another P. maculata X P. phoxocephala specimen from the Elk Fork Salt River. Etheostoma gracile (slough darter)
X P. maculata hybrid collected from Dismal Creek, Illinois (Page 1976).
 
See Petravicz (1938) for description and illustration of newly hatched and 21 day-old post-larvae. Developmental
characters described by Fish (1932).
 
Near (2002) studied phylogenetic relationships of Percina and proposed a classification of Percina, listing Percina
maculata clade (P. maculata, P. notogramma, and P. pantherina).

 
Host Records

Bangham and Hunter (1939) found one specimen from Lake Erie infected with the nematode Camallanus
oxycephalus. Karr (1963) reported an individual from the Des Moines River, Iowa, having a leech of the family
Piscicolidae on the base of the dorsal fin. The copepod, Lernea cyprinacea, was reported from a fish in Vigo
County, Indiana (Demaree 1967). Thomas (1970) found specimens with external parasites in the Kaskaskia River,
Illinois.

 
Commercial or Environmental Importance

According to Trautman (1957), Percina maculata apparently highly intolerant to certain organic pollutants, such as
mine waste.
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Sander vitreum

walleye
 

THIS ACCOUNT IS IN PROCESS.  PLEASE CHECK BACK LATER FOR ADDITIONAL INFORMATION.
 
 
Type Locality

Cayuga Lake, New York (Michill 1818).
 

Etymology/Derivation of Scientific Name
Stizostedion: to prick a little breast, intended by Rafinesque to mean pungent throat, presumably in reference to the
ctenoid breast scales; vitreum: glassy, in reference to the large eye (Ross 2001).
 

Synonymy
Perca vitrea Mitchill 1818:247.
Stizostedion vitreum Cook 1959:190.
 

Characters
Maximum size: Walleye attain large sizes, with adults reaching up to 430 mm SL (Becker 1983).
 
Coloration: The upper head and back range from olive to yellowish brown and the sides are lighter. The first dorsal
fin has a dark spot at the posterior base, though otherwise the fin membranes are distinctly without spots. The
second dorsal fin has rows of small spots. Anal and pelvic fins are generally clear. The undersides of the head are
white to yellow (Ross 2001).
 
Teeth count: Canine teeth well developed (Hubbs et al 1991). There are strong, canine teeth in the jaws and on the
palatines (Ross 2001)
 
Counts: 19-22 dorsal fin soft rays; 3 or 4 pyloric caecae; 12-13 anal fin soft rays (Hubbs et al 1991). 77-104 SC, 8
lower gillrakers, 12-14 first dorsal spines, 1-2 second dorsal spines, 13-(11-14) anal rays, and 13-16 pectoral rays
(Ross 2001; modified from Scott and Crossman 1973; Becker 1983).
 
Body shape: Large, elongate fish with an almost cylindrical body (Ross 2001).
 
Mouth position: Has a large, terminal mouth. The posterior margin of the jaw extends to under the back of the eye
are the upper jaw is protrusile (Ross 2001).
 
External morphology: Cheeks sparsely scaled; preopercle strongly serrate; upper jaw extending to below middle of
eye or farther (Hubbs et al 1991). A forked caudal fin and widely separated dorsal fins. The lateral line is complete
and straight (Ross 2001).
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Distribution (Native and Introduced)
U.S. distribution: Occurs naturally throughout much of northern North America east of the Rocky Mountains;
widely introduced elsewhere in the United States (Hubbs et al 1991)
 
Texas distribution: Introduced populations stocked into numerous reservoirs in the state (Hubbs et al 1991)
 

Abundance/Conservation status (Federal, State, NGO)
Populations in the southern United States are currently stable (Warren et al. 2000).
 

Habitat Associations
Macrohabitat: In the Tombigbee River, Walleye were common in sections with hole or pools 2.4-6.1 m deep,
alternating with shoals and bars. They were also found in stream sections where springs provided localized areas of
cooler water in the summer. In tributaries, walleye preferred heavily shaded areas (Schultz 1971). Southern stocks
of walleye have not done well in reservoirs (Hackney and Holbrook 1978).
 
Mesohabitat: The upper temperature tolerances for fish acclimated at 23°C averaged °C for northern and southern
stocks of walleye (Peterson 1993).
 

Biology
Spawning season: Walleye in the Tombigbee apparently spawn from February to April at water temperatures of
8.9-12.8°C (Schultz 1971).
 
Spawning location: Northern walleye spawn along rocky, waveswept shallow in lakes, over gravel substrata of inlet
streams or over flooded vegetation (Becker 1983), and spawning habitat is likely similar for southern stocks (Ross
2001). Lithopelagophils; rock and gravel spawners with pelagic free embryos. (Simon 1999).
 
Reproductive strategy: Spawning usually occurs in the evening in small groups. Either male or female may initiate
spawning by pushing them sideways. The prodding is continuous, often without specific fidelity between a single
pair. The small group rushes to the surface where eggs and milt are released. A female may release all of her eggs
in one spawning; males can spawn over more prolonged periods of time (Ellis and Giles 1965). Eggs are broadcast
in the current (Ney 1978), then sink, and are held in place on the bottom by the adhesive outer egg membrane,
called the chorion (McElman and Balon 1979).
 
Fecundity: Egg number has been given as high as 612, 000 in females 801 mm in length, and it increases yearly at
least to age 11 (Scott and Crossman 1973).
 
Age at maturation: In Oklahoma, most males are mature by age class 2, and females by age class 3 (Grinstead
1971). In the Tombigbee River, patterns are similar, males mature at 355-381 mm TL, and females at 431 mm TL
(Schultz 1971).
 
Migration: Spawning migrations have been reported in the Pearl River in January and February (Cook 1959). There
is some evidence suggesting that walleye show homing behavior, as many return to spawn at the site where they
originally hatched. This behavior is not as well developed as in the various species of Pacific salmon (Olson et al.
1978). Whether or not true homing occurs, walleye do show upstream spawning migrations (Ross 2001).
 
Longevity: Few walleye live to eight years, and have a maximum age of only 10 years (Hackney and Holbrook
1978).
 
Food habits: In Oneida Lake, New York; slightly before the full absorption of the yolk sac, larval fish begin feeing
on small crustaceans (cladocerans and copepods; Houde 1967). Larval walleye will also feed on their siblings of
identical size, termed "cohort cannibalism" (Mathias and Li 1982).
The switch to fishes occurs early, between 34-80 mm TL with the variation likely due to the relative abundance of
fishes and invertebrate prey (Mathias and Li 1982). Fishes of one year or older are almost entirely piscivorous
(Knight et al. 1984).
However, other studies indicate that walleye are rather opportunistic in food habits (Ryder and Kerr 1978; Lyons
1987). Walleye can have substantial impacts on survivorship of small fish species occupying the littoral zones of
lakes. Major declines in the populations of darters (Iowa darter [Etheostoma exile], Johnny darter, and logperch)
and to a lesser extent minnows (bluntnose minnows and mimic shiners) were attributed to predation by juvenile
walleye in a Wisconsin lake (Lyons and Magnuson 1987).
Adult and juvenile walleye tent to avoid light, thus feeding activity varies with light intensity. Feeding is greatest
during dusk, late evening, and midmorning (Mathias and Li 1982)
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Growth: Walleye grow faster and mature earlier in the Southeast as compared to more northern populations. The
average TL of walleye for ages 1-8 in the southeast are: 236 mm, 383 mm, 474 mm, 541 mm, 597 mm, 630 mm,
690 mm, and 727 mm, respectively (Hackney and Holbrook 1978).
 

Phylogeny and morphologically similar fishes
 
 

Host Records
Protozoa (3), Trematoda (22), Cestoda (10), Nematoda (10), Acanthocephala (4), Leech (2), Mollusca (Glochidia),
Crustacea (7) (Hoffman 1967).
 

Commercial or Environmental Importance
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Micropogonias undulatus

Atlantic croaker
 

THIS ACCOUNT IS IN PROCESS.  PLEASE CHECK BACK LATER FOR ADDITIONAL INFORMATION.
 
 
Type Locality

 
 

Etymology/Derivation of Scientific Name
 
 

Synonymy
 
 

Characters
Maximum size:  
 
Coloration:
 
Teeth count: No enlarged teeth (Hubbs et al 1991).
 
Counts:
 
Body shape:  
 
Mouth position:
 
External morphology: Pectoral fin length about equal to distance from front of the eye to opercular membrane;
lower jaw with one or more barbels (Hubbs et al 1991).

 
Distribution (Native and Introduced)

U.S. distribution: Known from Massachusetts to Mexico (Hubbs et al 1991)
 
Texas distribution: Found in most of the bays and estuaries in the state and are frequently taken in the lower
reaches of coastal streams (Hubbs et al 1991)
 

Abundance/Conservation status (Federal, State, NGO)
 

Habitat Associations
Macrohabitat:
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Mesohabitat:
 

Biology
Spawning season:
 
Spawning location:
 
Reproductive strategy:
 
Fecundity:
 
Age at maturation: 
 
Migration: 
 
Longevity:
 
Food habits: 
 
Growth:
 

Phylogeny and morphologically similar fishes
 
 

Host Records
 
 

Commercial or Environmental Importance
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Oreochromis aureus

blue tilapia
 
 
Type Locality

West Africa (Steindachner 1864).
 

Etymology/Derivation of Scientific Name
Oreochromis, Greek oreos, “of the mountains” and chroma, “color;” aureus, Latin, meaning “golden,” from
aurum, “gold” (Boschung and Mayden 2004).
 

Synonymy
     Chromis aureus Steindachner 1864:229.
     Tilapia aurea Hubbs et al. 1991:48-49.
 
Characters

Maximum size: 508 mm TL (Hensley and Courteney 1980).
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Coloration: Sides unmarked or with vague, irregular dark markings; caudal fin often with a broad, red distal
margin; young often with vertical bands on caudal fin (Hubbs et al 1991). In adults, side bluish gray, white on
belly, except in darker individuals each scale bearing small dark spot forming stripes (Boschung and Mayden
2004). Large male has bright metallic blue head, pale blue side, blue-black chin and breast (Page and Burr 1991).
Breeding males usually bluish gray, throat and cheeks somewhat lighter than rest of body. In life, genital papilla
translucent, not chalky white (Boschung and Mayden 2004).
 
Counts: 18-26 gill rakers on lower part of first gill arch; fewer than 5 anal spines (usually 3; Hubbs et al. 1991);
usually 12-15 dorsal rays (Page and Burr 1991); total gill rakers 24-32, usually more than 26; lateral scale rows 30-
33; dorsal fin spines usually 15 or 16; anal fin rays 9-11 (Boschung and Mayden 2004).
 
Body shape: Deep, compressed (Boshung and Mayden 2004).
 
Mouth position: Oblique (Page and Burr 1991).
 
External morphology: Single naris on each side of head; interrupted lateral line; caudal fin truncate. During periods
of sexual activity, margin of dorsal fin of male thickens and its outline becomes continuous instead of notched
(Boschung and Mayden 2004).
 
Internal morphology: Outer row of teeth bicuspid in adults (Hubbs et al. 1991).
 

Distribution (Native and Introduced)
U.S. distribution: Established in Texas and Florida; previously established population in Oklahoma probably no
longer extant; possibly established in Arizona, Georgia, and Colorado; annually stacked in ponds and lakes in
Alabama; introduced in North Carolina but did not survive (Hensley and Courtenay 1980). Native to the Middle
East and along the Mediterranean Coast of North Africa (Hubbs et al. 1991).
 
Texas distribution: Aquacultural species has been introduced into state and has become established in the Rio
Grande, San Antonio, Guadalupe, and parts of the Colorado River drainages (Hubbs et al 1991). Breeding
population present in San Felipe Creek, Texas (Lopez-Fernandez and Winemiller 2005).
 

Abundance/Conservation status (Federal, State, NGO)
Abundant in United States localities (Hensley and Courtenay 1980); common (Page and Burr 1991).
 

Habitat Associations
Macrohabitat: Warm ponds and impoundments (Page and Burr 1991).
 
Mesohabitat: In Texas, most successful establishments are in areas without extremely cold winter water
temperatures (examples include the lower Rio Grande Basin and reservoirs heated by power plant effluents)
(Hubbs et al 1991). Able to live and reproduce in fresh and brackish water; established in brackish water in Tampa
Bay, Florida. Lower temperature tolerance about 13 degrees C (Hensley and Courtenay 1980). Dolman (1990)
reported that this species was consistently associated with Dorosoma petenense (threadfin shad) in a group of
Texas reservoirs. Edwards and Contreras-Balderas (1991) found species to be dominant perciform (often dominant
taxon) in collections taken upstream from the Brownsville, Texas and Matamoros, Tamaulipas area; appeared to be
colonize habitats in more generalized fashion than nearly any other species found in the stream system;
Oreochromis aureus increasing in abundance in this region despite massive reduction in numbers during a winter
die-off in late 1983 (Wood 1986; Edwards and Contreras-Balderas 1991).
 

Biology
Spawning season:
 
Spawning habitat: In both fresh and brackish water (Hensley and Courtenay 1980).
 
Spawning behavior: Maternal mouthbrooder (Hensley and Courtenay 1980).
 
Fecundity: Ripe ovaries of a female 250 mm TL may contain about 4300 eggs; however, more eggs mature in the
ovaries than are laid. 1300 embryos were reported from the mouth of a specimen from Lake Tiberias (Fryer and
Iles 1972; Boschung and Mayden 2004).
 
Age at maturation: At 2 years, when individuals are usually 180-200 mm TL (Boschung and Mayden 2004).
 
Migration:
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Growth and Population structure: Exhibits male growth superiority (Hensley and Courtenay 1980). In Africa,
average growth in ponds at ages 1-5 is 102, 190, 240, 275, and 290 mm TL, respectively (Fryer and Iles 1972;
Boschung and Mayden 2004).
 
Longevity: 5+ years (Boschung and Mayden 2004).
 
Food habits: Omnivore/detritivore (Gu et al. 1997). Feeds primarily on photoplankton (Hensley and Courtenay
1980). In lower Rio Grande River, Texas, food habits extremely generalized (Wood 1986; Edwards and Contreras-
Balderas 1991). In Lake Farfield, Texas, species consumed vegetable matter, detritus, and chironomid larvae
(Traxler and Murphy 1995).
 

Phylogeny and morphologically similar fishes
Similar to Oreochromis mossambicus, the Mozambique tilapia, but has usually 12-15 dorsal rays, and 18-26 rakers
on lower limb of 1st gill arch (Page and Burr 1991). O. aureus superficially resembles species of sunfishes
(Lepomis) but is readily distinguished by having an uninterrupted lateral line and a single naris versus
uninterrupted lateral line and double nares (Boschung and Mayden 2004). Oreochromis aureus X Oreochromis
mossambicus (Mozambique tilapia) hybrids reported from central Texas (Howells 1991).
 

Host Records
Bacteria: Flexibacter columnaris; Protozoa: Apiosoma piscicolum, Epistylis colisarum, Trichodina sp.,
Trypanoplasma sp.; Monogenea: Cichlidogyrus tilapiae, Gyrodactylus cichlidarum, Neobedenia melleni (Bunkley-
Williams and Williams 1994).
 

Commercial or Environmental Importance
Introductions into United States due to intentional releases by government agencies, escapes from fish farms, and
intentional releases into power plant cooling reservoirs (Hensley and Courtenay 1980). Boschung and Mayden
(2004) note that the species is an undesirable exotic and discourage its release into the wild. Species regarded as
nuisance due to threat posed to native species (Cole 2006).
 
[Additional literature noting collection of this species from Texas locations includes, but is not limited to the
following: Fairfield Reservoir (Freestone Co.; Ippolito 1985); Trinidad Lake (Noble and Germany 1986); Starling
(1986); Winemiller et al. (2000); Edwards (2001).]
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Paralichthys lethostigma

southern flounder
 
THIS ACCOUNT IS IN PROCESS.  PLEASE CHECK BACK LATER FOR ADDITIONAL INFORMATION.
 
Type Locality

Indian River, Florida (Jordan and Gilbert 1884 in Jordan and Meek 1884).
 

Etymology/Derivation of Scientific Name
Paralichthys: parallel fish (Jordan and Evermann 1898); lethostigma: forgetting spots, in reference to the absence
of conspicuous spots on the body.
 

Synonymy
Same name since type locale (Ross 2001).
 

Characters
Maximum size:  915 mm TL (Shipp 1986).
 
Coloration: The eyed side may be variable, depending somewhat on background coloration, but is often brown with
darker mottling and sometimes has four to five rows of diffuse spots on the sides, none of which are oscillated. The
blind side is usually white, although it is sometimes dusky (Ross 2001).
 
Teeth count: The slender, pointed teeth are in a single series, are about equally developed on the eyed and blind
sides of the jaw, and become caninelike anteriorly (Ross 2001).
 
Counts: 78-100 SC, 10-14 long and slender gillrakers, 80-95 dorsal rays, 63-74 anal rays, and 11-13 pectoral rays
(Ross 2001; adapted in part from Ginsburg 1952).
 
Body shape: Large, left-eyed flounder with symmetrical pelvic bases (Ross 2001).
 
Mouth position: Large, terminal mouth (Ross 2001).
 
External morphology: Lateral line highly arched over the pectoral fin on the ocular side (Hubbs et al 1991). The
eyes are separated by a distance equal or greater than eye diameter. The lateral line is strongly arched over the
pectoral fin on both the eyed and blind sides (Ross 2001).

 
Distribution (Native and Introduced)

U.S. distribution: Ranges in coastal habitats from North Carolina south through Florida and west along the Gulf
Coast to northern Mexico (Hubbs et al 1991).
 
Texas distribution: Probably inhabit most bays and estuaries in the state, also occurring in the lower reaches of
coastal streams (Hubbs et al 1991).
 

Abundance/Conservation status (Federal, State, NGO)
However, rapid coastal development, resulting in the loss of shallow, marsh-edge habitat, is reducing nursery areas
and may lead to a decline of this estuarine-dependent species (Ross 2001).
 

Habitat Associations
Macrohabitat: Typically occur in estuaries, but may also enter brackish or even fresh water, especially in winter
and spring (Guntherz 1967). Adult flounder can survive indefinitely in freshwater reservoirs if water temperatures
remain above 9°C (Prentice 1989). Estuarine-dependant species: spawn in higher salinity Gulf waters, with the
young fish then moving into estuaries to grow (Enge and Mulholland 1985).
 
Mesohabitat: In coastal, estuarine, or river-mouth habitats, southern flounder occur more over fine, organic
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substrata (i.e. mud, silt, and clay) rather than over sand (Powell and Schwartz 1977). Young southern flounder
require low salinity areas of coastal rivers and sounds as nursery areas (Deubler 1958).
 

Biology
Spawning season: Late fall to February (Enge and Mulholland 1985) at water temperatures of 16-18°C (Arnold et
al. 1977).
 
Spawning location:
 
Reproductive strategy: A male closely follows behind a female, placing his head within 2-3 cm of her vent
whenever she stops. If the female is receptive, both fish swim to the surface, where the eggs are released and
quickly fertilized. Spawning occurs during the day (Arnold et al. 1977).
 
Fecundity:
 
Age at maturation: Usually two years (Stokes 1977; Etxold and Christmas 1979) at about 300 ml TL (Enge and
Mulholland 1985), however, some females are not mature until their sixth year (Nall 1979).
 
Migration:Show limited travel between or within estuaries (Stokes 1977).
 
Longevity: Normally, fish reach ages of three to six years, with a maximum of ten (Nall 1979).
 
Food habits: Fishes, and to a lesser extent, crustaceans make up most of the diet of the southern flounder. Major
fish prey includes anchovies (Anchoa spp.), juvenile striped mullet, menhadens, Atlantic croaker (Micropogonias
undulatus), spot (Leiostomus xanthurus), pinfish (Lagodon rhombides), and fat sleeper (Dormitator maculatus;
Darnell 1958; Fox and White 1969; Powell and Schwartz 1979; Wright et al. 1993). Common crustaceans in the
diet are mysids, isopods, amphipods (Gammarus spp.), penaeid shrimp (Penaeus), and portunid crabs (Stokes
1977; Powell and Schwartz 1979l Wright et al. 1993).
 
Growth: Average SL of southern flounder ay the end of years 1-9 are: 63 mm, 102 mm, 145 mm, 191 mm, 231
mm, 272 mm, 320 mm, 351 mm, and 382 mm, respectively (Nall 1979).
 

Phylogeny and morphologically similar fishes
 
 

Host Records
 
 

Commercial or Environmental Importance
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Descriptive Summary

Creator Potthoff, Frederick
Title Allen's Creek Nuclear Generating Plant Collection
Inclusive Dates September 1978-June 1982
Identification RG O 004
Extent 2.5 linear feet, 5 boxes, 380 items
Language Materials are in English.
Repository Houston Metropolitan Research Center, Houston Public Library

Historical Note

In the 1970’s Houston Lighting and Power Company (HL&P) applied to the
Nuclear Regulatory Commission (NRC) for a permit to build a nuclear
generating plant at Wallis, Texas, less than 50 miles from the western edge of
Houston. Public opposition to this plan, fueled in part by press coverage of
problems at other plants around the country, led to lengthy public hearings and,
even, court action. In the meantime, the costs of construction escalated. In the
end, HL&P withdrew its request.

Chronology
Aug 1973 Houston Lighting and Power Company (HL&P)

filed application to the Nuclear Regulatory
Commission (NRC) for permits to construct

http://www.lib.utexas.edu/taro/index.html
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http://www.lib.utexas.edu/taro/houpub/00043.xml
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Allens Creek Nuclear Generating Station
(ACNGS) Units 1 and 2 at Wallis, Texas.

Nov 1974-Mar 1975 HL&P issued a safety evaluation report and an
environmental statement and NRC held hearings
on environmental and site suitability.

Sept 1975 HL&P deferred construction plans.
Oct 1976 HL&P reactivated construction plans for Unit 1

only.
Mar 1978 The Atomic Safety and Licensing Board invited

filing of petitions to intervene in the application
process and issued a notice of intervention
procedures.

Mar 1979 The water pump used to cool the reactor at the
Three Mile Island nuclear power plant in
Harrisburg, Pennsylvania broke down, releasing
radioactive steam into the atmosphere. The
Houston press covered the story extensively and
the number of letters from concerned citizens
increased substantially.

Jan-Nov 1981 Litigation of one hundred contentions (of possible
safety hazards) by twelve individuals approved
as intervenors.

Nov 1978, Oct 1979,
& Dec 1980

The NRC held hearings in Wallis and Houston
during which limited appearance statements
were made by more than one hundred
individuals.

August 1982 HL&P withdraws its application for construction
permit.

Return to the Table of Contents

Scope and Contents

The materials preserved in this collection were part of those collected by
Frederick Potthoff, a resident of Houston concerned about the proposed
construction of ACNGS. Mr. Potthoff was also a member of the Mockingbird
Alliance, an organization dedicated to “. . . halting the construction of all atomic
power plants.” The materials were collected by Mr. Potthoff over a four year
period from 1978-1982 and were donated to the Houston Metropolitan Research
Center in 1986.

A portion of the materials donated were not preserved in the collection. These
include reports on alternative energy sources and treatment of nuclear waste,
government publications on procedural issues, testimony regarding HL&P’s
request to the Texas Public Utilities Commission for a rate increase, and
newspaper clippings not specifically related to proposed or operating nuclear
power plants.
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Arrangement

Series 1: Reports
Series 2: Correspondence
Series 3: Testimony
Series 4: Clippings

Return to the Table of Contents

Restrictions

Access Restrictions

None.

Use Restrictions

None.

Return to the Table of Contents

Index Terms

Subjects
Antinuclear movement
Nuclear Power Plants--Design and construction
Nuclear Power Plants--Environmental aspects
Nuclear Power Plants--Texas

Organizations
Allens Creek Nuclear Generating Station (Tex.)
Three Mile Island Nuclear Power Plant (Pa.)

Return to the Table of Contents

Administrative Information

Preferred Citation

Allens Creek Nuclear Generating Plant Collection. Houston Metropolitan
Research Center, Houston Public Library.
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Acquisition Information

Donated by: Frederick Potthoff, February 1986.

Processing Information

Processed by: Ann Porter, June 2005.
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Detailed Description

 
Series 1: Reports

Scientific and engineering reports related to construction of ACNGS. The
reports were completed by staff of HL&P and NRC.

Box Folder

1 1 Synopsis of events relating to application for permits to construct
ACNGS. September 1981.

2 Safety evaluation report related to the construction of ACNGS,
supplement # 2. March 1979.

3 ACNGS preliminary safety analysis report. January 1981.
4 NRC requests further information from HL&P related to safety

evaluation report. 1981.
5 HL&P response to NRC request. July 1981.
6 Safety evaluation report related to the construction of ACNGS,

supplement # 3. July 1981.
7 Safety evaluation report related to the construction of ACNGS,

supplement # 4. October 1981.
8 Final supplement to the final environmental statement related to

construction of ACNGS. August 1978.
9 Draft supplement to the final environmental statement related to the

construction of ACNGS. December 1980.
10 Supplement to the final environmental statement related to the

construction of ACNGS. March 1981.
11 NRC staff’s proposed findings of fact and conclusions of law on

environmental matters. January 1982.
12 Geography and demography of proposed site. No date.
13 Description of proposed site of barge off-loading facility in Brazoria

County. No date.

Return to the Table of Contents
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Series 2: Correspondence

Copies of letters written over a three year period by concerned citizens who
lived or worked within a 50 mile radius of the proposed ACNGS site and were
opposed to its construction.

Box Folder

2 1 Letters to NRC from concerned citizens wishing to intervene in
hearings scheduled October 10-November 18, 1978. October-
November 1978.

2 Letters to NRC from concerned citizens wishing to intervene in
hearings scheduled for October 15-19, 1979. April-June 1979.

3 Letters to NRC from citizens wishing to intervene in hearings
scheduled October 15-19, 1979. July 1979.

4 Letters to NRC from citizens wishing to intervene in hearings
scheduled October 15-19,1979. August-October, 1979.

5 Letters to NRC from citizens wishing to intervene in hearings
scheduled December 2, 1980. March-December 1980.

6 Letters to NRC from citizens wishing to intervene in hearings
scheduled January 12, 1981. December 1980- June 1981.

7 Letter favorable to construction of ACNGS. September1981.
8 Press releases issued by intervenors. February-July 1981.
9 NRC staff response to citizens wishing to intervene. December

1978-August 1979.
10 Letters of cooperation from area governmental entities. May-August

1980.
11 Intervention by members of Congress. August 1980-March 1981.

Box Folder

3 1 Nuclear intervenors training manual. September 1978.
2 Contentions of intervenors. No date.
3 NRC staff’s proposed schedule of hearings on contentions of

intervenors. August 1980.

Return to the Table of Contents

 
Series 3: Testimony

Testimony of expert witnesses hired by HL&P to counter contentions of safety
risks made by the twelve approved intervenors.

Box Folder
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3 4 Testimony of Charles Ferrell and Leonard Suffer regarding Bishop
contention 1: Population density projections. No date.

5 Testimony of Robert Iotto, William Carnes, and William Mercurio
regarding Bishop contentions 4, 5, 7, 9, and 10: Pipelines crossing
the Brazos River. April 20,1981.

6 Testimony of Kazimeras Compe regarding Bishop contentions 4, 5,
7, 9, and 10: Pipelines crossing the Brazos River. April 20,1981.

7 Testimony of NRC staff regarding Bishop contentions 12 and 21:
Radioactivity in the cooling lake. No date.

8 Testimony of Kazimeras Compe regarding Bishop contention 17:
Hazardous materials transportation. July 27, 1981.

9 Testimony of J. B. Cannon, S. A. Carnes and R. M. Reed regarding
Bishop contention 23a: Site Alternatives. No date.

10 Testimony of Tai Huang regarding Doherty contention 41: Water
level indicators. July 27,1981.

11 Testimony of Felix Litton regarding Doherty contention 43: Stainless
Steel Cleaning and Regulatory Guide. October 22, 1981.

12 Testimony of Felix Litton regarding Doherty contention 47: Turbine
Missiles. May 11, 1981.

13 Testimony of Vincent Leung regarding Doherty contention 48:
Control Rods. May 11,1981.

14 Testimony of Felix Litton regarding Doherty contention 50: Jet pump
hold-down beams. May 11,1981.

15 Testimony of Kevin Holtzclaw, and Richard Williams regarding
Doherty contentions 3, 39, and 20a: Fuel-specific enthalpy, fuel
swelling, and gap conductance. No date.

16 Testimony of Vincent Leung regarding Doherty contention 6:
Recirculation pump overspeed. May 11,1981.

17 Testimony of Eugene Eckert regarding Doherty contention 7: LCPI
cold slug. April 20, 1981.

18 Testimony of Marvin Hodges regarding Doherty contentions 8, 17,
and 32: ATWS, SRV reliability, ECCS vaporization rate. July
27,1981.

19 Testimony of Kamran Mokhtarian regarding Doherty contention 9:
Containment buckling. April 20,1981.

20 Testimony of Sai Chan regarding Doherty contentions 9 and 27:
Containment buckling and reactor pedestal. April 20,1981.

21 Testimony of Om Chopra regarding Doherty contention 10 and 30:
High pressure core spray and interconnecting grid stability. May
11,1981.

22 Testimony of Vincent Leung regarding Doherty contention11.
October 30, 1981.

23 Testimony of Ralph Meyer regarding Doherty contentions 14 and
25: Fuel failure detection methods. May 11,1981.

24 Testimony of Walter Brooks regarding Doherty contention 15:
WIGLE computer code. October 30, 1981.
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25 Testimony of Walter Brooks regarding Doherty contention 21.
October 30, 1981.

26 Testimony of Walter Brooks regarding Doherty contention 24: Rod
drop. October 30, 1981.

27 Testimony of Calvin Moon regarding Doherty contention 26: Stud
bolts. July 27,1981.

28 Testimony of Diron Simpadyan regarding Doherty contention 27:
Reactor pedestal. April 20, 1981.

29 Testimony of Jerome Pearring regarding Doherty contention 29:
Blockage of intake canal. July 27,1981.

30 Testimony of Marvin Hodges regarding Doherty contention 40:
Accidental releases of 133-xenon. July 27,1981.

31 Testimony of Ralph Meyer regarding Doherty contentions 3, 20a,
and 39: Fuel-specific enthalpy, gap conductance and cladding
swelling. April 20,1981.

32 Testimony of Jacques Reed regarding Doherty contention 40:
Accidental releases of 133-xenon. July 27,1981.

Box Folder

4 1 Testimony of Gerald Gears regarding Marrack contention 2b:
Transmission lines-health effects. No date.

2 Testimony of Robert Reed regarding marrack contention 2c:
Transmission line impacts on waterfowl. No date.

3 Testimony of Robert McCuistion regarding TEXPIRG contention 1:
STP vs. AC1. No date.

4 Testimony of Calvin Moon, Sam Carnes, Robert Reed and Frank
Sanders regarding TEXPIRG contention AC-1 : Reactor pressure
vessel transportation. No date.

5 Testimony of F. S. Sanders regarding TEXPIRG contentions 2 and
4: Acquatic ecology of cooling reservoir. No date.

6 Testimony of Kazimeras Compe regarding TEXPIRG contention 6:
Aircraft hazards. April 20,1981.

7 Testimony of Keith Woodard regarding TEXPIRG contention 6:
Aircraft hazards. April 20,1981.

8 Testimony of J. W. Dick , N. E. Hinkle, K. Johnson, and C.R. Kerley
regarding TEXPIRG contention 5 and 7a-d: Alternative energy
sources. No date.

9 Testimony of Gregory Harrison regarding TEXPIRG contention 21:
Cable fires. May 11, 1981.

10 Testimony of John Nehemias regarding TEXPIRG contention 21:
Occupational radiation exposure. May 11, 1981.

11 Testimony of Sanat Korde regarding TEXPIRG contention 26:
Computer code error. April 20, 1981.

12 Testimony of Jay Lee regarding TEXPIRG contention 30: Charcoal
absorber fires. May 11, 1981.

13 Testimony of James Knight regarding TEXPIRG contention 38:
Scram discharge. October 30, 1981.
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14 Testimony of Felix Litton regarding TEXPIRG contention 39:
Fracture toughness. May 11, 1981.

15 Testimony of Robert Schemel re TEXPIRG contention AC 28: Post-
accident monitoring. July 27,1981.

16 Testimony of Fred Allenspach and John Gilray regarding TEXPIRG
contention AC 31: Technical qualifications. March 24,1982.

17 Testimony of Conrad McCracken regarding TEXPIRG contention
AC 52: Outside containment sampling. July 27, 1981.

18 Testimony of Calvin Moon regarding Board question 2: Use of
wash-1400. No date.

19 Testimony of Calvin Fields regarding Board question 4A:
Combustible gas control. July 27, 1981.July 27, 1981.

20 Testimony of Calvin Moon regarding Board question 7: on-site
transportation accident. No date.

21 Testimony of Mel Fields regarding containment questions:
compliance with GDC 50(ASLB6) and bypass leakage (ASLB9}.
May 11,1981.

22 Testimony of William Bivins regarding Potential requirements for
dredging San Bernard River to transport the reactor vessel. No date.

23 Testimony of Robert Urbanik regarding Evacuation time estimate
study for Allens Creek. October 14,1981.

24 Partial transcript of NRC hearings on ACNGS, pp.1627-1802.
August 30, 1980.

Return to the Table of Contents

 
Series 4: News Clippings

News paper clippings which focused on the multiple potential hazards in
construction and operation of nuclear generating plants.

Box Folder

5 1 News clippings related to accident at Three Mile Island nuclear
generating plant. March-November 1979.

2 News clippings related to accident at Three Mile island nuclear
generating plant. No dates.

3 News clippings related to proposal for construction of ACNGS.
October-November 1979.

4 News clippings related to proposal for construction of ACNGS.
December 1980.

5 News clippings related to proposal for construction of ACNGS .
January-December 1981.

6 News clippings related to proposal for construction of ACNGS .
February-August 1982.
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7 News clippings related to proposal for construction of ACNGS. No
dates.

8 News clippings related to construction of South Texas Nuclear Plant
(STNP ). July-December 1979.

9 News clippings related to construction of STNP. January-June
1981.

10 News clippings related to construction of STNP. July 1981- June
1982.

11 Mockingbird Alliance. No dates.
12 Letters from F. Potthoff to NRC re construction of ACNGS.

November 1978-August 1980.
13 Letters to F. Potthoff from various sources re construction of

ACNGS. November 1978-August 1981.
14 F. Potthoff’s working papers. No dates.

Return to the Table of Contents
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Power Plant

Valley

Basic Facts

Fuel source: Natural gas

Operating capacity: 1,115 MW

Units and type:	3	steam	units

Year began operation: 
Unit 1–1962; Unit 2–1967; 
Unit	3–1971

Location: Fannin County/ 
Grayson County

Economic Impact

Luminant and its gas-fueled power plant employees are proud to be  
a major contributor to the communities in which our employees work  
and live.

In 2008, Luminant paid more than $2 million in tax contributions to the 
counties and school districts surrounding its gas plants.

Community Benefit

We take pride in being good neighbors through volunteerism and 
economic contributions.

Luminant has a rich history in community leadership through employee 

outreach and financial support of worthwhile projects and community 

organizations. A few of these deserving groups include: 

•	 American	Cancer	Society’s	Relay	 

for Life

•	 Carter	BloodCare	blood	drive	 

and fundraiser

•	 Community	school	supply	drives	

•	 Independent	school	districts	 

across Texas

Awards and Recognition

Throughout the years, Luminant’s gas facilities have been recognized  
as community and corporate leaders by a variety of regulatory, 
conservation, municipal and other organizations. A few of these  
awards and milestones include:

•	 Environmental	Protection	Agency’s	2008	NPEP	Achievement	Award

•	 A	combined	253	years	with	no	lost-time	injuries

•	 A	combined	35	years	of	no	OSHA-recordable	injuries

Valley	Power	Plant	proudly	maintains	a	safety record of 35 years without 

a lost-time injury and five years without an incident that required days away from 

work, restricted work activity or a work transfer.

DALLAS

SHERMAN Valley



Red River, Texas
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Report by Marc W. McCord

Denison Dam to SH 78
~ 32.5 miles

The popular section for paddling the Red River below
Lake Texoma starts at the dam in Grayson County
and flows generally easterly for about 32.5 miles to
the SH 78 crossing in Fannin County. Below Lake
Texoma the Red River flows along (and forms) the
Texas-Oklahoma border, into Arkansas, then down to
Louisiana on its way to the confluence of the
Mississippi River near Simmesport, between
Alexandria and Baton Rouge. While the river is
usually navigable into Arkansas, and perhaps all the
way to the Mississippi, access is very limited and
most paddlers prefer to limit trips to the section
starting below the Lake Texoma Dam and continuing
nearly 33 miles downriver to the SH 78 crossing a
few miles north of Bonham, Texas and just south of
Karma, Oklahoma. Along the way the Red River is fed
by numerous creeks that enter from both sides,
though those creeks will be very low to dry much of
the time and especially during drought periods. The
flow of the river is almost totally dependent upon
dam releases at the lake, where hydroelectric power
is generated. This usually results in better flows
during the hot summer months, when the demand for
electricity is higher.

The water quality is clear and unpolluted from the
dam, and remains that way for the entire length of
the trip. The river is very wide and flows of 5,000 -
10,000 cfs are considered good for paddling.
Camping, boat rentals and shuttle services are very
rare to non-existent below Lake Texoma Dam,

Technical Data

Class Rating I
Length 32.5 miles
Minimum Flow 500 cfs
Optimum Flow 1,000 - 3,000 cfs
Maximum
Flow 5,000 cfs

First Put-in US Army CoE Campground
Lat. / Long.
Last Take-out Texas SH 78 crossing
Lat. / Long.
Elevation msl
Gradient fpm
USGS Gauge Web: NONE
Boats Canoes, Kayaks, Rafts
Season March-June, October-November
Permits No

http://southwestpaddler.com/docs/instruction.html
http://southwestpaddler.com/docs/apparel.html
http://southwestpaddler.com/docs/campgrounds.html
http://southwestpaddler.com/docs/outfitters.html
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http://tgcanoe.com/
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making this a trip best taken by experienced
outdoorsmen (gender-neutral) who are prepared for
the conditions to be encountered. Fishing is better
than above the dam because of the clear waters, and
anglers will find an abundance of giant alligator gar,
channel, blue and flathead catfish, stripped, spotted,
white, hybrid and largemouth bass. Some of the river
banks will have step slopes, but others will be
relatively flat, shallow slopes that are easy to
access. Southerly winds can make paddling very
tough on the Red River, even in a moderate current.
The river below Lake Texoma is generally more
hospitable, and does not have the same potential
problems of quicksand and snakes that are fairly
common above the lake.

Grayson and Fannin Counties in far north central
Texas, along the Texas-Oklahoma border.

Sherman 15 miles; Dallas 60 miles; Fort Worth 95
miles; Austin 250 miles; San Antonio 330 miles;
Houston 310 miles; Oklahoma City 165 miles; Tulsa
180 miles (all distances are approximate, and depend
upon starting point, destination point on the river and
route taken.)

Usually clear and unpolluted as it leaves Lake
Texoma Dam, and continuing that way all along the
32.5 mile stretch.

Spring and late fall are considered the optimum
seasons for paddling the Red River due to the lack of
shade and the high summer temperatures. However,
dam releases and/or recent heavy local rainfall can
make trips possible at almost any time of the year.
Winter paddling can be quite cold, so be sure to dress
accordingly.

The two biggest hazards to be encountered on the
Red River are the low water and high headwinds.
There are no rapids, and most of the trees that could
be in the river were there long ago. The lack of shade
makes the possibility of heat-related injuries more
likely from June through September, and possibly as
late as October. Be sure to carry sunscreen, a hat,
long sleeve shirts and long pants for mid-summer
paddling.

http://www.down-river.com/
http://canoeman.com/CRGS/
http://www.tpwd.state.tx.us/
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US Army Corps of Engineers Campground on the
Oklahoma side (river left) put-in at 0.0 miles;
Carpenter's Bluff take-out on river right (Texas side)
off FM 120, south of Hendrix, Oklahoma, at 12.6 miles;
Texas SH 78 crossing on river right (Texas side) just
south of Karma, Oklahoma at 32.5 miles.

There are no public or private campgrounds operating
along this section of the Red River. However, there
are many good natural, primitive campsites to be
found all along the river. Take care to camp on high
ground during periods of rain and avoid camping
beyond fences (on private property) unless you have
first obtained permission.

There are no liveries or shuttle services operating
along this section of the Red River. It is best to bring
your own boats (or rent them in Dallas from one of
the rental liveries in the area) and arrange your own
shuttles.

With acess points located at 12.5 miles and 32.5
miles, the Red River below Lake Texoma can easily
be considered for a good one-day trip of 12.5, 20.0 or
32.5 miles. It can also be divided into a two- or three-
day trip for those wanting to enjoy the entire stretch,
but not all in a single day. The clear and unpolluted
water is more attractive and makes for better fishing
for those wanting to wet a line and drown some
worms. The surrounding terrain is a little more scenic
than above the lake, with a lot more trees, green
vegetation and many small animals. The river will
flow flat and slow most of the time, increasing in
current speed with releases from the dam at the lake,
but flows of 5-10,000 cfs are considered safe and
optimal for good paddling and minimal walking. The
real attraction to this section of the Red River may be
its close proximity to Dallas, Fort Worth and
Oklahoma City, from any of which the river can be
reached in 90 minutes to 2 hours.

Click the links below for information regarding the section of the Red River where you want to paddle.

[ Red River Homepage ] [ Above Lake Texoma ]

Southwest Paddler Southwest Paddler Canoeman River Canoeman.com
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Mid-East Texas Groundwater Conservation District 

J'Mid-East Texas Groundwater Conservation District 
, ._ •• prc:ltectlng our groundwater l"IOGources to.- fuU.<re generations 

, 

Welcome 
Welcome to the MidEast Texas Groundwater Conservation District ~ 
Website. This District serves Madison, Leon and Freestone counties. 
This website is currently under development. Please bear with us as 
we strive to improve this site. Check back often, as content wil be 
added as soon as possible. Our office is located at 113 West Main Street, 
Centerville, Tx 75833. The office phone number is 903-536-2805 

Next Meeting 
Our next meeting will be held on Tuesday, December 15, 2009, at 6:00 PM .This 
meeting will be held at the Madison County District courtroom . The District 
courtroom is located on the second floor of the Madison County Courthouse in 
Madisonville, TX. 

A copy of the Agenda for the December 15, 2009 Board meeting can be 
accessed by clicking HERE 

Our History and Authority 
The Texas Legislature created the Mid-East Texas Groundwater Conservation 
District (METGCD) and public confirmation was in November 2002. The water 
table in Madison, Leon and Freestone counties has been falling over the last 
several decades. Thankfully, this reduction has been relatively small and has not 
affected most users. It is anticipated that unless managed, the increased 
demands for the production of groundwater for use both locally and outside 
these counties will result in significantly increased water withdrawal in the near 
future. It is the purpose of this District to manage this process so that allowed 
production will not have the effect of depleting the Acquifer to the extent that 
wells currently operating go dry or have to be deepened in order to get water. It 
is also the duty of the District to protect existing wells against the adverse 
impact of a large well or series of wells in the immediate vicinity, as has 
happened in other areas. The Districts Enforcement Authority is established by 
the Texas Water Code 36.102. 

Contact Us 

Page 1 of 1 
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Synopsis
Scope: A comprehensive assessment of enhanced, or engineered, geothermal systems was carried
out by an 18-member panel assembled by the Massachusetts Institute of Technology (MIT) to evaluate
the potential of geothermal energy becoming a major energy source for the United States.
Geothermal resources span a wide range of heat sources from the Earth, including not only the more
easily developed, currently economic hydrothermal resources; but also the Earth’s deeper, stored
thermal energy, which is present anywhere. Although conventional hydrothermal resources are used
effectively for both electric and nonelectric applications in the United States, they are somewhat
limited in their location and ultimate potential for supplying electricity. Beyond these conventional
resources are EGS resources with enormous potential for primary energy recovery using heat-mining
technology, which is designed to extract and utilize the earth’s stored thermal energy. In between
these two extremes are other unconventional geothermal resources such as coproduced water and
geopressured geothermal resources. EGS methods have been tested at a number of sites around the
world and have been improving steadily. Because EGS resources have such a large potential for the
long term, we focused our efforts on evaluating what it would take for EGS and other unconventional
geothermal resources to provide 100,000 MWe of base-load electric-generating capacity by 2050. 

Although somewhat simplistic, the geothermal resource can be viewed as a continuum in several
dimensions. The grade of a specific geothermal resource would depend on its temperature-depth
relationship (i.e., geothermal gradient), the reservoir rock’s permeability and porosity, and the amount of
fluid saturation. High-grade hydrothermal resources have high average thermal gradients, high rock
permeability and porosity, sufficient fluids in place, and an adequate reservoir recharge of fluids – all
EGS resources lack at least one of these. For example, reservoir rock may be hot enough but not produce
sufficient fluid for viable heat extraction, either because of low formation permeability/connectivity and
insufficient reservoir volume, and/or the absence of naturally contained fluids.

Three main components were considered in the analysis:

1. Resource – estimating the magnitude and distribution of the U.S. EGS resource. 

2. Technology – establishing requirements for extracting and utilizing energy from EGS reservoirs
including drilling, reservoir design and stimulation, and thermal energy conversion to electricity.

3. Economics – estimating costs for EGS-supplied electricity on a national scale using newly
developed methods for mining heat from the earth. Developing levelized energy costs and supply
curves as a function of invested R&D and deployment levels in evolving U.S. energy markets.

Motivation: There are several compelling reasons why the United States should be concerned about
the security of its energy supply for the long term. They include growth in demand, as a result of an
increasing U.S. population, along with increased electrification of our society. According to the Energy
Information Administration (EIA, 2006), U.S. nameplate generating capacity has increased more
than 40% in the past 10 years and is now more than 1 TWe. Most of this increase resulted from adding
gas-fired combined-cycle generation plants. In addition, the electricity supply system is threatened
with losing existing capacity in the near term, as a result of retirement of existing nuclear and coal-
fired generating plants (EIA, 2006). It is likely that 50 GWe or more of coal-fired capacity will need to
be retired in the next 15 to 25 years because of environmental concerns. In addition, during that
period, 40 GWe or more of nuclear capacity will be beyond even the most generous relicensing
procedures and will have to be decommissioned. 
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The current nonrenewable options for replacing this anticipated loss of U.S. base-load generating capacity
are coal-fired thermal, nuclear, and combined-cycle gas-combustion turbines. While these are clearly
practical options, there are some concerns. First, demand and prices for cleaner natural gas will escalate
substantially during the next 25 years, making it difficult to reach gas-fired capacity. Large increases in
imported gas will be needed to meet growing demand – further compromising U.S. energy security
beyond just importing the majority of our oil for meeting transportation needs. Second, local, regional,
and global environmental impacts associated with increased coal use will most likely require a transition
to clean-coal power generation, possibly with sequestration of carbon dioxide. The costs and uncertainties
associated with such a transition are daunting. Also, adopting this approach would accelerate our
consumption of coal significantly, compromising its use as a source of liquid transportation fuel for the
long term. It is also uncertain whether the American public is ready to embrace increasing nuclear power
capacity, which would require siting and constructing many new reactor systems.

On the renewable side, there is considerable opportunity for capacity expansion of U.S. hydropower
potential using existing dams and impoundments. But outside of a few pumped storage projects,
hydropower growth has been hampered by reductions in capacity imposed by the Federal Energy
Regulatory Commission (FERC), as a result of environmental concerns. Concentrating solar power
(CSP) provides an option for increased base-load capacity in the Southwest where demand is growing.
Although renewable solar and wind energy also have significant potential for the United States and are
likely to be deployed in increasing amounts, it is unlikely that they alone can meet the entire demand.
Furthermore, solar and wind energy are inherently intermittent and cannot provide 24-hour-a-day base
load without mega-sized energy storage systems, which traditionally have not been easy to site and are
costly to deploy. Biomass also can be used as a renewable fuel to provide electricity using existing heat-
to-power technology, but its value to the United States as a feedstock for biofuels for transportation may
be much higher, given the current goals of reducing U.S. demand for imported oil.

Clearly, we need to increase energy efficiency in all end-use sectors; but even aggressive efforts cannot
eliminate the substantial replacement and new capacity additions that will be needed to avoid severe
reductions in the services that energy provides to all Americans.

Pursuing the geothermal option: Could U.S.-based geothermal energy provide a viable option for
providing large amounts of generating capacity when it is needed? This is exactly the question we are
addressing in our assessment of EGS.

Although geothermal energy has provided commercial base-load electricity around the world for more than
a century, it is often ignored in national projections of evolving U.S. energy supply. This could be a result of
the widespread perception that the total geothermal resource is often associated with identified high-grade,
hydrothermal systems that are too few and too limited in their distribution in the United States to make a
long-term, major impact at a national level. This perception has led to undervaluing the long-term potential
of geothermal energy by missing an opportunity to develop technologies for sustainable heat mining from
large volumes of accessible hot rock anywhere in the United States. In fact, many attributes of geothermal
energy, namely its widespread distribution, base-load dispatchability without storage, small footprint, and
low emissions, are desirable for reaching a sustainable energy future for the United States. 

Expanding our energy supply portfolio to include more indigenous and renewable resources is a sound
approach that will increase energy security in a manner that parallels the diversification ideals that have



made America strong. Geothermal energy provides a robust, long-lasting option with attributes that would
complement other important contributions from clean coal, nuclear, solar, wind, hydropower, and biomass. 

Approach: The composition of the panel was designed to provide in-depth expertise in specific
technology areas relevant to EGS development, such as resource characterization and assessment,
drilling, reservoir stimulation, and economic analysis. Recognizing the potential that some bias might
emerge from a panel of knowledgeable experts who, to varying degrees, are advocates for geothermal
energy, panel membership was expanded to include experts on energy technologies and economics,
and environmental systems. The panel took a completely new look at the geothermal potential of the
United States. This was partly in response to short- and long-term needs for a reliable low-cost electric
power and heat supply for the nation. Equally important was a need to review and evaluate
international progress in the development of EGS and related extractive technologies that followed the
very active period of U.S. fieldwork conducted by Los Alamos National Laboratory during the 1970s
and 1980s at the Fenton Hill site in New Mexico. 

The assessment team was assembled in August 2005 and began work in September, following a
series of discussions and workshops sponsored by the Department of Energy (DOE) to map out future
pathways for developing EGS technology.

The first phase of the assessment considered the geothermal resource in detail. Earlier projections
from studies in 1975 and 1978 by the U.S. Geological Survey (USGS Circulars 726 and 790) were
amplified by ongoing research and analysis being conducted by U.S. heat-flow researchers and
analyzed by David Blackwell’s group at Southern Methodist University (SMU) and other researchers.
In the second phase, EGS technology was evaluated in three distinct parts: drilling to gain access to
the system, reservoir design and stimulation, and energy conversion and utilization. Previous and
current field experiences in the United States, Europe, Japan, and Australia were thoroughly reviewed.
Finally, the general economic picture and anticipated costs for EGS were analyzed in the context of
projected demand for base-load electric power in the United States.

Findings: Geothermal energy from EGS represents a large, indigenous resource that can provide
base-load electric power and heat at a level that can have a major impact on the United States, while
incurring minimal environmental impacts. With a reasonable investment in R&D, EGS could provide
100 GWe or more of cost-competitive generating capacity in the next 50 years. Further, EGS provides
a secure source of power for the long term that would help protect America against economic
instabilities resulting from fuel price fluctuations or supply disruptions. Most of the key technical
requirements to make EGS work economically over a wide area of the country are in effect, with
remaining goals easily within reach. This achievement could provide performance verification at a
commercial scale within a 10- to 15-year period nationwide.

In spite of its enormous potential, the geothermal option for the United States has been largely
ignored. In the short term, R&D funding levels and government policies and incentives have not
favored growth of U.S. geothermal capacity from conventional, high-grade hydrothermal resources.
Because of limited R&D support of EGS in the United States, field testing and supporting applied
geoscience and engineering research has been lacking for more than a decade. Because of this lack of
support, EGS technology development and demonstration recently has advanced only outside the
United States with accompanying limited technology transfer. This has led to the perception that
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insurmountable technical problems or limitations exist for EGS. However, in our detailed review of
international field-testing data so far, the panel did not uncover any major barriers or limitations to
the technology. In fact, we found that significant progress has been achieved in recent tests carried
out at Soultz, France, under European Union (EU) sponsorship; and in Australia, under largely
private sponsorship. For example, at Soultz, a connected reservoir-well system with an active volume
of more than 2 km3 at depths from 4 to 5 km has been created and tested at fluid production rates
within a factor of 2 to 3 of initial commercial goals. Such progress leads us to be optimistic about
achieving commercial viability in the United States in a next phase of testing, if a national-scale
program is supported properly. Specific findings include:

1. EGS is one of the few renewable energy resources that can provide continuous base-load power
with minimal visual and other environmental impacts. Geothermal systems have a small footprint
and virtually no emissions, including carbon dioxide. Geothermal energy has significant base-load
potential, requires no storage, and, thus, it complements other renewables – solar (CSP and PV),
wind, hydropower – in a lower-carbon energy future. In the shorter term, having a significant
portion of our base load supplied by geothermal sources would provide a buffer against the
instabilities of gas price fluctuations and supply disruptions, as well as nuclear plant retirements.

2. The accessible geothermal resource, based on existing extractive technology, is large and contained in
a continuum of grades ranging from today’s hydrothermal, convective systems through high- and
mid-grade EGS resources (located primarily in the western United States) to the very large,
conduction-dominated contributions in the deep basement and sedimentary rock formations
throughout the country. By evaluating an extensive database of bottom-hole temperature and regional
geologic data (rock types, stress levels, surface temperatures, etc.), we have estimated the total EGS
resource base to be more than 13 million exajoules (EJ). Using reasonable assumptions regarding how
heat would be mined from stimulated EGS reservoirs, we also estimated the extractable portion to
exceed 200,000 EJ or about 2,000 times the annual consumption of primary energy in the United
States in 2005. With technology improvements, the economically extractable amount of useful energy
could increase by a factor of 10 or more, thus making EGS sustainable for centuries.

3. Ongoing work on both hydrothermal and EGS resource development complement each other.
Improvements to drilling and power conversion technologies, as well as better understanding of
fractured rock structure and flow properties, benefit all geothermal energy development scenarios.
Geothermal operators now routinely view their projects as heat mining and plan for managed
injection to ensure long reservoir life. While stimulating geothermal wells in hydrothermal
developments are now routine, the understanding of why some techniques work on some wells and
not on others can only come from careful research.

4. EGS technology has advanced since its infancy in the 1970s at Fenton Hill. Field studies
conducted worldwide for more than 30 years have shown that EGS is technically feasible in terms
of producing net thermal energy by circulating water through stimulated regions of rock at depths
ranging from 3 to 5 km. We can now stimulate large rock volumes (more than 2 km3), drill into
these stimulated regions to establish connected reservoirs, generate connectivity in a controlled
way if needed, circulate fluid without large pressure losses at near commercial rates, and generate
power using the thermal energy produced at the surface from the created EGS system. Initial
concerns regarding five key issues – flow short circuiting, a need for high injection pressures,
water losses, geochemical impacts, and induced seismicity – appear to be either fully resolved or
manageable with proper monitoring and operational changes. 
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5. At this point, the main constraint is creating sufficient connectivity within the injection and
production well system in the stimulated region of the EGS reservoir to allow for high per-well
production rates without reducing reservoir life by rapid cooling. U.S. field demonstrations have
been constrained by many external issues, which have limited further stimulation and development
efforts and circulation testing times – and, as a result, risks and uncertainties have not been reduced
to a point where private investments would completely support the commercial deployment of EGS
in the United States. In Europe and Australia, where government policy creates a more favorable
climate, the situation is different for EGS. There are now seven companies in Australia actively
pursuing EGS projects and two commercial projects in Europe.

6. Research, Development, and Demonstration (RD&D) in certain critical areas could greatly enhance
the overall competitiveness of geothermal in two ways. First, it would lead to generally lower
development costs for all grade systems, which would increase the attractiveness of EGS projects for
private investment. Second, it could substantially lower power plant, drilling, and stimulation costs,
which increases accessibility to lower-grade EGS areas at depths of 6 km or more. In a manner
similar to the technologies developed for oil and gas and mineral extraction, the investments made
in research to develop extractive technology for EGS would follow a natural learning curve that
lowers development costs and increases reserves along a continuum of geothermal resource grades.

Examples of impacts that would result from research-driven improvements are presented in three
areas:

• Drilling technology – both evolutionary improvements building on conventional approaches to
drilling such as more robust drill bits, innovative casing methods, better cementing techniques for
high temperatures, improved sensors, and electronics capable of operating at higher temperature
in downhole tools; and revolutionary improvements utilizing new methods of rock penetration will
lower production costs. These improvements will enable access to deeper, hotter regions in high-
grade formations or to economically acceptable temperatures in lower-grade formations.

• Power conversion technology – improving heat-transfer performance for lower-temperature fluids,
and developing plant designs for higher resource temperatures to the supercritical water region
would lead to an order of magnitude (or more) gain in both reservoir performance and heat-to-
power conversion efficiency. 

• Reservoir technology – increasing production flow rates by targeting specific zones for stimulation and
improving downhole lift systems for higher temperatures, and increasing swept areas and volumes
to improve heat-removal efficiencies in fractured rock systems, will lead to immediate cost
reductions by increasing output per well and extending reservoir lifetimes. For the longer term,
using CO2 as a reservoir heat-transfer fluid for EGS could lead to improved reservoir performance
as a result of its low viscosity and high density at supercritical conditions. In addition, using CO2 in
EGS may provide an alternative means to sequester large amounts of carbon in stable formations.

7. EGS systems are versatile, inherently modular, and scalable from 1 to 50 MWe for distributed
applications to large “power parks,” which could provide thousands of MWe of base-load capacity.
Of course, for most direct-heating and heat pump applications, effective use of shallow
geothermal energy has been demonstrated at a scale of a few kilowatts-thermal (kWt) for
individual buildings or homes. For these applications, stimulating deeper reservoirs using EGS
technology is not relevant. However, EGS also can be easily deployed in larger-scale district
heating and combined heat and power (cogeneration) applications to service both electric power
and heating and cooling for buildings without a need for storage on-site. For other renewable
options such as wind, hydropower, and solar PV, these applications are not possible.
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8. Using coproduced hot water, available in large quantities at temperatures up to 100°C or more
from existing oil and gas operations, it is possible to generate up to 11,000 MWe of new
generating capacity with standard binary-cycle technology, and increase hydrocarbon production
by partially offsetting parasitic losses consumed during production.

9. A cumulative capacity of more than 100,000 MWe from EGS can be achieved in the United States
within 50 years with a modest, multiyear federal investment for RD&D in several field projects in
the United States.

Because the field-demonstration program involves staged developments at different sites, committed
support for an extended period will be needed to demonstrate the viability, robustness, and
reproducibility of methods for stimulating viable, commercial-sized EGS reservoirs at several
locations. Based on the economic analysis we conducted as part of our study, a $300 million to 
$400 million investment over 15 years will be needed to make early-generation EGS power plant
installations competitive in evolving U.S. electricity supply markets. 

These funds compensate for the higher capital and financing costs expected for early-generation EGS
plants, which would be expected as a result of somewhat higher field development (drilling and
stimulation) costs per unit of power initially produced. Higher generating costs, in turn, lead to higher
perceived financial risk for investors with corresponding higher-debt interest rates and equity rates of
return. In effect, the federal investment can be viewed as equivalent to an “absorbed cost” of deployment.
In addition, investments in R&D will also be needed to reduce costs in future deployment of EGS plants. 

To a great extent, energy markets and government policies will influence the private sector’s interest
in developing EGS technology. In today’s economic climate, there is reluctance for private industry to
invest its funds without strong guarantees. Thus, initially, it is likely that government will have to fully
support EGS fieldwork and supporting R&D. Later, as field sites are established and proven, the
private sector will assume a greater role in cofunding projects – especially with government incentives
accelerating the transition to independently financed EGS projects in the private sector. Our analysis
indicates that, after a few EGS plants at several sites are built and operating, the technology will
improve to a point where development costs and risks would diminish significantly, allowing the
levelized cost of producing EGS electricity in the United States to be at or below market prices. 

Given these issues and growing concerns over long-term energy security, the federal government will
need to provide funds directly or introduce other incentives in support of EGS as a long-term “public
good,” similar to early federal investments in large hydropower dam projects and nuclear power reactors. 

Based on growing markets in the United States for clean, base-load capacity, the panel thinks that with
a combined public/private investment of about $800 million to $1 billion over a 15-year period, EGS
technology could be deployed commercially on a timescale that would produce more than 100,000
MWe or 100 GWe of new capacity by 2050. This amount is approximately equivalent to the total R&D
investment made in the past 30 years to EGS internationally, which is still less than the cost of a
single, new-generation, clean-coal power plant. 

The panel thinks that making such an investment now is appropriate and prudent, given the
enormous potential of EGS and the technical progress that has been achieved so far in the field.
Having EGS as an option will strengthen America’s energy security for the long term in a manner
that complements other renewables, clean fossil, and next-generation nuclear.
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Major recommendations: Because prototype commercial-scale EGS will take a few years to develop
and field-test, the time for action is now. Supporting the EGS program now will move us along the
learning curve to a point where the design and engineering of well-connected EGS reservoir systems
is technically reliable and reproducible.

We believe that the benefit-to-cost ratio is more than sufficient to warrant such a modest investment
in EGS technology. By enabling 100 GWe of new base-load capacity, the payoff for EGS is large,
especially in light of how much will have to be spent for deployment of conventional gas, nuclear, or
coal-fired systems to meet replacement of retiring plants and capacity increases, as there are no other
options with sufficient scale on the horizon.

The panel specifically recommends that:

1. There should be a federal commitment to supporting EGS resource characterization and assessment.
An aggressive, sufficiently supported, multiyear national program with USGS and DOE and other
agency participation is needed to further quantify and refine the EGS resource as extraction and
conversion technologies improve. 

2. High-grade EGS resources should be developed first at targets of opportunity on the margins of
existing hydrothermal systems and in areas with sufficient natural recharge, or in oil fields with
high-temperature water and abundant data, followed by field efforts at sites with above-average
temperature gradients. Representative sites in high-grade areas, where field development and
demonstration costs would be lower, should be selected initially to prove that EGS technology will
work at a commercial scale. These near-term targets of opportunity include EGS sites that are
currently under consideration at Desert Peak (Nevada), and Coso and Clear Lake (both in
California), as well as others that would demonstrate that reservoir-stimulation methods can work
in other geologic settings, such as the deep, high-temperature sedimentary basins in Louisiana,
Texas, and Oklahoma. Such efforts would provide essential reservoir stimulation and operational
information and would provide working “field laboratories” to train the next generation of
scientists and engineers who will be needed to develop and deploy EGS on a national scale. 

3. In the first 15 years of the program, a number of sites in different regions of the country should be under
development. Demonstration of the repeatability and universality of EGS technologies in different
geologic environments is needed to reduce risk and uncertainties, resulting in lower development costs.

4. Like all new energy-supply technologies, for EGS to enter and compete in evolving U.S. electricity
markets, positive policies at the state and federal levels will be required. These policies must be similar
to those that oil and gas and other mineral-extraction operations have received in the past – including
provisions for accelerated permitting and licensing, loan guarantees, depletion allowances, intangible
drilling write-offs, and accelerated depreciations, as well as those policies associated with cleaner and
renewable energies such as production tax credits, renewable credits and portfolio standards, etc. The
success of this approach would parallel the development of the U.S. coal-bed methane industry.

5. Given the significant leveraging of supporting research that will occur, we recommend that the
United States actively participate in ongoing international field projects such as the EU project at
Soultz, France, and the Cooper Basin project in Australia.

6. A commitment should be made to continue to update economic analyses as EGS technology
improves with field testing, and EGS should be included in the National Energy Modeling System
(NEMS) portfolio of evolving energy options.
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Executive Summary
1.1 Motivation and Scope
The goal of this assessment is to provide an evaluation of geothermal energy as a major supplier of
energy in the United States. An 18-member assessment panel with broad experience and expertise
was formed to conduct the study beginning in September 2005. The work evaluated three major areas
of Enhanced Geothermal Systems (EGS): 

1. Magnitude and distribution of the EGS resource

2. Status and remaining requirements of EGS technology needed to demonstrate feasibility at a
commercial-scale 

3. Economic projections of impact of EGS on U.S. energy supply to 2050

Although there have been earlier assessments of EGS technology and economics, none has been as
comprehensive as this one – ranging from providing a detailed evaluation of the geothermal resource
to analyzing evolving energy markets for EGS. Our group was able to review technical contributions
and progress, spanning more than 30 years of field testing, as well as several earlier economic and
resource estimates.

Substantial progress has been made in developing and demonstrating certain components of EGS
technology in the United States, Europe, Australia, and Japan, but further work is needed to establish the
commercial viability of EGS for electrical power generation, cogeneration, and direct heat supply.

Based on the analysis of experienced researchers, it is important to emphasize that while further
advances are needed, none of the known technical and economic barriers limiting widespread
development of EGS as a domestic energy source are considered to be insurmountable.

Our assessment evaluates the status of EGS technology, details lessons-learned, and prioritizes R&D
needs for EGS. It will inform the ongoing debate of how to provide a more sustainable and secure energy
supply for Americans for the long term, without compromising our economic capacity and political and
social stability, and while minimizing environmental impacts. Therefore, energy researchers and
developers, utility analysts and executives, and government policy makers should find our report useful.

The study addresses two critical questions facing the future of EGS:
1. Can EGS have a major impact on national energy supply?
2. How much investment in R&D is needed to realize that impact?

One means of illustrating the potential of any alternative energy technology is to predict how a supply
curve of energy costs vs. energy supply capacity would evolve as a result of moving down a learning
curve and lowering capital costs. These positive economic effects reflect both R&D improvements to
individual technology components, as well as lower risks and uncertainties in investments to deploy
EGS by repeating the process at several field locations. In addition, given that the grade of the EGS
resource varies widely in the United States, the supply curve analysis also indicates a gradual
transition from deployment of higher- to lower-grade resources. 
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The panel has defined the impact threshold for EGS technology as being able to provide 100,000 MW
of additional electrical capacity competitively by 2050. While we recognize that this specific goal is not
part of the current DOE program, a 10% impact is a reasonable goal for EGS to become a major player
as a domestic energy supply. Our assessment deals directly with the technical and economic feasibility
of having EGS achieve this goal, emphasizing the quantitative requirements of both science and
engineering in subsurface environments. We develop supply curves for EGS and lay out a rationale
that specifies what technology and learning improvements will be needed to reduce risks and lower
costs to a point where EGS could have a major impact on the U.S. energy supply. A key aspect of our
work is to evaluate whether the costs of the additional R&D needed to demonstrate the technology at
a commercial scale are low enough, and the potential energy security benefits high enough, to justify
federal and private investment in EGS.

This first chapter of our report summarizes our overall approach, as well as the main findings in the
three focus areas. Included in this chapter are recommendations for research and development,
regulatory and governmental policies, and evolving energy markets for EGS that would achieve this
high level of impact on the U.S. energy supply.

1.2 Defining EGS
In general terms, geothermal energy consists of the thermal energy stored in the Earth’s crust.
Thermal energy in the earth is distributed between the constituent host rock and the natural fluid that
is contained in its fractures and pores at temperatures above ambient levels. These fluids are mostly
water with varying amounts of dissolved salts; typically, in their natural in situ state, they are present
as a liquid phase but sometimes may consist of a saturated, liquid-vapor mixture or superheated
steam vapor phase. The amounts of hot rock and contained fluids are substantially larger and more
widely distributed in comparison to hydrocarbon (oil and gas) fluids contained in sedimentary rock
formations underlying the United States.

Geothermal fluids of natural origin have been used for cooking and bathing since before the
beginning of recorded history; but it was not until the early 20th century that geothermal energy was
harnessed for industrial and commercial purposes. In 1904, electricity was first produced using
geothermal steam at the vapor-dominated field in Larderello, Italy. Since that time, other
hydrothermal developments, such as the steam field at The Geysers, California; and the hot-water
systems at Wairakei, New Zealand; Cerro Prieto, Mexico; and Reykjavik, Iceland; and in Indonesia and
the Philippines, have led to an installed world electrical generating capacity of nearly 10,000 MWe and
a direct-use, nonelectric capacity of more than 100,000 MWt (thermal megawatts of power) at the
beginning of the 21st century.

The source and transport mechanisms of geothermal heat are unique to this energy source. Heat
flows through the crust of the Earth at an average rate of almost 59 mW/m2 [1.9 x 10-2 Btu/h/ft2]. The
intrusion of large masses of molten rock can increase this normal heat flow locally; but for most of
the continental crust, the heat flow is due to two primary processes:

1. Upward convection and conduction of heat from the Earth’s mantle and core, and 

2. Heat generated by the decay of radioactive elements in the crust, particularly isotopes of uranium,
thorium, and potassium.
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Local and regional geologic and tectonic phenomena play a major role in determining the location (depth
and position) and quality (fluid chemistry and temperature) of a particular resource. For example,
regions of higher than normal heat flow are associated with tectonic plate boundaries and with areas of
geologically recent igneous activity and/or volcanic events (younger than about 1 million years). This is
why people frequently associate geothermal energy only with places where such conditions are found –
such as Iceland, New Zealand, or Japan (plate boundaries), or with Yellowstone National Park (recent
volcanism) – and neglect to consider geothermal energy opportunities in other regions.

In all cases, certain conditions must be met before one has a viable geothermal resource. The first
requirement is accessibility. This is usually achieved by drilling to depths of interest, frequently using
conventional methods similar to those used to extract oil and gas from underground reservoirs. The
second requirement is sufficient reservoir productivity. For hydrothermal systems, one normally
needs to have large amounts of hot, natural fluids contained in an aquifer with high natural rock
permeability and porosity to ensure long-term production at economically acceptable levels. When
sufficient natural recharge to the hydrothermal system does not occur, which is often the case, a
reinjection scheme is necessary to ensure production rates will be maintained. 

Thermal energy is extracted from the reservoir by coupled transport processes (convective heat
transfer in porous and/or fractured regions of rock and conduction through the rock itself). The heat-
extraction process must be designed with the constraints imposed by prevailing in situ hydrologic,
lithologic, and geologic conditions. Typically, hot water or steam is produced and its energy is
converted into a marketable product (electricity, process heat, or space heat). Any waste products must
be properly treated and safely disposed of to complete the process. Many aspects of geothermal heat
extraction are similar to those found in the oil, gas, coal, and mining industries. Because of these
similarities, equipment, techniques, and terminology have been borrowed or adapted for use in
geothermal development, a fact that has, to some degree, accelerated the development of geothermal
resources. Nonetheless, there are inherent differences that have limited development such as higher
well-flow requirements and temperature limitations to drilling and logging operations (see Chapters
4 and 6 for details).

The U.S. Department of Energy has broadly defined Enhanced (or engineered) Geothermal Systems
(EGS) as engineered reservoirs that have been created to extract economical amounts of heat from low
permeability and/or porosity geothermal resources. For this assessment, we have adapted this definition
to include all geothermal resources that are currently not in commercial production and require
stimulation or enhancement. EGS would exclude high-grade hydrothermal but include conduction-
dominated, low-permeability resources in sedimentary and basement formations, as well as
geopressured, magma, and low-grade, unproductive hydrothermal resources. In addition, we have added
coproduced hot water from oil and gas production as an unconventional EGS resource type that could
be developed in the short term and possibly provide a first step to more classical EGS exploitation.

EGS concepts would recover thermal energy contained in subsurface rocks by creating or accessing a
system of open, connected fractures through which water can be circulated down injection wells,
heated by contact with the rocks, and returned to the surface in production wells to form a closed loop
(Figure 1.1). The idea itself is a simple extrapolation that emulates naturally occurring hydrothermal
circulation systems – those now producing electricity and heat for direct application commercially in
some 71 countries worldwide.
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Figure 1.1 Schematic of a conceptual two-well Enhanced Geothermal System in hot rock in a 
low-permeability crystalline basement formation.

In principle, conduction-dominated EGS systems in low-permeability sediments and basement rock
are available all across the United States. The first step would be exploration to identify and
characterize the best candidate sites for exploitation. Holes then would be drilled deep enough to
encounter useful rock temperature to further verify and quantify the specific resource at relevant
depths for exploitation. If low-permeability rock is encountered, it would be stimulated hydraulically
to produce a large-volume reservoir for heat extraction and suitably connected to an injection-
production well system. If rock of sufficient natural permeability is encountered in a confined
geometry, techniques similar to water-flooding or steam-drive employed for oil recovery might be
used effectively for heat mining (Tester and Smith, 1977; Bodvarsson and Hanson, 1977). Other
approaches for heat extraction employing downhole heat exchangers or pumps, or alternating
injection and production (huff-puff) methods, have also been proposed. 

1.3 U.S. Geothermal Resource Base
The last published comprehensive study of geothermal energy by the U.S. Geological Survey appeared
in 1979 (USGS Circular 790). As a result, we have relied on published data and projections that have
appeared since 1979 to update and refine the earlier USGS estimates.

We have not tried to improve on USGS estimates of the hydrothermal resources, as they represent a
high-grade component of the geothermal resource that is already undergoing commercial development
in the United States. For this assessment, we have divided the EGS resource into categories as shown
in Table 1.1. (For information on energy conversion factors, see Appendix A.) In addition to the
conduction-dominated portions of the EGS resource in sediments and basement rock formations, we
added three categories: geopressured, volcanic, and coproduced fluids. Resource base estimates for
geopressured and supercritical volcanic systems were taken directly from the USGS Circulars 726 and
790. Coproduced fluids is a new category of EGS that was also included in our assessment. It
represents heated water that is produced as an integral part of oil and gas production. Estimates in this
category were based on ongoing work in Blackwell’s group (McKenna et al., 2005, in Chapter 2).
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Table 1.1 Estimated U.S. geothermal resource base to 10 km depth by category.

Category of Resource Thermal Energy, in Reference 
Exajoules (1EJ = 1018J)

Conduction-dominated EGS

Sedimentary rock formations 100,000 This study 

Crystalline basement rock formations 13,300,000 This study

Supercritical Volcanic EGS* 74,100 USGS Circular 790

Hydrothermal 2,400 – 9,600 USGS Circulars 726 and 790

Coproduced fluids 0.0944 – 0.4510 McKenna, et al. (2005)

Geopressured systems 71,000 – 170,000** USGS Circulars 726 and 790

* Excludes Yellowstone National Park and Hawaii

** Includes methane content

While this report uses SI units with energy expressed in exajoules (EJ), these are relatively unfamiliar
to most people. Table A.1 provides energy equivalents for other unit systems. 

Today’s hydrothermal systems rarely require drilling deeper than 3 km (10,000 ft), while the technical
limit for today’s drilling technology is to depths greater than 10 km (30,000 ft). Consistent with earlier
USGS assessments, we adopted a 10 km limiting depth to define the total geothermal resource base.
We assumed that resources at depths of less than 3 km are contained in hydrothermal resource base
or are associated with hydrothermal temperature anomalies. Consequently, a minimum depth of 3 km
was used for EGS resources in this study. The recoverable resource associated with identified
hydrothermal resources has been separately estimated by the USGS and others. 

Without question, the largest part of the EGS resource base resides in the form of thermal energy
stored in sedimentary and basement rock formations, which are dominated by heat conduction and
radiogenic processes. These are reasonably quantifiable on a regional basis in terms of rock
temperatures at depth, densities, and heat capacities. Southern Methodist University has developed a
quantitative model for refining estimates of the EGS resource in sedimentary and basement rocks.
While Chapter 2 details their methodology and calculations, here we present only salient results
regarding the magnitude and distribution of the U.S. EGS resource.

Figure 1.2 shows the heat flow of the conterminous United States where one easily sees that the western region
of the country has higher heat flow than the eastern part. This fact leads to substantial regional differences in
rock temperature as a function of depth. Figures 1.3-1.5 illustrate this by showing temperatures at depths of 3.5,
6.5, and 10 km, respectively. The resource base for the sedimentary and basement sections of EGS resources
were computed by first subdividing the subsurface into 1 km-thick, horizontal slices of rock. Using the
temperature versus depth information from the SMU database, the amount of stored thermal energy for a
given location (specified by longitude and latitude coordinates within the United States) could easily be
determined for each slice (see Figure 2.3 and the corresponding discussion). Figure 1.6 shows the amount of
energy in each slice as a function of temperature at depths to 10 km for the entire United States. This histogram
provides a rough estimate of the energy potentially available for each EGS resource grade (given by initial rock
temperature and the depth). Higher grades would correspond to hotter, shallower resources.
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Figure 1.2 Heat-flow map of the conterminous United States – a subset of the geothermal map of North
America (Blackwell and Richards, 2004)
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Figure 1.3 Temperatures at a depth of 3.5 km. 

Figure 1.4 Temperatures at a depth of 6.5 km. 

Figure 1.5 Temperatures at a depth of 10 km.
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The total resource base to a depth of 10 km can also be estimated. Values are tabulated in Table 1.1.
By almost any criteria, the accessible U.S. EGS resource base is enormous – greater than 13 million
quads or 130,000 times the current annual consumption of primary energy in the United States. Of
course, the economically recoverable reserve for EGS will be much lower, subject to many technical
and economic constraints that are evaluated throughout this report.

We can easily see that, in terms of energy content, the sedimentary and basement EGS resources are
by far the largest and, for the long term, represent the main target for development. However, in the
shorter term, it makes sense to develop higher-grade EGS resources. For example, very high thermal
gradients often exist at the margins of hydrothermal fields. Because wells there would be shallower
(< 4km) and hotter (>200°C) with infrastructure for power generation and transmission often in
place, such high-grade regions could easily be viewed as initial targets of opportunity.

To extract thermal energy economically, one must drill to depths where the rock temperatures are
sufficiently high to justify investment in the heat-mining project. For generating electricity, this will
normally mean drilling to rock temperatures in excess of 150°C to 200°C; for many space or process
heating applications, much lower temperatures would be acceptable, such as 100°C to 150°C. 

Although beyond the scope of this assessment, it is important to point out that even at temperatures
below 50°C, geothermal energy can have a significant impact. Geothermal heat pumps provide an
important example of how low-grade thermal energy, available at shallow depths from 2 to 200 m,
leads to substantial energy savings in the heating and cooling of buildings. For example, with a
practical coefficient of performance (COP) of 4 or better year-round in the U.S. Midwest, it is often
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Figure 1.6 Histograms of heat content as thermal energy, as a function of depth for 1 km slices. For each
temperature indicated, the total thermal energy content contained in a 1 km-thick slice over the entire
U.S. area is plotted. 
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possible to achieve more than 75% savings in electrical energy consumption per unit of heating or
cooling delivered to the building. Because the use of geothermal heat pumps is often treated as an
energy efficiency measure rather than as energy supply – and because they are readily available
commercially – more than 1 million units had been installed in the United States by the end of 2005.

For a geothermal resource to be viable, in addition to having sufficiently high temperature, in situ
hydrologic and lithologic conditions need to be favorable. In existing vapor- and liquid-dominated
hydrothermal systems, this amounts to having a rock system (reservoir) that has high permeability and
high porosity filled with steam or water under pressure. If such conditions do not exist naturally, then
the rock system must be stimulated to generate or modify a reservoir to make it sufficiently productive.
This is the essence of EGS, where the reservoir is engineered to have it emulate the productivity 
of a viable hydrothermal system. A range of lithologic and geologic properties are important for
determining EGS stimulation approaches. Most important, the state of stress at depths of interest must
be known. In addition, other features of the rock mass that influence the probability of creating suitable
inter-well connectivity include natural fracture spacing, rock strength, and competence.

1.4 Estimating the Recoverable Portion of EGS
Estimating the recoverable fraction of any underground resource is inherently speculative, whether it
is for oil or gas, geothermal energy, or a specific mineral. Typically, some type of reservoir simulation
model is used to estimate how much can be extracted. To reduce errors, predicted results are validated
with field data when available. This type of “history matching” is commonly used in reservoir analysis.

Sanyal and Butler (2005) have modeled flow in fractured reservoirs using specified geometries to
determine the sensitivity of the calculated recoverable heat fraction to rock temperature, fractured
volume, fracture spacing, fluid circulation rate, well configuration, and post-stimulation porosity and
permeability. They used a 3-dimensional finite difference model and calculated the fraction of the
thermal energy in place that could be mined for a specified set of reservoir properties and geometry.
Interestingly, for a range of fracture spacings, well geometries, and fracture permeabilities, the
percentage of recoverable thermal energy from a stimulated volume of at least 1 x 108 m3 (0.1 km3)
under economic production conditions is nearly constant at about 40 ± 7% (see Figure 3.1).
Furthermore, this recovery factor is independent of well arrangements, fracture spacing, and
permeability, as long as the stimulated volume exceeds 1 x 108 m3 – a value significantly below what
has been already achieved in several field projects.

The Sanyal-Butler model was used as a starting point to make a conservative estimate for EGS resource
recovery. Channeling, short circuiting, and other reservoir-flow problems sometimes have been seen in
early field testing, which would require remediation or they would limit capacity. Furthermore,
multiple EGS reservoirs would have a specified spacing between them in any developed field, which
reduces the reservoir volume at depth per unit surface area. Given the early stage of EGS technology,
Sanyal-Butler estimated 40% recovery factor was lowered to 20% and 2% to account for these effects,
and reservoir spacings of 1 km at depth were specified to provide a more conservative range for EGS.

With a reservoir recovery factor specified, another conservative feature was introduced by limiting the
thermal drawdown of a region where heat mining is occurring. The resource base figures given in Table
1.1 use the surface temperature as the reference temperature to calculate the total thermal energy
content. A much smaller interval was selected to limit the amount of energy extracted by specifying a
reservoir abandonment temperature just 10°C below the initial rock temperature at depth.
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Finally, the recoverable heat in kJ or kW-s in a given 1 km slice per unit of surface area was then
determined from the total energy in place at that depth, i.e., the resource-base amount (results are
shown in Figure 1.7). A final limiting factor was introduced to account for the fact that only a portion
of the land area in the United States is accessible for EGS development. Areas within national parks
and monuments, wilderness areas, etc., would be off-limits to EGS, as well as some locations near
and within large urban areas or utility and transportation corridors. 

In addition to estimating the recoverable fraction of energy that can be extracted from the total EGS
resource, it is important to also estimate the amount of surface-land area and subsurface rock volume
required for an EGS plant. For scaling purposes, we have based an analysis of above-ground
requirements on those needed for existing hydrothermal systems (see Chapters 7 and 8), while below-
ground requirements were based on the amount of rock volume needed to sustain plant operations
for a 20-year period. These are tabulated for a range of plant sizes on a per MWe basis for the surface
plant and auxiliaries, and for the subsurface reservoir in Table 1.2.

Figure 1.7 Estimated total geothermal resource base and recoverable resource given in EJ or 1018 Joules.
Note: Other energy equivalent units can be obtained using conversion factors given in Appendix A.

Table 1.2 Estimated land area and subsurface reservoir volumes needed for EGS development. 
Note: Above 100 MWe, reservoir size scaling should be linear.

Plant size in MWe Surface area for power plant Subsurface reservoir 
and auxiliaries in km2 volume in km3

25 1 1.5

50 1.4 2.7

75 1.8 3.9

100 2.1 5.0

1. Assuming 10% heat to electric-power efficiency, typical of binary plants.

2. Introduces a factor of 4 to surface area and volumes to deal with redrilling of reservoir at 5-year
intervals over a 20-year projected lifetime.
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1.5 Geothermal Drilling Technology and Costs
Well costs are a significant economic component of any geothermal development project. For lower-
grade EGS, the cost of the well field can account for 60% or more of the total capital investment. For
making economic projections, estimates of well drilling and completion costs to depths of 10,000 m
(30,000 ft) are needed for all grades of EGS resources. Drill-site specifics, stimulation approaches,
well diameters and depths, and well production interval lengths and diameters are just some of the
parameters that need to be considered. Drilling records for geothermal wells do not exist in
sufficient quantity or detail for making such projections. In recent years, there have been fewer than
100 geothermal wells drilled per year in the United States and very few of them are deeper than
2,800 m (9,000 ft), which provides no direct measure of well costs for deeper EGS targets for the
long term.

Insight into geothermal well costs is gained by examining trends from experience in the oil and gas
well-drilling industry. Thousands of oil and gas wells are drilled each year in the United States, and
data on their costs are available on a yearly basis from the American Petroleum Institute’s Joint
Association Survey (JAS) (see API, 2006). Additionally, the similarity between oil and gas wells and
geothermal wells makes it possible to develop a drilling cost index that can be used to normalize any
geothermal well cost from the past three decades to present current values, so that the well costs can
be compared on a common dollar basis.

Because of the limited data available for geothermal drilling, our analysis employed the Wellcost Lite
model, developed by Bill Livesay and coworkers at Sandia National Laboratories during the past 20
years, to estimate the cost of EGS wells. The model can accommodate expected ranges in a multitude
of parameters (well diameter, bit life, penetration rate, casing design, geologic formation conditions,
etc.). Improvements in drilling technology can also be incorporated into the model, as well as
directional drilling with multilateral completion legs. Wells in the depth ranges from 1,500 m (4,920
ft) to 10,000 m (32,800 ft) were modeled in three categories: shallow wells (1,500-3,000 m), mid-
range wells (4,000-5,000 m), and deep wells (6,000-10,000 m).

EGS well costs are significantly influenced by the number of casing strings used. For example, two
5,000 m-deep wells were modeled, one with four casing intervals and another with five casing
intervals. Whereas the former requires fewer casing intervals, the increased lengths of individual
sections may raise concerns about wellbore stability. This is less of a risk if more casing strings are
used, but costs will be adversely affected by an increase in the diameter of the upper casing strings,
the size of the rig required, and a number of other parameters. The 6,000 m well was modeled with
both five- and six-casing intervals. Costs for the 7,500 m and 10,000 m wells were estimated using
six casing intervals. 

Shallow wells at depths of 1,500, 2,500, and 3,000 m are representative of current hydrothermal
practice. Predicted costs from the Wellcost Lite model were compared to actual EGS and
hydrothermal well drilling-cost records, where available. Figure 1.8 shows the actual costs of
geothermal wells, including some EGS wells. The costs predicted by the Wellcost Lite model show
adequate agreement with actual geothermal well costs, within the normal ranges of expected
variation for all depths.
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Figure 1.8 Completed oil, gas, and geothermal well costs as a function of depth in 2004 U.S.$, including
estimated costs from the Wellcost Lite model. The red line provides average well costs for the base case
used in the assessment. 

Nonetheless, given the scarcity of the geothermal well cost data compared to oil and gas wells,
estimating statistically meaningful well costs at particular depths was not possible, so average costs
were based on model predictions with a large degree of inherent uncertainty. Well-design concepts
and predictions for the deeper categories – 6,000 m, 7,500 m, and 10,000 m (19,680 ft, 24,600 ft,
and 32,800 ft) – are obviously even more speculative, as there have been only two or three wells drilled
close to depths of 10,000 m in the United States. Because of this, a conservative well design was used
to reflect this higher uncertainty.
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1. JAS = Joint Association Survey on Drilling Costs.

2. Well costs updated to US$ (yr. 2004) using index made from 3-year moving 
average for each depth interval listed in JAS (1976-2004) for onshore, completed 
US oil and gas wells. A 17% inflation rate was assumed for years pre-1976.

3. Ultra deep well data points for depths greater than 6 km are either individual 
wells or averages from a small number of wells listed in JAS (1994-2000).

4. “Other Hydrothermal Actual” data include some non-US wells (Source: Mansure 2004).



Emerging technologies, which have yet to be demonstrated in geothermal applications and are still
going through development and commercialization, can be expected to significantly reduce the cost
of these wells, especially those at 4,000 m and deeper. One technology that will potentially reduce the
cost of the well construction (casing and cementing) is expandable tubular casing, a patented
invention by Shell Oil (Lohbeck, 1993). The concept has been licensed to two commercial firms. There
are still concerns about the effect of thermal expansion and the depth of reliable application of the
expanded casing when in place.

Drilling-with-casing is another new technology that has the potential to reduce cost. This approach may
permit longer casing intervals, leading to fewer strings and, therefore, reduced costs. Research is needed
to improve our understanding of cementing practices that apply to the drilling-with-casing technique.

Well-design changes, particularly involving the use of smaller increments in casing diameters with depth,
are likely to significantly reduce EGS well costs. This well-design approach requires detailed analysis to
resolve concerns about pressure drops during cementing. It may be limited to cemented liners.

Being able to increase borehole diameter by under-reaming is a key enabling technology for 
almost all of the EGS drilling applications, including current and future drilling technologies. The
development of an under-reamer that is reliable and can penetrate at the same rate as the lead bit is
a necessity. Current work at Sandia on small-element drag cutters in geothermal formations may
enable drag-cutter under-reamers (the standard for oil and gas applications) to be a viable tool for
geothermal application. 

Rate-of-penetration (ROP) issues can significantly affect drilling costs in crystalline formations. ROP
problems can cause well-cost increases by as much as 15% to 20% above those for more easily drilled
basin and range formations.

Casing diameters that decrease with depth are commonplace in conventional casing designs for the
hydrothermal, and oil and gas industries. Unfortunately, geothermal wells currently require larger-
diameter casings than oil/gas wells. However, this simply means that EGS wells will benefit even
more from the use of successful evolving technologies, which have the potential to reduce the cost of
the deep wells by as much as $2.5 million to $3 million per well.

In the longer term, particularly when lower-grade EGS resources are being developed, more
revolutionary approaches could have a large impact on lowering EGS drilling costs, in that they could
increase both ROP and bit lifetime as well as facilitate under-reaming. For example, such approaches
would reduce the number of times the drill string would have to be removed from the hole to change
drill bits. Three revolutionary drilling technology examples include hydrothermal flame spallation and
fusion drilling (Potter and Tester, 1998), chemically enhanced drilling (Polizotti, 2003), and metal
shot abrasive-assisted drilling (Curlett and Geddes, 2006). Each of these methods augments or avoids
the traditional method of penetration based on crushing and grinding rock with a hardened material
in the drill bit itself, thereby reducing the tendency of the system to wear or fail. 

1.6 EGS Reservoir Stimulation – Status of International Field Testing and Design Issues
Creating an Enhanced Geothermal System requires improving the natural permeability of hot rock.
Rocks are naturally porous by virtue of minute fractures and pore spaces between mineral grains.
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When some of this porosity is interconnected so that fluids (water, steam, natural gas, crude oil) can
flow through the rock, such interconnected porosity is called permeability.

Rock permeability extends in a continuum over several orders of magnitude, from rocks that are
highly permeable and whose contained fluids can be produced by merely drilling wells (e.g., oil and
gas wells, water wells, hydrothermal systems), to those that are almost completely impermeable (e.g.,
tight gas sands, hot dry rock). Extensive drilling for petroleum, geothermal, and mineral resources
during the past century has demonstrated that the largest heat resource in the Earth’s crust, by far, is
contained in rocks of low natural permeability. Recovery of heat from such rocks at commercial rates
and competitive costs is the object of the EGS program.

This EGS assessment draws heavily on research funded by the DOE and ongoing EGS work around
the world. The knowledge gained from this research in the United States and elsewhere, reviewed
below, forms a robust basis for the future enhancements of this growing knowledge base.

Since the 1970s, research projects aimed at developing techniques for the creation of geothermal
reservoirs in areas that are considered noncommercial for conventional hydrothermal power
generation have been – and are being – conducted around the world. These include the following:

• United States: Fenton Hill, Coso, Desert Peak, Glass Mountain, and The Geysers/Clear Lake

• United Kingdom: Rosemanowes

• France: Soultz, Le Mayet de Montagne

• Japan: Hijiori and Ogachi

• Australia: Cooper Basin, Hunter Valley, and others 

• Sweden: Fjallbacka

• Germany: Falkenberg, Horstberg, and Bad Urach

• Switzerland: Basel and Geneva

Techniques for extracting heat from low-permeability, hot dry rock (HDR) began at the Los Alamos
National Laboratory in 1974 (Armstead and Tester, 1987). For low-permeability formations, the initial
concept is quite straightforward: drill a well to sufficient depth to reach a useful temperature, create a
large heat-transfer surface area by hydraulically fracturing the rock, and intercept those fractures with
a second well. By circulating water from one well to the other through the stimulated region, heat can
be extracted from the rock. Fundamentally, this early approach – as well as all later refined methods –
requires that good hydraulic conductivity be created between injection and production wells through a
large enough volume of rock to sustain economically acceptable energy-extraction rates and reservoir
lifetimes. Ultimately, field testing will need to produce a commercial-sized reservoir that can support
electricity generation or cogeneration of electrical power and heat for a variety of applications such as
heat for industrial processes and local district heating. 

As expected in the early development of any new technology, many lessons have been learned from
30 years of EGS field research in the eight countries listed above. For example, the initial concept of
producing discrete hydraulic fractures has largely been replaced by stimulating the natural fracture
system. Although the goal of operating a commercial-sized EGS reservoir has not been achieved yet,
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field testing has successfully demonstrated that reservoirs of sufficient size with nearly sufficient
connectivity to produce fluids at commercial rates can be established.

Through field tests in low-permeability crystalline rock, researchers have made significant progress
in understanding reservoir characteristics, including fracture initiation, dilation and propagation,
thermal drawdown, water loss rates, flow impedance, fluid mixing, and fluid geochemistry. In
addition to using hydraulic stimulation methods to establish connectivity in the far field, it is feasible
to create permeability near injection or production wellbores by explosive fracturing, chemical leaching,
and thermal stress cracking (Armstead and Tester, 1987; Tester et al., 1989). 

Included among the milestones that have been achieved are:

• Drilling deep directionally oriented wells to specific targets.

• Creation of contained fracture systems in large volumes of rock of 1 km3 or more.

• Improved understanding of the thermal-hydraulic mechanisms controlling the opening of fracture
apertures.

• Improved methods for sequencing the drilling of wells, stimulating reservoirs, and managing fluid
flow and other hydraulic characteristics.

• Circulation of fluid at well-flow rates of up to 25 kg/s on a continuous basis.

• Methods to monitor and manage induced microseismicity during stimulation and circulation.

• Extraction of heat from well-defined regions of hot fractured rock without excessive thermal drawdown. 

• Generation of electrical power in small pilot plants.

Nonetheless, there are outstanding issues that must be resolved before EGS can be considered
commercial. In general, these are all connected to enhancing the connectivity of the stimulated
reservoir to the injection and production well network. Notably, they are incremental in their scope,
representing extending current knowledge and practical field methods. There are no anticipated
“showstoppers” or fundamental constraints that will require new technologies to be discovered and
implemented to achieve success. The remaining priority issue is demonstrating commercial levels of
fluid production from several engineered EGS reservoirs over acceptable production periods. Specific
research and field-testing goals can be placed into two categories:

1. Primary goals for commercial feasibility:

• Develop and validate methods to achieve a twofold to fourfold increase in production well-flow rate
from current levels, while maintaining sufficient contact with the rock within the reservoir and
ensuring sufficient reservoir lifetime.

• Validate long-term operability of achieving commercial rates of heat production from EGS reservoirs
for sustained periods of time at several U.S. sites.

2. Secondary goals connected to EGS technology improvement:

• Develop better methods of determining the distribution, density, and orientation of pre-existing and
stimulated fractures to optimize overall hydraulic connectivity within the stimulated reservoir.
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• Improve methods to repair or remedy any flow short circuits that may develop.

• Understand the role of major, pre-existing faults in constraining or facilitating the flow in the reservoir.

• Develop robust downhole tools to measure temperature, pressure, flow rate, and natural gamma
emissions, capable of surviving in a well at temperatures of 200°C or higher for long-term monitoring.

• Predict scaling or deposition through better understanding of the rock-fluid geochemistry.

The advancement of EGS greatly depends on our understanding of the pre-existing, unstimulated,
rock-fracture system – and on our ability to predict how the reservoir will behave under stimulation
and production. So far, no EGS reservoir has been operated long enough to provide the data needed
to validate a simulation model. A reliable reservoir-simulation model will allow us to better estimate
the operating and maintenance costs of an EGS energy facility.

As we demonstrate in Chapter 2, the heat stored in the earth beneath the United States – at a depth
accessible with today’s drilling technology – is truly vast. However, the fraction of this resource base
that can be economically recovered is dependent on improving the technology to map, penetrate,
fracture, and maintain productive EGS reservoirs – and on improving our understanding of reservoir
behavior under long-term energy extraction. These improvements, in turn, are directly connected to
the level of research, development, testing, and demonstration of EGS.

While support of research will pay rapid dividends in providing measurable improvements to these
important components of EGS technology – as well as technologies for drilling and power conversion
mentioned earlier – there is also an opportunity for developing more revolutionary, potentially
groundbreaking technologies in the longer term that could make EGS even more useful and
universally accessible. For example, in Section 1.5, we mentioned three revolutionary drilling methods
that could, if perfected, provide increased economic access to EGS by dramatically lowering costs,
particularly for low-grade, low-gradient resources. In the reservoir area, there are possibilities as well.
One such possibility involves the proposed use of carbon dioxide (in a supercritical state) as a fluid 
for heat extraction within an EGS reservoir (Brown, 2000). Recently, Pruess and Azaroual (2006)
estimated reservoir performance using supercritical carbon dioxide in place of water. Early modeling
results suggest improvements in heat-extraction efficiency, as well as the ability to store and sequester
carbon dioxide within the confined EGS reservoir for carbon management.

With a fully supported federal R&D program and anticipated market price increases for electric power,
the technology developed in this program could be implemented in a relatively short period of time
in high- and mid-grade areas in the Western United States. The knowledge and momentum
generated during this early deployment would enable EGS methods to be applied widely across the
United States, including lower-grade areas of the Midwest and the East, which have not had any
hydrothermal geothermal development yet.

1.7 Geothermal Energy Conversion Technology
There are several options for utilizing the thermal energy produced from geothermal systems. The
most common is base-load electric power generation, followed by direct use in process and space-
heating applications. In addition, combined heat and power in cogeneration and hybrid systems, and
as a heat source and sink for heat pump applications, are options that offer improved energy savings.
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Today, with nearly 10,000 MWe of electricity generated by geothermal worldwide, there are several
energy conversion technologies commercially available at various stages of maturity. These include
direct steam expansion, single- and multistage steam flashing, organic binary Rankine cycles, and
two-phase flow expanders. Figure 1.9 shows several representative flow sheets of conversion options
applicable for a range of EGS resource grades. Direct-use and heat pump applications are also
having an increasing impact, with a combined, estimated market penetration of about 100,000
MWt worldwide.

Figure 1.9 Schematics of EGS power conversion systems: (a) a basic binary power plant; (b) a single-flash
power plant; (c) a triple-expansion power plant for supercritical EGS fluids. 

There are inherent limitations on converting geothermal energy to electricity, because of the lower
temperature of geothermal fluids in comparison to much higher combustion temperatures for fossil
fuels. Lower energy source temperatures result in lower maximum work-producing potential in terms
of the fluid’s availability or exergy; and in lower heat-to-power efficiencies as a consequence of the
Second Law of thermodynamics. The value of the availability determines the maximum amount of
electrical power that could be produced for a given flow rate of produced geofluid, given a specified
temperature and density or pressure. Figure 1.10 illustrates how the availability of the geofluid (taken
as pure water) varies as a function of temperature and pressure. It shows that increasing pressure and
increasing temperature have a nonlinear effect on the maximum work-producing potential. For
example, an aqueous geofluid at supercritical conditions with a temperature of 400°C and pressure
of 250 bar has more than five times the power-producing potential than a hydrothermal liquid water
geofluid at 225°C. Ultimately, this performance enhancement provides an incentive for developing
supercritical EGS reservoirs.



Figure 1.10 Availability diagram for water. The magnitude of the availability is a direct measure of the
maximum electrical work- or power-producing potential of aqueous-produced geofluid at specific-state
conditions of temperature and pressure. 

The large capital investment that is contained in the well-field/reservoir portion of the system places
a premium on achieving as high an efficiency as possible for a given geothermal resource, so it is
worth putting considerable effort into mitigating these thermodynamic limitations. A utilization
efficiency, defined as the ratio of actual net power to maximum possible power, provides a measure
of how close the conversion system comes to ideal, reversible operation. Current practice for
geothermal conversion systems shows utilization efficiencies typically range from 25% to 50%.
Future engineering practice would like to increase these to 60% or more, which requires further
investments in R&D to improve heat-transfer steps by minimizing temperature differences and
increasing heat-transfer coefficients, and by improving mechanical efficiencies of converters such as
turbines, turbo-expanders, and pumps.

Keeping these issues in mind, the panel considered specific cases for a range of EGS resource types
and applications:

1. Electricity generation using EGS geofluids from sedimentary and basement rock formations 
and similar reservoirs, ranging in temperature from 100°C to 400°C, including one case at
supercritical conditions;

2. Electricity generation from coproduced oil and gas operations using organic binary power plant
designs over resource temperatures ranging from 100°C to 180°C;

3. Combined heat and power – cogeneration of electricity and thermal energy where the conditions at
the MIT COGEN plant (nominally 20 MWe and 140,000 lb/h steam) were used as a model system.

Chapter 1 Synopsis and Executive Summary

1-25
1400

200

50 100 150 200 250 300 350 400 450 500
0

400

600

800

1000

1200

Temperature, T(°C)

Av
ai

la
bi

lit
y,
B

(k
J/

kg
)

Supercritical
Fluid

Vapor

Liquid

 VLE

P = 1 bar

P = 10 bar

P = 50 bar

P = 100 bar

P = 150 bar

P = 200 bar

P = 250 bar



Each case in (1)-(3) involved the following steps, using standard methods of engineering design 
and analysis:

a) identification of the most appropriate conversion system;

b) calculation of the net power per unit mass flow of geofluid;

c) calculation of mass flow required for 1, 10, and 50 MW plants; 

d) estimation of capital and installed plant costs

Our analysis of surface-conversion systems shows the following:

• Practical, commercial-scale energy conversion systems exist for all EGS geofluid types from 
low-temperature liquid water at 100°C to supercritical water at 400°C. 

• 6,000 to 11,000 MWe of generating capacity exists in coproduced hot waters associated with 
land-based domestic oil and gas production operations. 

• Installed capital costs for surface conversion plants ranged from $2,300/kWe for 100°C resource
temperatures to $1,500/kWe for 400°C resource temperature. 

General EGS system properties were treated in one part of the analysis to provide design equations
and costs, while several near-term targets of opportunity were also evaluated in somewhat more
detail. Chapter 7 describes the technologies analyzed, along with plant-flow sheets and layouts for
specific cases.

1.8 Environmental Attributes of EGS
When examining the full life cycle of geothermal energy developments, their overall environmental
impacts are markedly lower than conventional fossil-fired and nuclear power plants. In addition, they
may have lower impacts in comparison to other renewables such as solar, biomass, and wind on an
equivalent energy-output basis. This is primarily because a geothermal energy source is contained
underground, and the surface energy conversion equipment is relatively compact, making the overall
footprint of the entire system small. EGS geothermal power plants operating with closed-loop
circulation also provide environmental benefits by having minimal greenhouse gas and other
emissions. Being an indigenous resource, geothermal – like other renewable resources – can reduce
our dependence on imported fossil fuels. As it provides dispatchable base-load capacity, geothermal –
even at high levels of penetration – would have no storage or backup-power requirements.

With geothermal energy, there is no need to physically mine materials from a subsurface resource, or
to modify the earth’s surface to a significant degree as, for example, in strip mining of coal or
uranium. Unlike fossil and biomass fuels, geothermal energy is not processed and transported over
great distances (an energy-consuming and potentially environmentally damaging process), there are
minimal discharges of nitrogen or sulfur oxides or particulate matter resulting from its use, and there
is no need to dispose of radioactive materials. However, there still are impacts that must be considered
and managed if this energy resource is to be developed as part of a more environmentally sound,
sustainable energy portfolio for the future.
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The major environmental issues for EGS are associated with ground-water use and contamination,
with related concerns about induced seismicity or subsidence as a result of water injection and
production. Issues of noise, safety, visual impacts, and land use associated with drilling and
production operations are also important but fully manageable.

As geothermal technology moves away from hydrothermal and more toward larger EGS
developments, it is likely that environmental impacts and risks will be further reduced relative to
those associated with hydrothermal systems. For example, EGS plants should only rarely have a need
for abatement of hydrogen sulfide (H2S), ammonia (NH3), and other chemical emissions.

1.9 Economic Feasibility Issues for EGS
This section highlights the role that EGS can play in supplying base-load and distributed electricity
in evolving U.S. energy markets. Important factors that favor having EGS as an option will be
discussed, including projected demand growth, retirement of existing conventional capacity,
transmission access, fuel supply limitation, environmental, and other constraints on expanding
fossil and nuclear supply.

Major components affecting risk in geothermal-based electricity and thermal energy production are
discussed in Section 9.7.

Geothermal energy, which is transformed into delivered energy (electricity or direct heat), is an
extremely capital-intensive and technology-dependent industry. Capital investment can be divided
into three distinct phases:

1. Exploration, and drilling of test and production wells 

2. Construction of power conversion facilities

3. Discounted future redrilling and well stimulation.

Estimated levelized costs were used as a basis for comparing EGS projections to existing and new
energy-supply technologies. The methodology used for the supply curves was analyzed in detail to
show how access to potential growth in EGS generation capacity would be available in the United
States as a result of the diversity, large size, and distribution of the EGS resource.

Two different economic models – Geothermal Electric Technology Evaluation Model (GETEM) and
MIT EGS – were updated and modified to estimate levelized electricity prices for EGS technology over
a range of conditions. Starting with specified base-case values that represent financial parameters
(debt interest, equity rate of return, etc.), system performance (thermal drawdown rate or reservoir
lifetime, well flow rate, number of production and injection wells, etc.), capital costs (site exploration,
drilling and redrilling, reservoir stimulation, and surface plant facilities), and operating and
maintenance costs, we calculated and validated predicted costs for EGS at targeted, representative
sites using both models (see Table 1.3), and explored the effects of sensitivity to uncertain parameters,
as shown in Figures 1.11 and 1.12.
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Figure 1.11 Sensitivity for mature technology at a representative high-grade EGS site: 80 kg/s flow rate
per production well in a quartet configuration (1 injector : 3 producers) for the Clear Lake (Kelseyville,
Calif.) scenario showing levelized cost of electricity. (MIT EGS economic model results shown.) 

Figure 1.12 Sensitivity for mature technology at a representative low-grade EGS site: 80 kg/s flow rate per
production well in a quartet configuration (1 injector : 3 producers) for the Conway, N.H., scenario
showing levelized cost of electricity. (MIT EGS economic model results shown.) 



We assumed a six-year nominal lifetime period for each stimulated reservoir, which led to a complete
redrilling and restimulation of the system in six-year intervals for the lifetime of the surface plant
facilities, typically 20 to 30 years. Other important factors affecting the levelized energy cost (LEC)
include equity and debt interest rates for invested capital, well-drilling costs, surface plant costs, and
reservoir flow rate per production well. Table 1.3 gives estimated values for six representative EGS
sites for the United States, showing the dramatic effect that reservoir fluid flow rate has on LEC, going
from an initial value of 20 kg/s per well to 80 kg/s per well for the two base cases shown.

Table 1.3 Levelized energy cost (LEC) for six selected EGS sites for development.

Site Average Depth Well Base Case Base Case
Name gradient to Depth Initial Values Mature Technology

∂T/∂z Granite (km) 20 kg/s 80 kg/s
(°C/km) (km) production rate production rate
to well LEC (¢/kWh) LEC (¢/kWh)
depth MIT GETEM MIT GETEM Depth

EGS EGS (km)

E. 40 5 5 29.5 21.7 6.2 5.8 7.1
Texas 
Basin, 
TX

Nampa, 43 4.5 5 24.5 19.5 5.9 5.5 6.6
ID

Sisters 50 3.5 5 17.5 15.7 5.2 4.9 5.1
Area, 
OR

Poplar 55 4 2.2 74.7 104.9 5.9 4.1 4.0
Dome a, 
MT

Poplar 37 4 6.5 26.9 22.3 5.9 4.1 4.0
Dome b, 
MT

Clear 76 3 5 10.3 12.7 3.6 4.1 5.1
Lake, 
CA

Conway 24 0 7 68.0 34.0 9.2 8.3 10‡
Granite, 
NH

‡10 km limit put on drilling depth – MIT EGS LEC reaches 7.3¢/kWh at 12.7 km and 350°C geofluid temperature. 
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Figure 1.13 illustrates a predicted aggregate supply curve for the U.S. EGS resource, regardless of
region and not described by a particular depth or stored thermal energy content, using the variable
rate of return (VRR) MIT EGS costing model. As expected for any new technology, costs at low levels
of penetration are higher than existing markets for electric power, but rapidly decline. When EGS
increases above 100 MWe of capacity, which amounts to only a few EGS projects, costs begin to
become competitive. The segmented structure of the supply curve is a reflection of dividing the EGS
resource into 1 km-thick segments (see Figure 1.6). The slight increase in break-even price that
occurs at higher levels of penetration (above 5,000 MWe) is due to extraction of heat from somewhat
lower-grade EGS resources (with lower average gradient and heat flow) that require deeper, more
costly drilling. However, by the time these levels are reached, it is expected that competitive
electricity prices will be equal to or greater than the EGS values, so that further deployment will 
not be constrained.

Figure 1.13 Aggregate supply using MIT EGS, variable rate of return (VRR) model with quartet well
configurations and a maximum flow per well of 80 kg/s.

Next, we analyzed the effects of experience. Learning curves were developed to reflect cost reductions
resulting from improvements in drilling, reservoir stimulation, and surface plant technologies. These
stem from the combination of R&D investments that lower costs, and experience gained by repeating
the deployment of EGS plants at different U.S. sites as part of a focused national initiative. Figures
1.14 to 1.16 illustrate these supply curves using both GETEM and MIT EGS models over a range of
assumed conditions. When the EGS break-even prices are greater than competitive market prices for
electricity, additional institutional investment is needed. For example, on Figure 1.14, this corresponds
to the period from 0 to about 12 years. The total amount of investment required is proportional to the
area between the EGS price curve and the market price curve. weighted by the amount of EGS
capacity online. 
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Figure 1.14 Levelized break-even COE using the MIT EGS model for the 100,000 MW — 50-year scenario
and variable debt and equity rates (VRR). Flow rate per production well (in a quartet configuration — 1
injector, 3 producers) follows the 80 kg/s learning curve. Thermal drawdown is 3%/yr resulting in complete
redrilling and restimulation of the system, with a vertical spacing between stacked reservoirs of 1 km after
~6 years of operation. Resulting absorbed technology deployment costs are $216 million (U.S. 2004).

Figure 1.15 Levelized break-even COE using the MIT EGS model for the 100,000 MW – 50-year scenario and a
fixed-charge rate of 12.8% per the NEMS model. Flow rate per production well (in a quartet configuration – 1
injector, 3 producers) follows the 80 kg/s learning curve. Thermal drawdown is 3%/yr resulting in complete
redrilling and restimulation of the system, with a vertical spacing between stacked reservoirs of 1 km after ~6
years of operation. Resulting absorbed technology deployment costs are $262 million (U.S. 2004).
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Figure 1.16 Levelized break-even COE using (a) MIT EGS and (b) GETEM for the 100,000 MW – 50-year
scenario using a fixed-charge rate of 12.8% per the NEMS model. Flow rate per production well (in a
triplet configuration – 1 injector, 2 producers) follows the 60 kg/s learning curve. Thermal drawdown is
3%/yr resulting in complete redrilling and restimulation of the system, with a vertical spacing between
stacked reservoirs of 1 km after ~6 years of operation. Resulting absorbed technology deployment costs
are (a) $368 million and (b) $394 million (U.S. 2004).



As a result of technology improvements from research and learning curve effects, we have found a
strong positive correlation between the early deployment of new EGS facilities and the significant
decline in the levelized cost of delivered electricity. This finding reflects not only the economies from
new techniques and access to higher-value resources, but also the inevitable changes in availability
and increased cost of conventional energy sources. For example, for hydroelectric power, reduced
capacity occurs as a result of changed weather patterns and lower resource flows to existing facilities,
as well as competition for the resource for alternate uses such as fish and wildlife, recreation, flood
control, and capacity losses in dammed areas. In the case of coal-fired electricity, increased bus-bar
costs are predicted as result of three effects occurring over time: (i) fuel cost increases, (ii) higher
capital costs of new facilities to satisfy higher efficiency and environmental quality goals, including
capture and sequestration of CO2, and (iii) retirement of a significant number of low-cost units in the
existing fleet due to their age or failure to comply with stiffer environmental standards. In the case of
nuclear facilities, we anticipate a shortfall in nuclear supplies through the forecast period, reflecting
retirement of the existing power reactors and difficulties in siting and developing new facilities.
Without corresponding base-load replacements to meet existing and increased demand, the energy
security of the United States will be compromised. It would seem prudent to invest now in developing
a portfolio of options that could meet this need. 

To sum up, based on our technical and economic analysis, a reasonable investment in R&D and a
proactive level of deployment in the next 10 years could make EGS a major player in supplying 10%
of U.S. base-load electricity by 2050. Further, the analysis shows that the development of new EGS
resources will not be limited by the size and location of the resource in the United States, and it will
occur at a critical time when grid stabilization with both replacement and new base-load power will
be needed. Adding the EGS option to the U.S. portfolio will reduce growth in natural gas
consumption and slow the need for adding expensive natural gas facilities to handle imported
liquefied natural gas (LNG). 

Although EGS-produced commercial power currently lacks a demonstration of its capability, this
can be realized in the short term with a proven application of R&D support. The potential of EGS
in evolving U.S. energy markets is large and warrants a comprehensive research and
demonstration effort to move this technology to commercial viability, especially as the country
approaches a period when gap between demand for and generation of electricity will most affect
the existing system capacity.
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2.1 Introduction
Previous analyses have suggested that the amount of thermal energy available for Enhanced
Geothermal System (EGS) development is enormous (Armstead and Tester, 1987; Rowley, 1982;
Mock et al., 1997; Tester et al., 1994; Sass, 1993). However, these earlier works did not use detailed
geologic information – and, as a result, the methodologies employed and resulting resource estimates
were, by necessity, somewhat simplified. This study utilizes published geologic and geophysical data
for the United States to calculate the stored thermal energy (or “heat in place”) on both a national and
state level, at depths from 3 to 10 km. The methodology, resource types considered, and the resource-
base calculations are included in this chapter. Recoverability, or useful energy, is discussed in Chapter
3 of this report. A depth of 3 km was selected as a cutoff for upper depth because, outside of the
periphery of active magmatic and hydrothermal systems, temperatures in excess of 150°C at less than
that depth are rare. 

Several classes of geothermal resources are discussed in this chapter (Table 2.1). In earlier analyses –
USGS Circular 726 (White and Williams, 1975), USGS Circular 790 (Muffler and Guffanti, 1979),
and USGS Circular 1249 (Duffield and Sass, 2003) – the geothermal resource was divided into four
major categories: hydrothermal, geopressured, magma, and conduction-dominated (Enhanced
Geothermal Systems or Hot Dry Rock). The resource classes that are discussed in this report include
1) sedimentary Enhanced Geothermal Systems (EGS), 2) basement EGS, 3) geopressured-geothermal
systems, and 4) coproduced fluids (hot aqueous fluids that are produced during oil and gas
production). Brief mention is also made of supercritical/volcano (i.e., igneous) geothermal systems.
There is overlap of some of these categories, which will be explained in the discussion that follows. 

Table 2.1 Geothermal resource categories.

Category of Resource Reference 

Conduction-dominated EGS

Sedimentary EGS This study, basins > 4 km

Basement EGS This study

Volcano Geothermal Systems USGS Circular 790 + new data

Hydrothermal USGS Circulars 726 and 790

Coproduced fluids McKenna et al. (2005)

Geopressured systems USGS Circulars 726 and 790

Conventional hydrothermal resources, presumed to exist at depths of 3 km or less, are specifically
excluded. A team at the United States Geological Survey (USGS) (Williams, 2005) is currently
reevaluating these resources. Also not included, because of their relatively small geographic size, are
EGS resources on the periphery of hydrothermal systems in the Western United States. While these
types of resources are certainly of high grade and can be viewed as near-term targets of opportunity,
they are so small in area and site-specific that a regional study of this scale cannot quantitatively assess
them. They are, in general, extensions of the hydrothermal resource and will be identified as part of
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the ongoing assessment of hydrothermal geothermal resources being conducted by the USGS.
However, some larger basement EGS resource areas that might, in some sense, be considered
marginal to hydrothermal systems – such as The Geysers/Clear Lake area in California and the High
Cascades Range in Oregon – are included in this discussion (see Section 2.3.5). 

The data set used to produce the Geothermal Map of North America, published by the American
Association of Petroleum Geologists (AAPG) (Blackwell and Richards, 2004a), is the basic thermal
data set used in developing the resource assessment. The conterminous U.S. portion of the map is
shown in Figure 2.1. In order to expand coverage from the earlier GSA-DNAG map (Blackwell and
Steele, 1992; Blackwell et al., 1991) and early versions of this type of resource evaluation (Blackwell et
al., 1993; Blackwell et al., 1994), extensive industry-oriented thermal data sets were used, as well as
published heat flow data from research groups. To that end, a western heat-flow data set was
developed, based on thermal gradient exploration data collected by the geothermal industry during
the 1970s and 1980s (Blackwell and Richards, 2004c; Kehle, 1970; Kehle et al., 1970).

The basic information in this data set consists of temperature-depth/gradient information. However,
thermal conductivity and heat flow were also determined for as many of the sites as possible, based
on thermal conductivity estimates from geologic logs (where available), and geologic maps for other
sites where there were no well logs. About 4,000 points were used in the preparation of the map (of
the 6,000 sites in the database). The focused nature of the drilling is shown by the clumps of data on
Figure 2.2, especially in western Nevada and southwestern Utah. 

A second industry data set consisting of about 20,000 point bottom-hole temperature (BHT)
measurements, compiled in the early 1970s and published in digital form (AAPG CD-ROM, 1994),
was also utilized. The AAPG BHT data set was augmented in Nevada by BHT data digitized from
hydrocarbon exploration well logs in the files of the Nevada Bureau of Mines and Geology. Use of the
BHT data required extensive analysis of the error associated with the determination of in situ
equilibrium temperatures from these nonequilibrium data. That process is described briefly in
Section 2.2.2 and, in more detail, by Blackwell and Richards (2004b, c).

The heat flow varies from less than 20 mW/m2 in areas of low heat flow to more than 150 mW/m2 in
areas of high heat flow. The causes of the variations and the distribution of heat flow in the
conterminous United States are discussed in detail by Roy et al. (1968, 1972), Sass et al. (1971),
Lachenbruch and Sass (1977), Reiter et al. (1986), Morgan and Gosnold (1989), Blackwell et al. (1991),
and others. The value of surface heat flow is the building block for the temperature-at-depth
calculation (see Figure 2.3). Individual sites have thermal conductivity (rock columns) that varies with
depth and, thus, the average thermal gradient depends on the depth interval studied – whereas, heat
flow does not. In this study, contours of measured heat flow are combined with regionally specific,
depth-averaged thermal conductivity models to more accurately represent the larger-scale thermal
regime (i.e., average gradients and temperatures as a function of depth). 
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To summarize, the values of heat flow used to produce the contours for the United States shown in
Figure 2.1 were compiled from the following data sets: the SMU compiled Western Geothermal
database (includes the USGS Great Basin database http://wrgis.wr.usgs.gov/open-file/of99-
425/webmaps/home.html); the SMU-compiled U.S. Regional Heat Flow database (approximately
2,000 points, see www.smu.edu/geothermal); and the AAPG BHT database (AAPG 1994). The
various data site locations are shown in Figure 2.2 by data category. In addition, for completeness, hot
and warm spring locations, and Pleistocene and Holocene volcanoes, were shown on the Geothermal
Map of North America and on Figure 2.1.

2.2 EGS Resource-Base Calculation –
Temperature-at-Depth Maps
Several data components are needed to calculate temperature at depth. The heat flow (Q) map is the
starting point for the calculations. The thermal conductivity (K ) and the geothermal gradient ( T,
∂T/∂z) complete the trio of quantities directly involved (see Figure 2.3). In addition to the thermal
conductivity as a function of depth, the radioactivity of the crustal rocks (A), the thickness of the
radioactivity layer (r), the regional heat flow (i.e., the heat flow from below the radioactive layer, Qm)
(Roy et al., 1972), and the average surface temperature (T0 ) must be available at each point in the grid.
The components of the analysis used are briefly described below. 

The resource maps were prepared at a gridding interval of 5 minutes (5’ = 5 minutes = 0.08333°) of
latitude/longitude. This grid interval corresponds to points with an average spacing of about 8 km
representing an area of about 64 km2. A typical 250 MWe EGS plant might require about 5-10 km2 of
reservoir planar area to accommodate the thermal resource needed, assuming that heat removal
occurs in a 1 km-thick region of hot rock at depth. Power plant operations, of course, would be
confined to a much smaller area, 3 km2 or less. Thus, at the field level, focused exploration and
evaluation will be necessary to select optimum sites in a given region, because the grid size used in
the analysis is bigger than a reasonable field size. 
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Figure 2.1 Heat-flow map of the conterminous United States – a subset of the geothermal map of North
America (Blackwell and Richards, 2004)
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AAPG 1972 BHT Well Temps.
 10°C – 50°C
 50°C – 75°C
 75°C – 150°C
 150°C – 265°C

 Heat Flow Database
 Geothermal Database
 

Equilibrium Logs

Figure 2.2 All BHT sites in the conterminous United States in the AAPG database. BHT symbols are 
based on depth and temperature (heat flow is not available for all of the sites, so some were not used for
preparation of the Geothermal Map of North America). The named wells are the calibration points. The
regional heat flow and geothermal database sites are also shown. 

2.2.1 Heat flow
Before calculation of the heat-flow grid values, individual data points were ranked for quality, based
on the uncertainty of the data points (see Blackwell et al., 1991, for a discussion of quality ranking).
Hydrothermal system-influenced data (very high values, i.e., generally greater than 120 mW/m2) were
excluded from the contouring. All of the heat-flow values obtained from the regional data sets were
then merged and contoured using a gridding interval of 5’ (0.08333°) of latitude/longitude (about 8
km point spacing) with a minimum curvature algorithm. The resulting heat-flow grid (see Figure 2.1)
is the starting point for all of the calculations described in this chapter. 

Figure 2.2 illustrates that, at the present stage of the analysis, there are still large geographic areas that
are under-sampled with respect to the 8 km grid interval, such that the contours are not well
constrained in places where the data are sparse. For example, Kentucky and Wisconsin have no
conventional heat-flow data at all (although there are some BHT data points), and there are large gaps
in several other areas, especially the eastern part of the United States. Areas in the Appalachian basin
may have low thermal conductivity and high heat flow (as is the case in northwestern Pennsylvania),
but data are limited in this region. Heat flow for AAPG database BHT points in the eastern United
States was not calculated, due to the small and generally scattered nature of the drilling there and
limited thermal conductivity information. The deeper wells were used in the preparation of the
temperature maps, however. 
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Although there are BHT data in some areas to depths of 6,000 m, the maximum depth used for the
correction was 4,000 m, due to limited information on the drilling effect for deeper wells, and a lack
of calibration wells at those depths. Generalized thermal conductivity models for specific geographic
areas of the various sedimentary basins were used to compute the heat flow associated with the BHT
gradients. The results were checked against conventional heat-flow measurements in the same
regions for general agreement. 

Data from the Western Geothermal Database were also used to prepare the contour map. These are
heat-flow measurements derived from thermal gradient exploration wells drilled primarily for
geothermal resources exploration in the western United States, generally during the late 1970s and
1980s. The majority of these wells are 150 m or less in depth. The raw data were processed to calculate
heat flow where there was sufficient information. There are site-/well-specific thermal conductivity
data for about 50% of the sites. In the Basin and Range, most of the sites are in the valley fill. Thermal
conductivity was assumed for these wells based on lithology logs or, in the absence of even this data,
on well-site geology maps. 

The flow of the temperature-at-depth calculations is shown in Figure 2.3. There are discussions of
each of the main parameters used in the following sections. The important parameters are the
measured heat flow (this section), the thermal conductivity distribution (Section 2.2.3 and 2.2.4), the
surface temperature (Section 2.2.5), and the distribution of heat due to radioactive elements in the
crust (U, Th, K) (Section 2.2.6). In the calculations, Q0 is the measured heat flow, K is the thermal
conductivity, Qm is the mantle or tectonic component of heat flow (Section 2.2.6), A is the radioactive
heat generation, r is the scaled depth of the radioactivity effect (10 km in these calculations, see
Section 2.2.6), X is the depth of the temperature calculation, the subscript s indicates the sediment
section, and the subscript b indicates the basement section of the calculation.

2.2.2 Geothermal gradients
The mean thermal gradient in the sedimentary section can be found by dividing the heat flow by the
thermal conductivity (see Figure 2.3). The variation in the mean gradient is from less than 
15°C/km to more than 50°C/km on a regional basis. Within an individual well, the geothermal
gradient can vary by up to a factor of 5 or more, depending on the lithology in a particular depth
interval. However, the whole sedimentary section is averaged in the approach used here.

Unlike thermal gradient maps produced from direct observations from individual wells (Kron and
Stix, 1982; Nathenson and Guffanti, 1980; DeFord and Kehle, 1976), the gradients produced as
described in this section and the subsequent temperature-at-depth calculations are not biased by the
part of the sedimentary section in which the measurements were made. Thus, the geothermal
gradient distribution used here is smoother and more regionally characteristic of the average
geothermal gradient to depths below where direct measurements exist. This smoothing process
produces a somewhat different temperature-at-depth result than would be obtained from
extrapolation of existing gradient compilations that do not include thermal conductivity and heat-flow
analyses. 
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Figure 2.3 Flow chart for calculation of temperature and heat content at depth. 
Note: 1 kW-sec = 1 kJ and angle brackets denote depth-averaging.

Use of the extensive BHT data set is a new feature of the heat-flow map and this temperature-at-depth
analysis used in previous studies. The BHT data were calibrated by comparison to a series of precision
temperature measurements made in hydrocarbon wells in thermal equilibrium, and a BHT error was
thus established (Blackwell and Richards, 2004b; Blackwell et al., 1999). Data up to a maximum
depth of 3,000 m were used (4,000 m in southern Louisiana). The basic correction was similar to the
AAPG BHT correction, with modifications as proposed by Harrison et al. (1983). A secondary
correction that is a function of the gradient was applied, so that a bias associated with average
geothermal gradient in the well was removed. This correction was checked against the approximately
30 sites in the United States with accurate thermal logs (Figure 2.2). We contend the correction for
the average gradient of a group of wells is accurate to about ± 10°C at 200°C, based on the direct
comparisons described by Blackwell and Richards (2004b). 

With the inclusion of the BHT data, there is a higher confidence level in the interpreted temperatures
at depth. For geothermal resource potential purposes, the corrected BHT data can be used directly in
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many places, because many of these measurements are at 4 to 6 km depths. This additional data
improves the definition of areas that qualify for further EGS evaluation. 

2.2.3 Thermal conductivity
For the calculations of temperature at depth, the vertical thermal conductivity is sorted by depth into
either one or two layers. The two-layer model for some of the areas is based on the effect of reduction
of porosity and mineralogical changes in low-conductivity shale and in volcanic rock at temperatures
above 60-80°C. A value of thermal conductivity of 2.6 W/m/K was assumed for the basement rocks.
This value was based on the median of the values for basement rocks from the regional heat-flow
database. For some of the sedimentary basins, an upper layer of lower thermal conductivity is
assumed to overlie the 2.6 W/m/K value used for the deeper sedimentary rocks and the underlying
basement. 

A histogram of thermal conductivity for the wells in the regional heat-flow data set is shown in Figure
2.4. There is a peak in the distribution of thermal conductivity values at about 1.4 W/m/K. These low-
conductivity values are characteristic of lithologies such as volcanic rock, shale, and unconsolidated
valley fill. A value of 1.4 W/m/K was assumed for the Basin and Range valley fill and other high-
porosity rocks where no measurements were available. There is another smaller peak in the
distribution between 2.0-3.0 W/m/K. Rocks in the > 2.2 W/m/K category are generally low-porosity
sedimentary rocks and basement lithologies (granite, metamorphic rocks, carbonates, sandstone,
etc.). The value of 2.6 W/m/K was used as the crustal value – instead of the 2.8-3.0 W/m/K peak – to
partly take into account the effect of temperature on thermal conductivity, which ranges from 5% to
10% per 100°C change in temperature. 

Regional values of thermal conductivity in the upper 2 to 4 km are based on generalized rock
distributions. The peak at 1.4 W/m/K is related to the thermal conductivity of Late Cenozoic basin fill
in the Great Basin. Parts of the Pacific Northwest and the Great Basin were assigned values of thermal
conductivity of 2.0 W/m/K to a depth of 2 km, to approximate a mean of basement, volcanic, and
Cenozoic rift basin lithologies. In the areas of the Salton Sea/Imperial Valley and the Los Angeles
Basin, the upper 2 km of section was also assigned a thermal conductivity value of 2.0 W/m/K. Thus,
the vertical thermal-conductivity distribution in sedimentary and volcanic sections is considered only
on a semiregional scale. 

There are lateral variations of almost 100% in the mean thermal conductivity within the sedimentary
section. Therefore, detailed studies are necessary to identify the most favorable locations from the
point of view of temperature and lithology. The highest thermal-conductivity values (> 3.4 W/m/K for
relatively thick intervals on a regional basis) are associated with areas where Paleozoic carbonates and
evaporates dominate the section such as in the Michigan, Illinois, Anadarko, and Delaware Basin
regions. These areas were assigned the 2.6 W/m/K value starting at zero depth. Lower thermal
conductivity values (< 2.0 W/m/K on a regional basis) are in areas where a significant part of the
upper section is shale, such as in the Great Plains (Williston Basin, Cretaceous shales, Anadarko
Basin, Paleozoic shales) and possibly in the northern Allegheny area (Paleozoic shales). Typical
thermal-conductivity values for the different lithologies, based on measurements in the Midcontinent
region, are given by Blackwell and Steele (1989), Gallardo and Blackwell (1999), Carter et al. (1998),
Gosnold (1990), and Speece et al. (1985), for example.
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Figure 2.4 Histogram of in situ thermal conductivity, K, in the regional heat-flow database. 
Source: SMU Regional Heat Flow database at www.smu.edu/geothermal.

2.2.4 Sediment thickness
A map of the thickness of sedimentary cover was prepared by digitizing the Elevation of Basement Map
published by the AAPG (1978). The basement elevation was converted to thickness by subtracting its
value from the digital topography, resulting in the map shown in Figure 2.5. Sediment thickness is
highly variable from place to place in the tectonic regions in the western United States (west of the
Great Plains); and, for this reason, most of the areas of deformation in the western United States do
not have basement contours on the AAPG map. Because of the complexity and lack of data, the
sediment/basement division in the western United States is not shown, with the exception of the
Colorado Plateau (eastern Utah and western Colorado), the Middle Rocky Mountains (Wyoming), and
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Figure 2.5 Sediment thickness map (in meters, modified from AAPG Basement Map of North America,
1978). The 4 km depth contour is outlined with a bold black line. The low-conductivity regions in the
western United States are in blue/green.

In the Basin and Range and the Southern and Middle Rocky Mountains, there are smaller – but
sometimes very deep – basins filled with low thermal-conductivity material. The scale of this study is
such that these areas are not examined in detail, and considerable variations are possible in those
regions, both hotter and colder than predicted. 

The map in Figure 2.5 indicates areas that might be of interest for EGS development in the sediment
section (the areas inside the 4 km sediment thickness contour), and areas of interest for basement EGS.
With the exception of the Anadarko basin, the Gulf Coast, and the eastern edge of the Allegheny basin,
sedimentary thickness does not exceed 4 km, except in very localized regions in the area east of the
Rocky Mountains. Thus, outside the areas identified by the heavy lines on Figure 2.5, development
would have to be in basement settings (east of the Rocky Mountains).

the Great Valley of California. The area of most uncertainty is the Northern Rocky Mountain/Sevier
thrust belt of the Cordillera – in that area, basement thermal conductivity was assumed. Local late
extensional basins such as those in the Basin and Range and the Western Snake River Basin, are also
not specifically represented on the sediment thickness map and were assigned a thickness of 2,000 m. 
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Mantle Heat Flow 60 mW/m2

2.2.5 Ground surface temperature
The ground surface temperature is shown in Figure 2.6. This temperature represents the lowest value
of the average heat rejection temperature possible for any energy-conversion scheme. The values are
from measurements of temperature in shallow groundwater wells (Gass, 1982). These temperatures
can be used as shown in Figure 2.3 to calculate maximum attainable temperature differences, which
can then be used to calculate the thermal energy content of a rock volume for any U.S. region
(difference of the rock temperature at depth and the average surface temperature). 

Figure 2.6 Map of surface temperature (colors, Gass, 1982) and generalized mantle heat flow for the
conterminous United States (dotted area inside heavy black line is greater than 60 mW/m2, the remainder 
of the area is 30 mWm2). 

2.2.6 Tectonic and radioactive components of heat flow
The heat flow at the surface is composed of two main components that may, of course, be perturbed by
local effects, i.e., the heat generated by radioactive elements in the crust and the tectonic component of
heat flow that comes from the interior of the Earth (referred to here as the mantle heat flow). The
radioactive component varies from 0 to more than 100 mW/m2, with a typical value of about 25
mW/m2. The characteristic depth of the radioelements (U, Th, and K) in the crust averages about 10
km (Roy et al., 1972), so that most of the variation in heat flow from radioactivity is above that depth.
This component can be large and is locally variable, and, thus, there can be areas of high heat flow even
in areas that are considered stable continent. For example, in the White Mountains in New Hampshire,
the heat flow is as high as 100 mW/m2, because of the extreme natural radioactivity of the granite (Birch
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et al., 1968). In contrast, in parts of the nearby Adirondack Mountains, the heat flow is only 30 mW/m2,
because the upper crustal rocks have very small radioelement content.

In the analysis of temperatures to 10 km, the heat flow from below the layer of radioactive elements
providing a heat source in the continental crust must be known, because the depth-scale of the
radiogenic contribution is similar to the depth of calculation. For the majority of the area covered by
the analysis, two different “mantle” heat flow values were used: 60 mW/m2 for the high heat-flow
regions in the west and 30 mW/m2 for most of the rest of the map area. The region of high mantle heat
flow is shown as the dotted area inside the heavy black line in Figure 2.6. The high mantle heat flow is
a result of the plate tectonic activity (subduction) that has occurred along the west coast of North
America during the past 100 million years, and the hot spot activity along the Yellowstone/Snake River
Plain track (Blackwell, 1989). Part of the Cascade Range in the Pacific Northwest (active volcanic arc)
and part of the Snake River Plain (hot spot track) were assigned mantle heat flow values of 80 mW/m2,
because they are associated directly with geologically young volcanism. Finally, part of the Great
Valley/Sierra Nevada Mountains areas were given a mantle heat flow of 20 mW/m2 compatible with the
outer arc tectonic setting in those areas (see Morgan and Gosnold, 1989; Blackwell et al., 1991).
Transitions in heat flow between these different areas are generally sharp on the scale of the map, but
are hard to recognize in some locations, because of the variable heat flow due to the upper crustal
effects. Nonetheless, as deeper depths are considered, this regional factor becomes dominant. 

2.3 EGS Resource Maps and Resource-Base
Estimates – Lower 48 States
2.3.1 Heat (thermal energy) content
The results of the analysis described in the previous section are presented as temperature-at-depth
maps and as thermal energy (or “heat”) in place. The temperatures were calculated from the depths of
3 to 10 km at every km. The mean values at 0.5 km intervals were used in the recoverable resource
analysis in subsequent chapters. Maps of the temperature at 3.5 km, 4.5 km, 5.5 km, 6.5 km, 7.5 km,
and 10 km are shown in Figure 2.7. Heat-in-place was calculated and is listed in Table A.2.1 for 
1 km x 1 km x 1 km blocks centered at depths of 3.5, 4.5, 5.5, 6.5, 7.5, 8.5, and 9.5 km using the
assumptions and equations shown in Figure 2.3. The values listed in Table A.2.1, and shown in the
histogram in Figure 2.8, represent the geothermal resource base and not the power that can be
generated. For demonstration purposes, the values are shown in terms of stored thermal energy,
namely, exajoules (EJ = 1018 J). The only area excluded from the calculation is Yellowstone National Park
(8,980 km2). It represents a large area of high temperature, and so its exclusion affects the resource-
base calculation of areas at high temperature at shallow depths. The histogram in Figure 2.8 shows that
there is a tremendous resource base of approximately 13 million EJ, between the depths of 3.5 to 7.5 km
in the temperature range of 150°C to 250°C. Even if only 2% of the resource were to be developed, the
thermal energy recovered would be 260,000 EJ. This amount is roughly 2,600 times the annual
consumption of primary energy in the United States in 2006. 

To understand the magnitude of the thermal energy or heat content of the rock, it is useful to consider
the following “thought experiment.” Imagine a 14 km long x 14 km wide x 1 km thick slice of rock below
the ground surface, which is at an initial temperature of 250°C. Reasonable average values are 2,550
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kg/m3 and 1,000 J/kg°C, for the density (Ú) and heat capacity (Cp) of the rock, respectively. If this mass
of rock is cooled through a temperature difference of 200°C to a final temperature of 50°C, then the
heat removed is given by

This quantity of thermal energy, which could potentially be released from a 200 km2 area of rock, is
equivalent to the total amount of energy consumed annually in the United States, which has a total land
area close to 10 million km2. This illustration demonstrates the substantial size of the U.S. geothermal
resource. Of course, the size of the accessible resource is much smaller than implied by this simplistic
analysis. Details relating to the development scenarios are described elsewhere in this report, including
Chapter 3.

The validity of the calculations of temperature at depth is important. In the areas of hydrocarbon
development, there are wells that have been drilled to 3 to 6 km (10,000 to 19,000 ft) depths, so that
the predicted temperatures can be checked against measurements in deep wells. In the case of the
areas represented in the AAPG BHT database, this has been done and the agreement is within ± 20°C
in the 3 to 6 km depth range. In the areas of geothermal drilling, there is some information outside of
the immediate influence of geothermal systems, and there are a few research wells that serve as data
points at depth. This information has been compared to the calculated values with similar results to the
BHT comparison.
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Figure 2.7a Average temperature at 3.5 km.  
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Figure 2.7b Average temperature at 4.5 km. Includes areas of special EGS interest outlined in blue and
identified in Table 2.2.  
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Figure 2.7c Average temperature at 5.5 km.   

5.5 km

High-grade EGS Areas

50
°C

10
0°

C
15

0°
C

20
0°

C
25

0°
C

30
0°

C

50
°C

10
0°

C
15

0°
C

20
0°

C
25

0°
C

30
0°

C



Chapter 2 Geothermal Resource-Base Assessment

2-17

Figure 2.7d Average temperature at 6.5 km. 
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Figure 2.7e Average temperature at 7.5 km.   
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Figure 2.7f Average temperature at 10.0 km.   

10 km

Figure 2.8a Histograms of heat content in EJ, as a function of depth for 1 km slices. 
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Figure 2.8b Histograms of United States area at a given temperature, as a function of depth for 1 km slices. 

Although the EGS resource base is huge, it is not evenly distributed. Temperatures of more than
150°C at depths of less than 6 km are more common in the active tectonic regions of the western
conterminous United States, but by no means are confined to those areas. The highest temperature
regions represent areas of favorable configurations of high heat flow, low thermal conductivity, plus
favorable local situations. For example, there are high heat-flow areas in the eastern United States
where the crustal radioactivity is high, such as the White Mountains in New Hampshire (Birch et al.,
1968) and northern Illinois (Roy et al., 1989). However, the thermal conductivity in these areas is
also high, so the crustal temperatures are not as high as areas with the same heat flow and low
thermal conductivity, such as coastal plain areas or a Cenozoic basin in Nevada. The most favorable
resource areas (e.g., the Southern Rocky Mountains) have a high tectonic component of heat flow,
high crustal radioactivity (Decker et al., 1988), areas of low thermal conductivity (as in young
sedimentary basins), and other favorable circumstances such as young volcanic activity.

There are also areas of low average gradient in both the eastern and western United States. In the
tectonically active western United States, the areas of active or young subduction have generally
low heat flow and low gradients. For example, areas in the western Sierra Nevada foothills and in
the eastern part of the Great Valley of California are as cold as any area on the continent (Blackwell
et al., 1991). 

1,500,000

2,000,000

2,500,000

3,000,000

1,000,000

500,000

200 250 300 350 400150100
0

Chapter 2 Geothermal Resource-Base Assessment

2-19

Temperature at depth, ºC
Temperature label centered under 6.5 km bar

A
re

a
fo

r
ea

ch
de

pt
h

sl
ic

e,
km

2

3.5 km
4.5 km
5.5 km
6.5 km
7.5 km
8.5 km
9.5 km

Depths of US Maps
(excluding AK & HI)



2.3.2 Crustal stress
Data on the state of stress are shown in Figure 2.9 (Zoback and Zoback, 1991; Zoback et al., 1991).
All stress regimes are represented in the conterminous United States. The stress regime is
extensional in areas such as the Basin and Range and the Gulf Coast; and compressional in parts of
the eastern United States and locally in the state of Washington. Strike-slip stresses are also typical of
large areas such as along the transform plate in California. However, there are still large areas that are
not well-characterized; detailed resource evaluation in these areas will have to include stress studies. 

There is not enough information to determine the optimum stress regime for EGS geothermal
development. In Australia, the planned development in the Cooper Basin is in a highly compressive
regime with geopressured conditions (Wyborn et al., 2005); while, at the Soultz area in Europe, the
stress regime is extensional (Elsass et al., 1995). Because the stress regime determines drilling
strategies (see Chapter 6); and because, in opening fractures, the most favorable ones are along the
direction of maximum shearing stress, it is important to have information on regional stress direction
and magnitude in the planning of EGS geothermal development. 

2.3.3 EGS geology
Much of the thermal energy resides in “basement” rocks below the sedimentary section. Because
basement is usually defined as areas of metamorphic or igneous rocks, the composition and
lithology of “basement” is actually extremely variable. The basement lithology below the
sedimentary cover, where present, is as complicated as the surface exposures. While the generic
description “granite” is used in this report, the lithology is not exactly specified. Quantification of the
most favorable rock composition and structure for EGS development remains to be done. Most of
the experimental EGS sites have been in granite (in a strict geologic sense), because of the expected
homogeneity of the rock type. In fact, there may be situations where layered rocks might be equally
or more favorable because the orientations of fractures might be easier to predict and the rock types
may be more extensively fractured. From a more practical point of view, the lithology also affects the
heat flow in the form of its radioactive content and the resulting heat flow. As has already been
described above, areas of high radioactivity will have higher heat flow and so may have higher
temperatures, all other factors being similar.

Some of the EGS resource resides in the sedimentary section, however. In general, as depth and
temperature increase, the permeability and porosity of the rocks decreases. So, at depths of 3+ km
and temperatures of 150+°C, the rocks are similar to basement in permeability and porosity. In many
areas of the country, there is extensive drilling for gas at depths where temperatures are well within
the EGS range because the gas deadline is on the order of 200+°C. In many of these areas, the rocks
are “tight” and must be fractured to produce commercial quantities of gas (Holditch, 2006). In fact,
much of the gas resource remaining in the United States is related to these types of formations.
Examples are the Cretaceous sandstones in the Pieance Basin, Colorado (Mesa Verde and Wasatch
Formations), and the East Texas Jurassic section (Bossier, etc.). These sandstones are “granitic” in
bulk composition but still have some intrinsic porosity and permeability. Modeling by Nalla and
Shook (2004) indicated that even a small amount of intrinsic porosity and permeability increases
the efficiency of heat extraction, so that these types of rocks may be better EGS hosts than true
granite. Thus, there is a natural progression path from the deep hot gas reservoir stimulation and
production to EGS reservoir development in both technology and location. It seems likely that these
areas might be developed early in the EGS history, because of the lower reservoir risk than in
unknown or poorly known basement settings.
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Red data – Normal faulting stress regime: Sv > SHmax > Shmin
Green data – Strike-slip faulting stress regime: SHmax > Sv > Shmin
Purple data – Thrust faulting stress regime: SHmax > Shmin > Sv
Black data – Stress regime unknown
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2.3.4 Crustal permeability
Crustal permeability is a difficult parameter to characterize. Permeability may be in the form of pore
space in a sedimentary rock, such as in a sand, or as fractures in any type of rock strong enough to
fracture. In general, permeability will decrease with depth. In sedimentary rocks, there is typically a
relatively regular decrease due to compaction and diagenesis as depth and temperature increase. In
basement rocks and deep sedimentary rocks, the primary permeability and porosity are related to
the fracture and stress regime. General controls on and permeability of the crust have been
discussed by Brace (1984), Davis (1981), Black (1987), among others. Ingebritsen and Manning
(1999) have summarized a generalized distribution of crustal permeability as shown in Figure
2.10a. In the upper part of the crust, there is more than 8 orders of magnitude of permeability
variation. However, by depths of 5 km, the variation is down to about 5 orders; and by 10 km, the
range is closer to 2 orders of magnitude. Modeling of large-scale crustal fluid flow indicates a
significant regime change over the permeability range of 10-17 to 10-15 m2. At the smaller value, the
crust is basically impermeable; while, at the larger value, large-scale fluid flow is possible with
significant reconfiguration of the heat transfer and crustal temperatures (Wisian and Blackwell,
2004). Apparently, general large-scale crustal permeabilities are less than 10-16 m2 in most areas, as
evidenced by the lack of hot springs over large areas of the United States. Permeability vs. depth
plots for the Pierre Shale of the mid-continent, and clastic sediments in the Uinta Basin are shown
in Figure 2.10b (Bredehoeft et al., 1994). These measurements show that the Pierre Shale is
essentially impermeable. In the case of the clastic sediments of the Uinta Basin, a “tight gas sand”
area, the variation is from low to moderate permeability.

As a result of the range of variation and the uncertain controls on the type and nature of permeability,
it is generally thought that most deep, hot regions of the crust away from tectonic activity will require
extensive characterization and subsequent engineering of a reservoir to be produced. Existing and
past studies of such situations are summarized in Chapter 4. This need to understand the rock
characteristics and conditions is a major reason that areas of deep drilling for gas production may be
the least expensive locations for initial EGS development.

Figure 2.10a Permeability as a function of depth in continental crust (Ingebritsen and Manning, 1999). 
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Figure 2.10b Permeability determined by direct hydraulic testing, as function of depth or effective stress
in upper (<5km) crust (Bredehoeft et al., 1994). Results of drill-stem tests in sedimentary facies in Uinta
Basin are shown in A; results of tests on core from Pierre Shale are shown in B. 

2.3.5 High-grade EGS – targets for the near term ( > 200°C at depths of about 4 km)
There are some large areas that have high temperatures at relatively shallow depths (3-5 km) that
deserve special mention as near-term EGS development candidates. These are generally in the
western United States, but are not confined to the areas that are presently developed as conventional
hydrothermal geothermal systems. The most prominent of these areas are listed in Table 2.2. They
include the Great Basin (Sass, 2001), the Snake River Plain, the Oregon Cascade Range, the Southern
Rocky Mountains, the Salton Sea, and The Geysers/Clear Lake areas (see Figure 2.7b). In all these
areas, detailed site studies could locate temperatures of more than 200°C at less than 4 km. 
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Table 2.2. High-grade EGS areas (>200°C at depths of about 4 km).

Region Characteristics

Great Basin 30% of the 500 km x 500 km area is at temperatures > 200°C.
Highly variable geologic and thermal conditions with some drilling
confirming deep conditions. Large-scale fluid flow both laterally and
horizontally so extensive fracturing at depth in many areas. The
stress regime is extensional. Rocks are highly variable with depths
of 4-10 km, mostly sedimentary with some granite and other
basement rock types.

Snake River Plain and margins 75% of the 75 km x 500 km area is at temperatures > 200°C. 
Details of the geology at depths of 3-10 km unknown, probably
volcanics and sediments overlaying granitic basement at 3-5 km,
low permeability. The stress regime is unknown, existing fracturing
may be limited.

Oregon Cascade Range 25% of the 50 km x 200 km area is at high, uniform temperatures
and with similar geology (volcanic and intrusive rocks dominate).
The margins of the area are accessible. The stratovolcanoes are
excluded from the analysis. Conditions are more variable in
California and Washington, but some high-grade resources probably
exist there as well. 

Southern Rocky Mountains 25% of the 100 km x 300 km area is at temperatures > 200°C.
Geology is variable. Area includes the northern Rio Grande Rift and
the Valles Caldera. Can have sediments over basement, generally
thermal conditions in basement are unknown. Both high crustal
radioactivity and high mantle heat flow contribute to surface heat
flow. Probably highest basement EGS potential on a large scale. 

Salton Sea 75% of the 25 km x 50 km area is at temperatures > 200°C. 
Young sedimentary basin with very high heat flow, young
metamorphosed sedimentary rocks at depth. There is extensive
drilling in the existing geothermal systems and limited background
data available from hydrocarbon exploration.

Clear Lake Volcanic Field 50% of the 30 x 30 km area is at temperatures > 200°C (steam
reservoir is 5 km x 10 km). Low-permeability Franciscan sediments,
may find granite at deeper depths. Possible access problems.
Significant deep drilling with temperatures of 200°C at 2 km over a
large area.
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One area that has received some previous study is The Geysers/Clear Lake region in California (Stone,
1992). While The Geysers steam field is part of the area, exploration for other steam deposits has
identified a large area that is hot at shallow depth, but does not have enough permeability for
conventional hydrothermal systems. An interpretation of the temperatures at depth in the area is
shown in Figure 2.11 (Erkan et al., 2005). Temperature maps at 2, 3, 4, and 5 km are shown, based on
the interpretation of more than 600 drill sites. The actual area of steam development (Stone, 1992)
is shown as the cross-hatched area in the first panel. Even outside this area and away from its
periphery, temperatures are interpreted to exceed 200°C at 3 km over an area about 30 by 40 km.
There may be an area almost as large, with temperatures of more than 350°C at 5 km. In this area,
supercritical geothermal conditions might also exist. 

Figure 2.11 Temperatures at depths of 2 to 5 km in The Geysers/Clear Lake thermal area 
(Erkan et al., 2005).
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2.4 EGS Potential of Alaska
There are all varieties of geothermal resources in Alaska. However, there is almost no information on
the thermal regime except in very localized areas. Also, there is only a need for electrical generation
development in localized areas, so for Alaska the questions are, first, how closely collocated are the
resources with the demand; and, second, are there resources large enough to trigger new local
development. The limited data available are shown in Figure 2.12 as a contour map of heat flow. Also
included on the plot are the locations of volcanoes and hot springs. The EGS resource was estimated
as in the case of the conterminous U.S. area described above. A thermal conductivity of 2.7 W/m/K
was assumed everywhere, and the surface temperature was assumed to be 0°C. The heat content is
shown in Table A.2.1 under column AK. This heat has not been added to the other U.S. values,
however. The assessment of temperature at depth is diagrammatic only, because of the lack of data
and the lack of collocation of information and electrical power need. There are possible conventional
geothermal developments at several of the warm springs in central Alaska because of collocation
situations. There is an active project at Chena Hot Springs near Fairbanks to develop 500 kW of power
from a 165°F resource using binary power-generation equipment (Brasz and Holdmann, 2005). The
first 250 kW unit went online in August 2006. 

Coproduced fluids in the Cook Inlet gas developments (Shurr and Ridgley, 2002) are a possible future
development scenario, but this area is part of the outer arc low heat-flow regime, and temperatures
there are not particularly high.

2.4.1 Volcano systems
Electricity prices are high in Alaska, particularly in remote areas with only diesel-generating systems,
typically greater than 25¢/kWh. In the longer term, electricity prices will depend partly on the future
of oil and gas development on the North Slope, and on the location of a gas pipeline, if one is built.
As a result of these and other factors, any long-term geothermal development scenario at this time is
speculative. However, more than 40 volcanoes have been historically active, indicating there must be
significant heat in a number of areas in Alaska. There are several of these volcanic centers relatively
near the population center of Anchorage. Mt. Spurr and Mt. Dedoubt are close enough that
geothermal power developed there might be transmitted to the load centers near Anchorage. The
Wrangle Mountains are a huge volcanic complex almost certainly with associated geothermal
systems. However, as a national park, geothermal energy recovery may not be possible, even if viable
resources exist. 

Smith and Shaw (1979) evaluated the igneous systems in Alaska for the 1978 resource assessment.
They examined 27 volcanoes and estimated a resource base of about 2.5 x 1012 MWh for that set of
sites. This estimate is certainly minimal, because there are more than 70 volcanoes that have erupted
in the past 10,000 years along the Aleutian chain (www.UnivAlaska.edu). This is recent enough that
there is a significant possibility that there is still heat associated with these areas. 

Very high-grade EGS involving reservoir temperatures and pressures in the supercritical region 
(T > 374°C and P > 220 bar) are possible in Alaska, because of the many active volcanoes that are
present along the Aleutian Island arc. If each one had a supercritical system associated with it, the
resource could be quite large. The viability of such geothermal development has not been proven, but
is under active research in Iceland (Valgardur, 2000; and Fridleifsson and Elders, 2004). The power
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from such systems in Alaska could be developed in the remote areas and converted to hydrogen for
transport to load centers in future energy scenarios. Under the appropriate economic conditions, it is
possible that several tens of thousands of megawatts could be developed. Efforts to initiate development
are ongoing at the volcanoes Matushkin, on Unalaska, (Reeder, 1992; Sifford and Bloomquist, 2000);
and Akutan, on the island of Akutan (Starkey Wilson, personal communication, 2005).
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Figure 2.12 Heat-flow map of Alaska (from Blackwell and Richards, 2004). 



2.5 EGS Potential of Hawaii
There is an existing power plant on the island of Hawaii along the east rift of the Kilauea volcano
(Sifford and Bloomquist, 2000). The temperatures are high in this system of basaltic rift activity.
There may be other resources in this area, but these are conventional hydrothermal resources. There
is little subsurface information available outside of this area. The deepest drill hole on the Island of
Hawaii, near Hilo (DePaolo et al., 2001), has a gradient of about 40°C/km below a depth of about 
1.9 km and a BHT at 2.9 km of 42°C (Buttner and Huenges, 2003). There might be geothermal
resources on Maui; but, on the other islands, geoelectric grade resources are not likely, due to the
older age of volcanic activity there. There is little direct thermal information for these areas though,
and the possibility of EGS development has not been ruled out. In a recent analysis of the geothermal
potential of Hawaii, Lovekin et al. (2006) calculated resource estimates of 1,396 MW for the island of
Hawaii (80% related to Kilauea volcano) and 139 MW for the island of Maui. 

The island of Hawaii has the best possibility for the development of supercritical geothermal
resources, if the viability of such development becomes feasible. Extensive interest in such
development exists in Iceland, where drilling into such systems is planned in the near future
(Fridleifsson and Elders, 2004).

2.6 Unconventional EGS Associated with
Coproduced Fluids and Geopressured Fluids
2.6.1 Introduction
There are areas identified in the resource maps (Figure 2.7) where high temperatures are routinely
being encountered in sedimentary rock during drilling for hydrocarbons. These temperatures
typically reach 150°C (330°F) to more than 200°C (400°F). In some of these areas, significant porosity
and permeability exists at depths of 3 to 6 km, and there is potential for large amounts of hot water
either with or without stimulation of the reservoirs. In some of these cases, there may be the
opportunity to stimulate fluid flows high enough to produce significant quantities of geothermal
energy without having to create a new reservoir, or with relatively minor modifications of an existing
oil or gas reservoir. So the distinction between an EGS system and a natural hydrothermal system are
somewhat blurred. In these areas, there is also a developed infrastructure and an existing energy
industry presence. Therefore, it seems possible that EGS or hybrid geothermal systems might be
developed before the transition is made to pure, “start-from-scratch” EGS systems (McKenna et al.,
2005). For the purpose of this report, these situations are divided into two categories: Coproduced
Fluids and Geopressured Fluids. Thus, we have added coproduced hot water from oil and gas
production as an unconventional EGS resource type, because it could be developed in the short term
and provide a first step to more classical EGS exploitation. 
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2.6.2 Coproduced fluids: “conventional” geothermal development in hydrocarbon fields
Some areas of oil and gas development have relatively high temperatures at routinely drilled depths
for hydrocarbon production. For example, parts of east and south Texas and northwest Louisiana are
characterized by temperatures in excess of 150°C (300°F) at depths of 4 to 6 km (13,123 ft to 19,684 ft)
(McKenna and Blackwell, 2005; McKenna et al., 2005) (see Figure 2.7). Data from BHT and high-
resolution log segments in wells in south Texas indicate temperatures of more than 200°C (400°F) at
5 km (16,000 ft). In east Texas, temperatures are more than 150°C in the depth range of 3.5 to 4 km
(11,000 to 13,000 ft). And, in northwest Louisiana, BHTs and equilibrium temperature logs document
temperatures of 120-160°C at only 3 km (10,000 ft). Because in situ thermal conditions have been
verified in these specific areas, the substantial areal extent of potential geothermal resources shown
in Figure 2.7 is valid.

In addition to temperature requirements, a geothermal development requires large-volume flows of
water, on the order of 1,000 GPM per MW (depending on the temperature). There are two typical
types of existing situations associated with hydrocarbon development that are very favorable for
geothermal development. The first might be considered “conventional” hydrothermal development,
in that high volumes of water are produced in some fields as a byproduct of hydrocarbon production.
This situation exists, for example, in massive water-flood secondary recovery fields (Table 2.3).
Curtice and Dalrymple (2004) show that coproduced water in the conterminous United States
amounts to at least 40 billion barrels per year, primarily concentrated in a handful of states (Figure
2.13). In most mature hydrocarbon fields, the disposal of this coproduced water is an expensive
problem (Veil et al., 2004).

Table 2.3 Equivalent geothermal power from coproduced hot water associated with existing hydrocarbon
production in selected states (a complete listing is given in Appendix A.2.2).

State Total Water Total Water Equivalent Equivalent Equivalent
Produced Annually, Production Power, Power, Power,
in 1,000 kbbl Rate, kGPM MW @ 100°C MW @ 140°C MW @ 180°C

Alabama 203,223 18 18 47 88

Arkansas 258,095 23 23 59 112

California 5,080,065 459 462 1,169 2,205

Florida 160,412 15 15 37 70

Louisiana 2,136,573 193 194 492 928

Mississippi 592,518 54 54 136 257

Oklahoma 12,423,264 1,124 1,129 2,860 5,393

Texas 12,097,990 1,094 1,099 2,785 5,252

TOTALS 32,952,141 2,980 2,994 7,585 14,305

The factors required for successful geothermal electrical power generation are sufficiently high fluid
flow rates for a well or a group of wells in relatively close proximity to each other, at temperatures in
excess of 100°C (212°F). Opportunities can be found in most of the basins in the continental United
States. For example, Figure 2.13 shows the average total produced water as a byproduct of hydrocarbon

Chapter 2 Geothermal Resource-Base Assessment

2-29



production by state for 31 states (Curtice and Dalrymple, 2004). Oklahoma and Texas alone produce
more than 24 billion barrels of water per year. In certain water-flood fields in the Gulf Coast region –
particularly in northeastern Texas, southwestern Arkansas, and coastal Alabama/Mississippi – more
than 50,000 barrels/day of fluid are produced, and paid for (in terms of pumping and disposal costs)
by existing operations. Collecting and passing the fluid through a binary system electrical power plant
could be a relatively straightforward process; because, in some cases, the produced fluid already is
passed to a central collection facility for hydrocarbon separation and water disposal. Hence, piggy-
backing on existing infrastructure should eliminate most of the need for expensive drilling and
hydrofracturing operations, thereby reducing the risk and the majority of the upfront cost of
geothermal electrical power production. There is not actual information available for the temperature
of the waters available, so example calculations are shown for extreme cases of temperature. If the
produced water is exploited for electric power production, the resulting power potential from
contemporary binary plants is substantial as shown in Table 2.3. Chapter 7 discusses this subject in
more detail.

Figure 2.13 Water production from oil and gas wells (Curtice and Dalrymple, 2004).

Some of the fluid is produced from dispersed sites and may not be appropriate for use. However,
these figures do give an idea of the absolute minimum of fluid that can be easily produced; and, if
collected, could be a feedstock for existing reservoirs or new EGS types of applications. Its use in this
way would also mitigate the environmental problems associated with disposal, by introducing a
beneficial use of the waste product and ultimately lowering the cost of some forms of hydrocarbon
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extraction. The figures for equivalent power in Table 2.3 represent an upper limit for electricial power
generation that could be brought online with relatively low invested cost using all coproduced fluids
(see also Chapter 9). The primary unknowns and, hence, limiting factors in these areas are the
magnitude of the combined flow rates and the actual temperatures of the produced fluid in these
existing hydrocarbon fields. In the case of two fields in Alabama, the temperatures appear to be more
than 120°C (250°F), well within the range of binary generation capability.

2.6.3 Geopressured geothermal resources
The second category of systems in sedimentary rock is represented by the geopressured areas of deep
basins where wells produce at pressures much higher than hydrostatic. The largest areas are in the
young Gulf Coast sedimentary basin, but other basins also have geopressured conditions. The
geothermal potential of geopressured zones in the northern Gulf of Mexico basin was evaluated in
some detail by Papadopulos et al. (1975) and by Wallace et al. (1979). Papadopulos et al. (1975) noted,
“Unlike other geothermal areas that are being considered for the development of energy, the energy
potential of the waters in the geopressured-geothermal areas of the northern Gulf of Mexico is not
limited to thermal energy. The abnormally high fluid pressures that have resulted from the
compartmentalization of the sand and shale beds that contain these hot waters are a potential source
for the development of mechanical (hydraulic) energy. In addition, dissolved natural gas, primarily
methane, contributes significantly to the energy potential of these waters.” So the development of this
type of geothermal resource will also result in the recovery of significant amounts of natural gas that
would otherwise be uneconomic. 

Papadopulos et al. (1975) assessed the resource potential of geopressured-geothermal reservoirs
within the onshore part of Tertiary sediments, under an area of more than 145,000 km2 along the
Texas and Louisiana Gulf Coast – this represents about half of the total area with geopressured
conditions (see Figure 2.14). The assessment included only the pore fluids of sediments that lie in the
interval between the top of the geopressured zones and the maximum depth of well control in 1975,
i.e., a depth of 6 km in Texas and 7 km in Louisiana. They did not include the resource potential of
geopressured reservoirs within (i) onshore Tertiary sediments in the interval between the depth of
maximum well control and 10 km, (ii) offshore Tertiary sediments, and (iii) Cretaceous sediments.
They did estimate that the potential of these additional geopressured reservoirs is about 1.5 to 2.5
times what was assessed in their study.

In contrast to geothermal areas of the western United States, subsurface information is abundant for
the geopressured-geothermal area of the northern Gulf of Mexico basin. The area has been actively
explored for oil and gas, and hundreds of thousands of wells have been drilled in search of petroleum
deposits in the Texas and Louisiana Gulf Coast. The data presented by Papadopulos et al. (1975)
represent general conditions in the various regions outlined. They believed that their information on
geologic structure, sand thickness, temperature, and pressure were adequate for the purpose of their
study. On the other hand, they noted a lack of sufficient data on porosity, permeability, and salinity.
The basis on which various data presented were determined, calculated, or assumed was discussed in
the “Appendix” to their report (White and Williams, 1975).
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Figure 2.14 Location map showing the extent of the assessed geopressured zones and their division into
subareas (AT1, BT1, etc.) (USGS Circular 726, 1975.)

The results of the assessment by Papadopulos et al. (1979) were incorporated into the final
conclusions of the overall geothermal resource assessment of Circular 726 (White and Williams,
1975). Based on their analysis, they assessed the thermal resource base to be 46,000 EJ and the
methane volume to be 23,700 x 1012 SCF, with a thermal equivalent of 25,000 EJ. The resource base,
according to their calculations, is then about 1,000 MW for a century. Even their most conservative
estimate of development was 46,000 EJ, excluding the chemical energy in the dissolved gas. 

The Wallace et al. (1979) assessment extended the study to Cretaceous rocks north of, and beneath,
the Tertiary sediments studied by the 1975 project for a total area of more than 278,500 km2

(including offshore areas). The area they accessed extended from the Rio Grande in Texas
northeastward to the vicinity of the mouth of the Pearl River in Louisiana; and from the landward
boundary of Eocene growth faulting southeastward to the edge of the Continental Shelf, including
unmapped Cretaceous sediments underlying the Tertiary sediments, extending farther inland. They
assumed a depth limit of 6.86 km (22,500 ft) for development and a lower limit of temperature of
150°C (300°F). As was the case for Papadopulos et al. (1975), they did not include the dissolved
methane in their calculations. They estimated that the accessible resource was 110,000 EJ of dissolved
methane, which was later reported by Wallace et al. (1979) to be about 59,000 x 1012 SCF or only about
60,000 EJ (see Table 2.5). 



These numbers may be compared with the calculated thermal resource base for the Gulf Coast states
calculated above. This value for the states of Louisiana, Mississippi, and Texas is 1.5 x 106 EJ. This
number does not include the offshore areas of the Gulf of Mexico. The amount calculated by Wallace
et al. (1979) was 110,000 EJ. This value includes the stored thermal energy in both the on- and
offshore geopressure areas, but does not include the energy stored in dissolved methane or the
hydraulic energy resulting from the naturally high pressures of geopressured fluids. 

In considering these estimates, it is important to note that the EGS values in this report include the
entire states of Texas, Louisiana, and Mississippi, and not just the geopressure areas. The Wallace et
al. (1979) value for the specific geopressure value could be considered to add to the baseline EGS
figures from the analysis of stored thermal energy reported in Table A.2.1. This is because of the
characteristics of the sedimentary basin resource. Wallace et al. (1979) used a value of approximately
20% for the porosity of the sediments. Because the heat capacity of water is about five times larger
than that of rock, the stored thermal energy is approximately twice what would be present in the rock
mass with zero porosity as assumed in the analysis summarized in Table A.2.1. The ability to extract
the methane for energy from these areas is also an additional resource. 

Subsequent to these assessments, technologies for recovering geopressured energy were extensively
studied by the U.S. DOE between 1979 and 1990. From late 1989 until early 1990, a 1 MWe plant was
operated on the Pleasant Bayou well in the Texas Gulf Coast near Houston, which produced hot water
and natural gas. About half of the power was generated by a binary cycle plant running on the thermal
energy of the water, and about half generated by burning the gas in a reciprocating-engine-operated
electric generator (Campbell and Hattar, 1990). The economics of the power generation at that time
were not favorable, due to the low price of natural gas and oil, and the test was discontinued after the
6-month trial run. The well had been flow tested for a period of about 5 years with limited drawdown,
so the geologic system seemed to be a success, and the reservoir sufficiently large to sustain
production for many years (Shook, 1992). With today’s higher gas costs and increasing demand for
natural gas, geopressured systems deserve to be reconsidered, because their economics in today’s
energy markets will be much more favorable as pointed out in a recent study (Griggs, 2005). 
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2.6.4 EGS in sedimentary basins beneath hydrocarbon-bearing fields
Another scenario exists for geothermal development in many of the areas exploited for deep oil and
gas production, especially in the Gulf Coast and mountain states regions. In these areas, EGS
development in the deep, high-temperature part of the sedimentary section might be more cost-
effective than basement EGS systems. Table 2.4 shows a comparison of needs for EGS-type
development costs vs. reality in existing hydrocarbon fields. It is clear that many of the upfront
reservoir costs have been reduced, and that the existing infrastructure can be readily adapted to
geothermal electrical power production. 

Table 2.4 Comparison of cost components for “EGS” development (previous model for geothermal
development vs. reality in oil patch situations).

Components of Direct • Drill wells that reach hot temperatures.>150°C (>300°F),

EGS Development Cost • Fracture and/or horizontally drill wells to develop high water
flow and/or acquire make-up water,

• Install infrastructure, roads, piping, and power line routing,

• Build power stations

Actual Field Conditions • Many wells with BHTs of more than 150°C (300°F) at 
4,570 m (15,000 ft) or less,

• Wells fractured or horizontally drilled in many cases,

• Water available from the well or adjoining wells in fields or as
externally supplied disposal water (paid for by disposer),

• In-place infrastructure of power lines, roads, pipelines,

• Continued production of gas and oil in otherwise marginally
economic wells.

Direct Costs to Develop a Gulf • Build power station,

Coast EGS System • Recomplete wells, in some cases, and test flow system,

• Minor surface infrastructure upgrades (i.e., insulating collection
pipes, etc.)

Future work must be performed on the suitability of some of the wells/fields now being developed as
deep, hot, tight, sandstone gas reservoirs; but, overall, it appears that large areas of the United States
are suitable for future geothermal exploitation in the near term that have not been considered in the
past. Many of these areas are hot, and most are being artificially stimulated (fractured), or horizontally
drilled, or both. These areas are clearly “EGS” types of systems but with known drilling and
development costs and abundant water. Because of the thousands of wells drilled, the costs may be in
some cases one-half to one-third of those for hard rock drilling and fracturing. A failed well in oil and
gas exploration often means too much associated water production. In some areas, such as the Wilcox
trend in south Texas, there are massive, high-porosity sands filled with water at high temperature.
These situations make a natural segue way into large-scale EGS development.
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Theoretical modeling suggests that stimulations in sedimentary settings, where there is some
intrinsic porosity and permeability, are more favorable than a fractured basement rock setting (Nalla
and Shook, 2004). Production data from the hydrocarbon industry indicate that most of the
hydrocarbon-bearing basins and Gulf Coast Plain in Texas, Louisiana, Mississippi, and Alabama
host elevated temperatures and the potential for significant water flow (Erdlac and Swift, 2004).
Currently, the oil and gas industry feels this is more of a problem than an asset. As an indication of
the possibilities, research into the suitability of such basin-hosted geothermal resources has begun
in the north German Basin (Zimmermann et al., 2005). In this area, low-formation permeability
requires stimulating potential sandstone reservoirs, and/or significant lateral drilling. But those
conditions have not deterred initial research.

The detailed size of this resource has not been calculated separately from the general EGS resource,
which is mostly in basement rocks. The areas that are in this EGS category are the areas of
sedimentary section deeper than 4 km. The deep sections of sediments are present over many areas
of the United States (see Figure 2.5). Especially promising large areas are found in the Gulf Coast,
the Appalachian Basin, the southern Midcontinent, and the Rocky Mountains. As described above,
the thermal energy in such areas is at least equal to that in the geopressure-geothermal resource
estimated for the Gulf Coast. Therefore, a very conservative figure of 100,000 EJ is listed in Table
2.5 for Sedimentary EGS systems. While this number may be a few percent of the total EGS value
(105 quads, about 1% as listed in Table 2.5), the accessible fraction of the energy in a 10- to 25-year
time frame may be equal to or greater than the basement EGS value (see Chapter 3). Thus, the main
reason for emphasizing this aspect of the EGS resource is its likelihood of earlier development
compared to basement EGS, and the thermal advantages pointed out by the heat-extraction
modeling of Nalla and Shook (2004). 

2.7 Concluding Remarks
Table 2.5 provides a summary of resource-base estimates for all components of the geothermal
resource. By far, the conduction-dominated components of EGS represent the largest component of
the U.S. resource. Nonetheless, the hydrothermal, coproduced resources, and geopressured resources
are large and significant targets for short-and intermediate-term development.

The question of sustainability is not addressed in this chapter. However, the geothermal resource is
large and is ubiquitous. The temperature of the cooled part of the EGS reservoir will recover about
90% of the temperature drop, after a rest period of about 3 times the time required to lower it to the
point where power production ceased (Pritchett, 1998). So development of an area 3 to 5 times the
area required for the desired power output could allow cycling of the field and more than 100 years
of operation. In areas where there are already large numbers of wells, this type of scenario might be
practical and economical. Thus, in some scenarios of development, the geothermal resource is
sustainable. 

Although the EGS resource base is huge, it is not evenly distributed. Temperatures of more than
150°C at depths of less than 6 km are more common in the active tectonic regions of the western
conterminous United States, but by no means are confined to those areas. While the analysis in this
chapter gives a regional picture of the location and grade of the resource, there will be areas within
every geological region where conditions are more favorable than in others – and indeed more
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favorable than implied by the map contours. In the western United States, where the resource is
almost ubiquitous, the local variations may not be as significant. In the central and eastern United
States, however, there will be areas of moderate to small size that are much higher grade than the
maps in Figure 2.7 imply; these areas would obviously be the initial targets of development. 

The highest temperature regions represent areas of favorable configurations of high heat flow, low
thermal conductivity, plus favorable local situations. For example, there are lateral variations of almost
100% in the mean thermal conductivity within the sedimentary section. In addition, there are high
heat flow areas in the eastern United States, due to the high crustal radioactivity, such as the White
Mountains in New Hampshire (Birch et al., 1968) and northern Illinois (Roy et al., 1989). The most
favorable resource areas in the eastern United States will have high crustal radioactivity, low average
thermal conductivity, and other favorable circumstances (such as aquifer effects). Detailed exploration
studies are necessary to identify the highest temperature locations, because the data density is lowest
in the eastern United States, where smaller targets require a higher density of data points. 

Table 2.5 Summary of nonhydrothermal U.S. geothermal resource-base estimates.

Source and Category Thermal Energy, Volume of Total Gas + 
in 1018J = EJ Methane, Thermal Energy,

x 1012 SCF* in 1018J = EJ

Geopressured (Papadopulos et al.,1975). 46,000 23,700 71,000

Geopressured (Wallace et al.,1979). 110,000 59,000 170,000

Coproduced Resources 0.0944 – 0.451
(depends on water
temperature)

EGS 

- Sedimentary EGS (lower 48 states) 100,000

- Basement EGS (lower 48 states) 13,300,000

- Volcanic EGS Excluding Yellowstone 65,000 (high)
and Alaska

Alaska – 26 systems 9,000 (low)

Hawaii – 2 systems 1,535 MW 

- Alaska – all EGS 3,200,000

- Hawaii N/A

* SCF = standard cubic feet of methane (ideal gas conditions) at 1 atm, 60°F.
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Appendix A
A.2.1 Geothermal Resource-Base Data

Table A.2.1 Geothermal resource base (in exajoules = 1018J) for selected states, and the total
conterminous United States. Some northeastern states are combined at the end of the table. 

Depth AK1 AL AR AZ CA2 CO FL GA

3.5 km 
150°C 0 0 0 499 10,950 17,845 0 0
200 316
250 414
300 275

4.5 km  
150°C 39,588 34 6,361 49,886 53,068 45,890 0 0
200 4,734 8,413
250 407
300 796

5.5 km  
150°C 387,597 1,046 16,077 82,432 79,100 55,161 1,032 0
200 8 125 8,960 23,029 36,890
250 3,332 5,033
300

6.5 km 
150°C 361,688 9,148 20,725 52,335 54,243 54,667 4,339 95
200 187,722 60 6,373 74,305 70,941 51,170 2
250 473 9,186 24,029
300 176 1,077

7.5 km  
150°C 139,800 20,603 33,674 38,005 35,806 37,983 7,535 9,827
200 503,829 150 16,045 85,611 85,336 52,511 14
250 4,556 115 26,972 36,940 47,984
300 5,204 10,517
350

8.5 km  
150°C 66,880 32,605 38,944 28,284 37,742 19,225 10,324 15,797
200 218,770 2,038 21,847 45,502 57,201 55,299 1,205
250 471,901 1,196 95,001 84,389 53,729
300 1,363 11,419 34,801
350 3,627 4,269

9.5 km 
150°C 14,408 39,537 32,749 13,959 36,234 6,260 31,540 32,705
200 175,463 10,425 20,115 36,486 36,780 54,748 4,503
250 576,921 14,743 94,872 91,626 46,846
300 54,703 42,529 48,111 55,326
350 7,079 18,765

Total 3,203,825 115,655 229,089 777,471 888,460 798,437 60,494 58,424
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Depth IA ID IL IN KS KY LA ME

3.5 km
150°C 0 15,845 0 0 0 0 0 0
200 138
250
300

4.5 km
150°C 0 36,008 0 0 0 0 11,455 0
200 7,218
250 112
300

5.5 km
150°C 0 61,467 0 0 266 0 19,920 0
200 31,035
250 415
300 90

6.5 km
150°C 10,729 35,257 2,005 0 57,556 0 15,280 785
200 53,875 11,028
250 19,510
300 359

7.5 km
150°C 17,070 4,770 60,518 20,997 85,427 2,728 16,380 30,136
200 71,735 23,859
250 36,102
300 11,323
350 303

8.5 km
150°C 40,477 0 61,118 35,957 86,027 42,443 18,265 33,809
200 33,742 381 7,233 24,313
250 75,531 4,171
300 28,026
350 771

9.5 km
150°C 43,724 0 59,015 39,003 32,540 42,930 20,828 32,849
200 14,099 5,812 3,086 76,639 12,123 1,547
250 82,886 23,396
300 44,226
350 17,411

Total 126,100 673,966 186,123 95,956 345,689 88,100 201,019 99,126
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Depth MI MN MO MS MT NC ND NE

3.5 km
150°C 0 0 0 0 13 0 0 0
200
250
300

4.5 km
150°C 0 0 0 1,512 8,373 0 3,845 848
200
250
300

5.5 km
150°C 0 0 0 17,227 107,436 150 25,288 6,705
200 65 150 96
250
300

6.5 km
150°C 0 0 84 31,807 123,860 2,036 36,938 60,446
200 1,158 13,265 2,534 1,018
250 25
300

7.5 km
150°C 0 0 25,081 31,467 62,006 7,728 31,332 77,730
200 10,863 109,931 74 22,289 4,053
250 58 114 27
300 5
350

8.5 km
150°C 4,581 3,331 75,279 24,382 35,340 22,597 39,481 70,168
200 30,334 143,166 181 38,193 17,414
250 3 18,204 183 136
300 136
350

9.5 km
150°C 40,271 32,458 76,217 18,161 25,945 36,425 36,731 16,489
200 22 37,958 90,470 2,247 40,190 85,119
250 4,534 101,691 12,630 1,809
300 0 109
350 74

Total 44,852 35,789 176,684 209,528 840,312 71,437 289,756 341,935
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Depth NH NM NV NY OH OK OR PA

3.5 km
150°C 0 2,229 15,906 0 0 0 14,395 0
200
250
300

4.5 km
150°C 0 48,980 85,462 0 0 0 54,781 0
200 1,037 262 5,548
250
300

5.5 km
150°C 59 67,955 85,749 0 0 2,896 54,155 564
200 15,416 43,121 29,064
250
300

6.5 km
150°C 1,050 34,334 34,897 1,860 0 31,793 22,500 3,134
200 68,390 106,889 63,830
250 3,447 9,585 15,248
300

7.5 km
150°C 4,431 21,924 8,662 6,805 10,306 53,052 8,174 11,688
200 69,124 91,850 32 57,547 420
250 35,654 69,176 39,841
300 1,126 18 8,110
350

8.5 km
150°C 7,811 29,305 6 17,423 41,481 48,164 4,305 23,057
200 115 34,911 40,609 20,869 28,063 1,924
250 84,705 132,887 74,882
300 5,884 14,815 21,944
350

9.5 km
150°C 7,940 41,058 0 29,872 44,285 38,271 7,119 25,800
200 1,251 19,195 10,640 3,270 41,271 10,212 5,838
250 71,993 104,280 0 66,719
300 52,671 91,908 47,698
350 1,674 17 12,264

Total 22,657 711,011 946,738 59,230 96,071 236,347 646,397 72,424
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Depth SC SD TN TX UT VA WA WI

3.5 km
150°C 0 0 0 74 10,371 0 24 0
200
250
300

4.5 km
150°C 0 8,051 0 32,528 36,521 0 9,796 0
200 14 1,160
250
300

5.5 km
150°C 0 18,442 0 83,934 52,362 0 41,967 0
200 354 20,480 185
250
300

6.5 km
150°C 2,712 32,029 431 117,096 50,085 991 44,388 1,733
200 8,979 21,659 44,178 13,290
250 8,626
300

7.5 km
150°C 18,126 44,780 4,212 120,075 35,496 7,876 17,087 9,177
200 17,494 80,165 46,958 47,972
250 668 32,160 2,395
300 1,369
350

8.5 km
150°C 28,101 58,298 19,938 152,725 13,841 16,758 3,831 31,652
200 26,030 111,793 50,315 56,655
250 2,711 13,340 49,693 15,087
300 16,700
350

9.5 km
150°C 30,597 45,838 39,322 159,675 2,540 23,827 3,728 56,882
200 3,020 39,180 398 114,015 47,367 1,344 22,915 2,711
250 14,239 59,693 48,600 56,683
300 409 41,421 2,320
350 1,956

Total 82,556 316,072 64,302 1,068,217 612,202 50,796 338,324 102,155



Depth WV WY3 MA_CT_RI_VT MD_NJ_DE Continental USA4

3.5 km
150°C 0 106 0 0 91,760
200 653
250 558
300 283

4.5 km
150°C 0 6,795 0 0 518,041
200 203 29,930
250 8 734
300 965

5.5 km
150°C 703 34,380 0 35 947,166
200 1,319 218,922
250 287 8,745
300 458

6.5 km
150°C 3,367 68,411 183 468 1,062,065
200 7,132 641,638
250 334 94,405
300 177 1,854

7.5 km
150°C 9,833 73,849 3,559 2,576 1,177,632
200 1,738 27,546 332 954,271
250 1,551 342,032
300 265 38,242
350 94 397

8.5 km
150°C 19,425 51,926 15,198 6,760 1,426,245
200 3,834 58,148 538 944,568
250 8,809 739,995
300 445 140,961
350 8,673

9.5 km
150°C 16,561 27,358 18,343 11,624 1,440,428
200 7,131 82,408 136 668 984,067
250 1,033 18,542 33 946,675
300 1,642 444,280
350 64 61,446

Total 63,626 471,799 37,419 23,033 13,267,370

1. Alaska does not include the Aleutians.

2. California had the addition of the Clear Lake and Salton Sea areas for 3.5 and 4.5 km.

3. Wyoming does not include Yellowstone National Park (8987 km2).

4. Continental U.S. - not including Alaska or Hawaii, or Yellowstone National Park. It does include the addition of
Clear Lake and the Salton Sea areas of California at depths of 3.5 and 4.5 km.
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A.2.2 Coprocessed Water Associated with Oil and Gas Production

Table A.2.2 Water production (Curtice and Dalrymple, 2004) and potential power generation from oil and
gas operations for selected states.

State State Total Water Water Power, Power, Power, Power,
Processed Production Production MW @ MW @ MW @ MW @
Water, 2004, Rate, Rate 100°C 140°C 150°C 180°C
(bbl) kGPM kg/s

AL Alabama 203,223,404 18 1,026 18 47 64 88

AK Alaska 1,688,215,358 153 8,522 153 389 528 733

AZ Arizona 293,478 0.0265 1.4814 0.0267 0.0676 0.0918 0.1274

AR Arkansas 258,095,372 23 1,303 23 59 81 112

CA California 5,080,065,058 459 25,643 462 1,169 1,590 2,205

CO Colorado 487,330,554 44 2,460 44 112 153 212

FL Florida 160,412,148 15 810 15 37 50 70

IL Illinois 2,197,080,000 199 11,090 200 506 688 954

IN Indiana 72,335,588 7 365 7 17 23 31

KS Kansas 6,326,174,700 572 31,933 575 1,456 1,980 2,746

KY Kentucky 447,231,960 40 2,257 41 103 140 194

LA Louisiana 2,136,572,640 193 10,785 194 492 669 927

MI Michigan 188,540,866 17 952 17 43 59 82

MS Mississippi 592,517,602 54 2,991 54 136 185 257

MO Missouri 17,082,000 2 86 2 4 5 7

MT Montana 180,898,616 16 913 16 42 57 79

NE Nebraska 102,005,344 9 515 9 23 32 44

NV Nevada 13,650,274 1 69 1 3 4 6

NM New Mexico 1,214,796,712 110 6,132 110 280 380 527

NY New York 1,226,924 0.1110 6.1931 0.1115 0.2824 0.3840 0.5326

ND North Dakota 182,441,238 16 921 17 42 57 79

OH Ohio 12,772,916 1 64 1 3 4 6

OK Oklahoma 12,423,264,300 1,124 62,709 1,129 2,860 3,888 5,393

PA Pennsylvania 18,571,428 2 94 2 4 6 8

SD South Dakota 6,724,894 1 34 1 2 2 3

TN Tennessee 62,339,760 6 315 6 14 20 27

TX Texas 12,097,990,120 1,094 61,067 1,099 2,785 3,786 5,252

UT Utah 290,427,704 26 1,466 26 67 91 126

WV Virginia 2,235,240 0.2022 11.2828 0.2031 0.5145 0.6995 0.9703

VA West Virginia 252,180,000 23 1,273 23 58 79 109

WY Wyoming 3,809,086,632 344 19,227 346 877 1,192 1,654
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3.1 Scope and Approach
This chapter provides a rationale and methodology for estimating the amount of useful energy that
could be recovered from Enhanced Geothermal Systems (EGS) over the range of accessible depths
and temperatures that exist in the United States. As discussed in Chapter 2, the EGS resource base is
defined as the total thermal energy in place in the Earth’s crust to the depth that we can reach with
current technology. Thus, the estimated resource base for EGS presented in Chapter 2 is a measure
of the total contained energy. Here, we want to estimate what fraction of this amount is recoverable.

If we limit our calculation of stored thermal energy in place to a depth of 10 km beneath the land area
of the United States, then the amount of thermal energy in the crust is so large (about 14 million
quads) that we can view it as sustainable (see Chapter 2, Table A.2.1). Even if we were to use it to
provide all the primary energy consumed in the United States, we still would be depleting only a tiny
fraction of it.

The depletion aspect requires additional exploration and detail. Geothermal is often classified as a
renewable resource, but the time scale for its renewablilty is certainly longer than for solar, wind, or
biomass energy, which have daily and annual cycles. For instance, a fractured EGS reservoir is cooled
significantly during heat-mining operations over its normal project life of about 20 to 30 years, as a
result of heat-mining operations. If the reservoir was abandoned at that point, the rock would recover
to its initial temperature in 100 years or less (Armstead and Tester, 1987; and Elsworth, 1989 and
1990). With the time for full recovery of a former active reservoir approaching a century, one might
not categorize geothermal heat mining as a sustainable energy resource. However, as long as the
fraction of stored heat that is being mined in any year is a small fraction (<10%) of the total assessable
resource base, geothermal can be treated as fully renewable and, therefore, a sustainable resource.
Given that the U.S. geothermal resource base is about 14 million EJ, we would always be utilizing
much less than 10% annually of the total thermal energy, even if all of our primary energy came from
geothermal resources.

Chapter 2 characterized the EGS resource primarily by depth and temperature. In some regions, the
EGS resource is available at high temperatures at shallow depths making energy recovery easier and
less costly than other lower-grade regions, where deeper drilling is needed to reach useful rock
temperatures. Another positive attribute of EGS for the long term will be the ability to locate heat-
mining operations near end users. For example, an EGS site being developed in Switzerland is within
the city limits of Basel. However, a significant portion of the resource will be inaccessible from the
surface, due to its location under state and national parks, wilderness, military sites, or very high
elevations. In addition, developed areas will not be suitable for EGS development, including major
roads and utility corridors, airports, urban areas, and others. As it turns out, these inaccessible areas
amount to only a small fraction of the total, leaving a significant amount of the stored thermal energy
contained in accessible regions available for capture and utilization on the surface.

As discussed in Chapter 7, there are several factors that control the amount of the resource that can
be recovered as heat or converted into electricity. These include the initial rock temperature and the
maximum temperature drop that can be tolerated by the heat/power plant (i.e., the reservoir
abandonment temperature), the volume of rock that can be accessed and stimulated, the active or
effective heat-exchange area (controlled by the length, width, and spacing of the existing and
stimulated fractures), and the flow rate of the water through the connected fractures (controlled by the
permeability and the pattern of the injectors and producers) (Armstead and Tester, 1987; Ellsworth,
1989; and Sanyal and Butler, 2005).
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Recoverable thermal energy was estimated, assuming an abandonment temperature 10°C below the
average initial rock temperature in the reservoir. Numerical modeling studies by Sanyal and Butler
(2005) have indicated that the recoverable fraction of stored thermal energy referenced to a specified
reservoir abandonment temperature was about 40%, assuming an idealized, well-defined
hydrothermal reservoir with homogeneous properties. To be conservative for EGS systems, the
analysis applied the Sanyal and Butler model with lower recovery factors, namely, 20% and 2% to
represent an appropriate range of values that might be deliverable in practice. Recovered thermal
energy was calculated from the initial amount contained in specified 1 km-thick, horizontal rock slices
at initial temperatures given in Chapter 2 and for a specified abandonment temperature that was 10°C
below the initial temperature. The temperature-depth maps (Figure 2.7) were used for estimates of the
total stored thermal energy. The recovered thermal energy was then converted to electric energy, using
an overall heat-to-power cycle efficiency as discussed in Chapter 7 for binary and flash-steam cycles.

To get a better idea of the potential power supply available in the near future, the EGS resource was
divided into two parts: 1) a portion associated with hydrothermal systems at depths shallower than
3 km, and 2) the remaining resource at depths between 3 and 10 km as estimated in Chapter 2. Cost
of generated power was calculated for each of these two types of EGS resource, using the GETEM code
developed for geothermal power costing for the U.S. DOE Geothermal Technologies Program (see
Chapter 9, section 9.10.1 for more details).

3.2 Resource Base vs. Reserves
It will be helpful to review the way reserves are treated by the oil and gas industry before addressing
this subject for EGS. In the energy industry, the estimated amount of oil or gas available with current
technology at today’s energy prices is often referred to as the reserve. Reserves clearly are much
smaller than the resource base; but, in general, reserve estimates will increase as extractive technology
improves and/or energy prices increase. For instance, in most deep sedimentary rock, there is some
methane dissolved in the water found in the pores of the reservoir rock. This dissolved gas can be
considered part of the natural gas resource base. If we calculated all of it contained in subsurface rock,
a large amount of energy would be contained in this resource. Today, dissolved methane is usually not
included in natural gas reserve estimates, because it is too dilute and/or too expensive to extract.

An excellent example is U.S. geopressured resources that contain a substantial amount of methane
as part of their resource base (see Section 2.6.3). If technology were to improve so that dissolved
methane could more easily be extracted, the methane contained in geothermal fluids, in general,
could be included in reserves estimates. Similar analogies can be drawn using methane trapped in
gas hydrates found in permafrost and marine sediments, or regarding the uranium dissolved in
seawater as part of the uranium resource base.

U.S. oil and gas reserves correspond to economically extractable resources as specified by the
Securities and Exchange Commission (SEC) Staff Accounting Bulletin, Topic 12 (2006). Given that
oil and gas prices fluctuate on the commodity market, the competitive price levels are subject to
change. When the price of oil was low a few years ago, thousands of small “stripper” wells in the
United States were shut in. The oil and gas contained underground, which is connected to these wells,
is still regarded as part of the reserves and included in estimates of what would be available but was
not economic to produce at the market price at that time.



Reserve estimates made by the oil and gas industry are further categorized as proven, probable, and
possible. The methods for accounting for these reserves are governed by the rules of the SEC (2006).
Proven reserves exist where there is a sufficient body of supporting data from geology, geophysics,
well tests, and field production to estimate the extent of the oil or gas contained in the body of rock.
They are deemed, “commercially recoverable, from a given date forward, from known reservoirs and
under current economic conditions, operating methods, and government regulations.” Proven
reserves can be developed or undeveloped. Probable reserves are unproven reserves, but geological
and engineering data suggest that they are more likely than not to be recoverable. Statistical methods
are often used in the calculation of probable reserves, and the deciding criterion is usually that there
should be at least a 50% probability that the quantities actually recovered will “equal or exceed the sum
of estimated proved plus probable reserves.” Probable reserves can be in areas adjoining proven or
developed fields or isolated from developed fields, but with drilling and testing data that indicates they
are economic with current technology. Possible reserves are unproved reserves that are less likely to
be recoverable than probable reserves, based on geological and engineering data analysis. Statistically,
they are defined as reserves that, if recovered, have – at most – a 10% probability of equaling or
exceeding the sum of the estimated proven, probable, and possible reserves. Possible reserves have
few, if any, wells drilled; and the reservoir has not been produced, or even tested. However, the
reservoir displays favorable geology and geophysics, and its size is estimated by statistical analysis.
Possible reserves can also be in areas with good data to indicate that oil and gas are present, but they
may not be commercially developable, or the technology to develop them may not exist (but such
technology improvements can reasonably be expected in the future). Although this sounds very
speculative, there is such a long history of oil and gas production that these estimates are regarded
with a fair degree of confidence.

With regard to hydrothermal geothermal resources, some fields have been drilled and produced, so
there are supporting data to make assessments of proven, probable, and possible reserves. Of course,
even here there is some degree of speculation because no hydrothermal fields have been depleted of
heat down to the point where they are uneconomic to produce. However, because EGS is an emerging
technology that has not been produced commercially, the level of speculation and uncertainty is even
higher – too high, in fact, to regard any of the EGS resource base as economic reserves at this time.
EGS should to be classified as a “possible” future reserve.

Obviously, there are no commercial EGS reservoirs and no past production history on which to base
recovery calculations. Even hydrothermal reservoirs have not been produced to the point where the
amount of heat recovered from the rock volume can be accurately calculated. Nonetheless, we have
attempted, as a part of our assessment of EGS, to develop a rationale and methodology for making
such an estimate. To do this, we used a combination of the experience from hydrothermal power
production projects, numerical modeling, and reasonable constraints regarding how we expect the
system to operate for determining what fraction of the total EGS resource might be recovered.
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3.3 Metrics that Influence the Recoverable
Resource
The EGS resource base heat-in-place estimates developed in Chapter 2 are made by assuming a
volume of rock with an average rock density, heat capacity, and a minimum reference temperature.
For this assessment, the average surface temperature was used to define the minimum reference
temperature. To determine the amount of that heat that can be mined, it is also necessary to include
several other important parameters. The initial temperature of the rock at depth determines not only
how much thermal energy is in place, but also the rate at which it can be recovered. In addition, a
final useful production temperature must be specified for that application. This temperature is
referred to as the “abandonment temperature” and represents the average temperature of the active
reservoir rock volume at the time heat-extraction operations cease.

The volume of rock that can be fractured and the average spacing between the fractures, along with
their length and width, will control the effective heat-exchange area of the reservoir. These, in turn,
will determine the rate of energy output and the life of the reservoir. Reservoir volume and the
effective surface area available for heat transfer will also affect the fraction of the thermal energy
stored in the reservoir that can be extracted over time. The rate at which water – the heat transfer
medium – is circulated through the system is a critical parameter. The flow pattern of water between
injection and production wells controls how much of the fractured volume is actually swept by the
circulating fluid. The permeability and porosity of the fractured volume determine the amount of
water stored in the rock, as well as how fast it can move through the rock and with what amount of
pressure drop. The circulating water exists at a representative temperature that is taken to be the
average temperature of the rock. Also important, the actual flow pattern of fluid in the reservoir is
influenced by the spatial distribution of permeability and porosity, as well as the relative positions of
the production and injection wells.

3.3.1 Temperature
The resource base figures in Chapter 2 represent the total stored thermal energy in place, relative to
the ambient regional surface temperature, To. We can define the recoverable fraction of that thermal
energy, Fr, as a function of several independent or specified variables, such that:

(3-1)
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where

Qrec = recoverable thermal energy content of the reservoir

Qtotal = total thermal energy content of the reservoir

= active reservoir volume/total reservoir volume

= rock density (kg/m3)

Vtotal = total reservoir volume (m3)

Vactive = active or effective reservoir volume (m3)

Cr = rock specific heat (J/kg °C)

Tr,i = mean initial reservoir rock temperature (°C)

To = mean ambient surface temperature (°C) 

Tr,a = mean rock temperature at which reservoir is abandoned (°C). 

The rate of heat extraction from the rock depends on the difference between the temperature of the
rock and the temperature of the circulating water at any point within the reservoir. The larger this
difference, the more quickly heat will move from the rock into the water and, in the end, the more
heat that can be extracted from the rock. On the one hand, if the cool injected water reaches the
production well without being sufficiently heated, the total amount of heat mined from the rock will
be less than expected, and the project will not achieve its design conditions. On the other hand, if
there is no decline in produced fluid temperature over time, then the flow rate is not high enough to
efficiently mine the heat contained in the rock. And, again, the project will not be economically
optimized because less total thermal energy will be recovered.

Ideally, we want to maximize the total amount of useful energy extracted from the reservoir. The total
energy extracted is given by the time integral over the production period of the instantaneous rate of
heat extraction from the rock. For an EGS reservoir, the heat extraction rate is equal to the product of
the mass flow rate and the specific enthalpy difference between the produced and reinjected fluid. If
we increase the mass flow rate too much, the produced fluid temperature and its specific enthalpy will
both decline, offsetting a potential increase in heat extraction rate. At some mass flow rate, an optimal
balance is achieved between heat extraction rate and thermal drawdown rate.

In addition, there are issues concerning the efficiency of converting the extracted thermal energy to
electrical energy. If we had a completely flexible power-conversion system that could use any
temperature of fluid to generate electric power or extract usable heat – although at varying efficiency
– we could cool the rock significantly and continue to use the same surface equipment. Real electric-
generating power plants, heat pumps, or heat exchangers are designed for a specific set of conditions.
The larger the difference between design conditions and actual operating conditions, the less efficient
the equipment will become. This places a practical lower limit on the circulating fluid temperature,
and consequently a lower limit on the average temperature of the rock in contact with the fluid. We
call this latter temperature the “reservoir abandonment temperature,” Tr,a.

The thermal drawdown that occurs in a reservoir will be confined to a localized rock volume defined,
in part, by the positions of the injector and producer wells in the stimulated region. The approach for
restoring plant output when the thermal drawdown becomes too large will be to drill new infill wells
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into parts of the field that have not been exploited. This strategy has worked for hydrothermal systems
and should work for EGS as well. There will come a time when old wells will be abandoned or
redrilled, or new wells added.

Assuming that an EGS reservoir consists of discretely fractured flow paths with average spacings of
100 m or less, then some simplications can be made. Because of the low thermal diffusivity of rock
(of order 10-6 m2/s), most of the temperature drop in the reservoir occurs near the injection well and
adjacent to the fracture faces in contact with the flowing fluid. If the reservoir rock temperature drops
only 10°C on average, there would be ample energy left in the reservoir for future use with equipment
designed to operate at lower temperatures, which would increase the sustainability of the resource for
the longer term. For instance, a cube of rock 1 km on a side at 200°C would contain 4 x 1014 kJ of
thermal energy relative to the ambient surface temperature. However, if the average reservoir rock
temperature is dropped only 10°C, the heat recovered from that mass of rock would be 2.5 x 1013 kJ,
leaving about 95% of the original energy in place for later exploitation.

As discussed earlier in this chapter, following active heat-mining operations, production flow and heat
removal would cease, allowing rock temperatures to fully recover by conduction in less than 100 years
(Elsworth, 1989). This would permit EGS energy recovery to operate sustainably into the future. To
be conservative, we specified an abandonment temperature of only 10°C lower than the initial rock
temperature in estimating the recoverable energy fraction.

3.3.2 Fractured rock volume
While solid rock is excellent for storing heat, the rate of heat removal by conduction is slow, as a result
of its low thermal conductivity. Only that fraction of the rock volume made accessible by the
stimulation process can be considered part of the active reservoir where heat extraction occurs. The
basic idea is to create permeability and porosity by hydraulic stimulation to open up channels for fluid
to circulate through the rock, thereby shortening the rock conduction path. The transfer of heat in
such a porous/fractured rock reservoir is a complex process that is not easy to model analytically.
Sanyal and Butler (2005) have done sensitivity studies of the impact of various reservoir properties
such as fractured volume, fracture spacing, permeability, porosity, and well configuration on the
recovery fraction of heat-in-place using 3-dimensional finite element modeling. They varied the
permeability, flow rate, fracture spacing, well spacing, injector-to-producer pattern, and fractured
volume. They found that the single most important parameter affecting how much of the thermal
energy that could be recovered is the fractured volume. In fact, perhaps the most important finding
of their study is that the net electrical power that can be achieved from a volume of fractured rock is
roughly 0.026 We/m3 (26 MWe/km3). This factor applies to a wide variety of production-injection well
arrangements (doublets, triplets, five-spots), fracture spacings (3-30 m), and permeability (10-100
mD). The factor seems to hold constant to within about 5%. It also includes reasonable estimates for
parasitic power requirements for circulating the fluid through the reservoir.

Based on early field testing of EGS concepts, the geometric arrangement of the production and
injection wells, to a large degree, influences the amount of rock that can be stimulated, and the
accessible volume of rock that the circulating fluid contacts. EGS wells could be configured in a variety
of ways: e.g., with one producer for every injector (a doublet), two producers to each injector (a triplet),
or four producers to each injector (the classic five-spot pattern used in enhanced oil recovery
operations). The stress regime in the rock volume will determine the fracture pattern and direction,
and this will influence the optimal arrangement of injectors and producers. However, having more

Chapter 3 Recoverable EGS Resource Estimates

3-8



than one producer for each injector reduces the amount of “dead” fractured volume, in which the rock
is fractured but the fluid doesn’t circulate. See Chapter 5 for more details. 

3.3.3 Fracture spacing
Earlier researchers cited the importance of reservoir geometric structure on heat-removal
effectiveness (see Kruger and Otte, 1972; and Armstead and Tester, 1987). Later, Sanyal and Butler
(2005) found that, while the fractured volume had the largest effect on recovery factor of the
parameters they studied, fracture spacing also had a measurable impact because it is part of
determining the active reservoir volume. They investigated fracture spacings between 3 and 300 m.
For reasonable fracture spacings of 3 to 30 m that might be realistically accomplished, there is little
or no thermal interference, and the fracture spacing is largely irrelevant compared to the total
fractured volume in determining how much of the heat-in-place will be recovered. However, for very
large fracture spacings (~300 m) and a maximum possible flow rate determined by pump and
pressure limitations, the recovery factor using a five-spot pattern with four producers per injector was
2.2%. A smaller fracture spacing of 30.5 m (again using a five-spot pattern and the same flow rate)
yielded a 29.4% recovery factor. Lowering the flow rate from 500 kg/s to 126 kg/s per producer (with
30.5 m fracture spacing) increased the recovery factor from 24% to 42.5%, and maintained the
reservoir life while still producing economic power output. 

Many researchers, typified by the work of Sanyal and Butler, identify fractured rock volume as the
single most important parameter affecting thermal recovery. To reach this conclusion, they have
implicitly assumed that the rock mass has been homogeneously fractured, which will certainly not be
the case in practice. While large surface area and fractured volumes are needed to ensure long-term
heat extraction at acceptable rates, their mere existence alone does not guarantee performance.
Sufficient fracture density and size are needed and fluid must sweep across the fractured surface area
reasonably efficiently for long-term performance to be realized. This has been one of the biggest
engineering challenges for EGS, and will be discussed extensively in Chapters 4 and 5. 

3.3.4 Fracture surface area
The geothermal reservoir operates like an underground heat exchanger. Injected water is circulated
through the reservoir and is exposed to the surfaces of hot rock allowing it to remove heat. The rate
of heat transfer – and, consequently, the final temperature that the fluid achieves – is related to the
mass flow rate of fluid and the surface area the fluid contacts. The heat-transfer system can be thought
of as similar to a series of flat plates with gaps (the fractures) between them and a semi-infinite
conduction heat source surrounding each fracture. Heat is transferred by conduction through the
rock, perpendicular to the surfaces of the fractures. Then heat is transferred by convection at the rock-
fluid interface to the fluid contained in the fracture. The larger that surface area is relative to the flow
rate, the faster heat can be transferred to the fluid and still have its outlet temperature approach the
original rock temperature with minimal thermal drawdown. (For more details concerning these
coupled transport processes, see Armstead and Tester, 1987.) There are several parameters that affect
this heat-transfer area:

• Well spacing – This is the distance between the wells in the active part of the reservoir. The well
spacing controls the length of the fracture that is actively involved with fluid circulation.

• Fracture spacing – The average distance between fractures that are open and accepting fluid. These
are assumed to be connected to the production wells through the fractured rock volume. In reality,
these may not act as separate discrete fractures, but as an overall fractured rock mass.
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• Fracture length and width – The fracture length is related to, but not necessarily the same as, the
well spacing between producer and injector. The fracture is not likely to be a flat plane, but will take
a tortuous path through the rock. The path length will, thus, be longer than the well spacing in most
cases. The fracture width is the lateral distance that the fracture extends and has active circulation.

• Well configuration – The arrangement of the production wells in relation to the injector. The actively
circulated fracture width is controlled, to some extent, by the geometry of the well configuration. 

To produce 50 kg/s from a 200°C body of rock, with no more than 10°C temperature drop in the
produced fluid over a project life of 30 years, a large rock surface area relative to the mass flow rate of
fluid is needed (see Armstead and Tester, 1987). For instance, with eight fractures being used for heat
extraction, each must have a length and width sufficient to produce 125,000 m2 of surface area. If
these fractures are 100 m apart, then 700 m or more of wellbore at the 200°C average reservoir
temperature is required. To maintain the temperature for a longer life, we would need a longer
fracture path length, larger fractures, or more fractures in the wellbore. Real fractures are certainly
not the discrete, rectangular channels or circular discs assumed in this simple model. In real
situations, fractures often have a greater surface area and path length than the distance between the
wells would suggest. At Soultz, for example, in GPK3, about nine open fractures occur in the 540 m
open-hole section. However, one fracture at 4,760 m takes 70% of the total fluid flow. This
channeling, if left uncontrolled, will effectively reduce the useful recovered thermal energy of the
entire reservoir, because heat removal in the fracture that is accepting the higher flow rate is much
higher than can be sustained by transient thermal conduction through the surrounding rock.

3.4 Determining the Recoverable Fraction
As discussed above, Sanyal and Butler (2005) have modeled flow in fractured systems to determine
the sensitivity of the recoverable heat fraction to several important parameters: rock temperature,
fractured volume, fracture spacing, fluid-circulation rate, well configuration, and post-stimulation
porosity and permeability. They used a 3-dimensional finite difference model and calculated the
fraction of the heat-in-place that could be mined as these important parameters were changed. They
found that for a variety of fracture spacings, well geometries, and fracture permeabilities, the
percentage of heat recoverable from a stimulated volume of at least 1 x 108 m3 under economic
production conditions is nearly constant at about 40%, with a range between 34% and 47% (see
Figure 3.1). This recovery factor is independent of well arrangements, fracture spacing, and
permeability, as long as the stimulated volume exceeds 1 x 108 m3. This roughly corresponds to a block
of rock approximately 500 m x 500 m x 500 m. Because Phase II of the Fenton Hill project, the
Rosemanowes project, the Soultz project (both the shallow and deep stimulated volumes), and the
Cooper Basin project have achieved fractured volumes based on acoustic emissions mapping of equal
to or greater than or greater than 10 x 108 m3 (or 1 km3), this threshold has already been exceeded 
in practice.

Because in the early stages of EGS technology development, short circuiting and other reservoir
management problems will require extra fractured volume to counter too-rapid temperature drop, it
was assumed that two to three times the volume would be needed to guarantee a useful reservoir life.
This provides sufficient volume of hot rock for extended development in the event of an irreparable
short circuit. However, the excess rock volume effectively halves the recovery factor. The Sanyal and
Butler (2005) study found recovery factors that ranged from 2.5% to 90%, with a typical recovery
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factor of about 45%. Very high recovery factors could only be achieved with uneconomic flow rates or
other conditions that resulted in a short reservoir life. Recovery factors from 2% to 40% were
therefore used in the calculation of potentially recoverable resources for this study. A recovery factor
of 20% was used for Table 3.2 and the supply curves developed in Chapter 9. A 2% recovery factor
was used for Table 3.3.

With a recovery factor and an abandonment temperature specified, the recoverable heat can be
determined from the total energy in place, i.e., the resource-base amount: 

Qrec = Fr Vtotal Cr ( Tr,i – To ). (3-2)

Figure 3.1 Recovery factor vs. stimulated volume for a range of well geometries, fracture spacing, and
permeability. (Sanyal and Butler, 2005).
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The recovery factor should improve with time as EGS extraction and energy conversion technology
matures. The study by Sanyal and Butler (2005) suggests that recoverable energy fractions as high as
45% can be expected with economic flow rates and energy outputs. The analysis assumed an
abandonment temperature that corresponds to only a 10°C temperature drop in the rock. There is
evidence from 30 years of field testing that strongly suggests that hydrothermal systems achieve
recovery amounts for total heat as high as or higher than 45%. 

Regarding these estimated recovery factors, it is important to note that they depend strongly on how
one defines accessible reservoir volume and characterizes flow through it. 

Our ability to create large stimulated rock volumes has certainly improved dramatically. We can now
stimulate volumes of 1 km3 or more. Figure 3.2 shows the stimulated volume for past EGS experimental
sites. By developing technology to control flow short circuits and methods to reduce impedances to flow
when needed, the fraction of recoverable thermal energy will certainly increase as well. 

Figure 3.2 Total fractured or stimulated reservoir volume, as determined from microseismic data for
representative EGS/hot dry rock (HDR) projects.
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3.5 Usable Energy – Converting Heat to Power
Once the amount of recoverable heat from the reservoir has been estimated, it needs to be converted
to usable energy, which we assume for this exercise is electricity. Field experience with EGS testing
led us to believe that we can extract the heat from the rock for extended periods, with minimal thermal
drawdown, if we design and operate the system carefully. As a first approximation, we assume that
the production temperature of the fluid at the surface is the average temperature of the rock volume.
It is important to note that we are not neglecting the thermal decline within the reservoir that certainly
occurs – we are just restricting it to correspond to a specified decline in the average rock temperature
at a given depth. Recovered amounts are then estimated from the resource base figures given in
Chapter 2 (Figure 2.6) for the conterminous United States. 

The power cycle employed, and the ambient surface temperatures along with the fluid temperature,
determine the energy conversion efficiency. Chapter 7 discusses power cycles in general, including
the conversion efficiency, temperature drop through the system, and other aspects of the conversion
of the recoverable heat into electricity. The percentage of heat that can be converted to electricity is
quantitatively represented by the thermal efficiency, i.e., the fraction of the total heat delivered to the
power cycle by the circulating geofluid that is converted to electrical energy. Thermal efficiencies are
based on Figure 7.2 for binary plants at resource temperatures under 200°C, and on the discussion
in Section 7.2.2 for flash plants at temperatures above 200°C. The effects of ambient temperature,
cooling method, and the power-conversion cycle itself are included. Using the net cycle efficiency
allows us to convert the recoverable thermal energy for different temperature resources to electric
energy. Table 3.1 shows the utilization efficiencies from Chapter 7 used for this conversion. 

Table 3.1 Cycle thermal efficiencies used for energy conversion (see Chapter 7).

To relate electrical energy to a potential electric-generating capacity, this energy will need to be
converted to electric power (power is energy transfer per unit of time). In order to convert electrical
energy to electrical power, we need to consider the time over which the energy will be produced. One
option is to look at the resource from a project lifetime standpoint. This is the approach used by the
United States Geological Survey (USGS) in Circular 790 (Muffler and Guffanti, 1978), where they
assumed a project life of 20 years and divided the recoverable energy reserves by the number of
seconds in 20 years. Since the time of that report, several geothermal projects have been operated for
as long as 30 years, and most project planning for future geothermal projects assumes that each plant
will last at least 30 years. Assuming this is the case, the average MWe of capacity that would result is
given by: 
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MWe = ηth Qrec 3 1MJ/1000kJ 3 1/t (3-3)

where

Qrec = recoverable thermal energy (heat) in kWs (or kJ)

ηth = net cycle thermal efficiency (fraction)
t = seconds in 30 years = 30 yr x 365 days/yr x 24 hrs/day x 3600 s/hr. = 9.46 x 108 s

Specifying a recovery factor is arbitrary – however, by assuming a range that spans an order of
magnitude and is always lower than the estimates by Sanyal and Butler, we have sufficiently captured
the inherent uncertainty in this prediction. The exploitable amount of thermal energy was further
reduced by assuming that only a small fraction is actually removed during the period of production
to generate electric power. This additional reduction was implemented by specifying a mean
temperature of the reservoir at the end of production. This is the abandonment temperature [Tr,a in
Eq. (3-1)] and had a value of 10°C below the initial rock temperature, Tr,i.

Table 3.2 shows the recoverable heat as electric power for the United States, assuming a 30-year project
life for each depth and average temperature, and a 20% recovery factor. Table 3.3 shows the recoverable
heat as electric power using a 2% recovery factor. At only 2% recovery, we note that the 4-5 km deep
section of the EGS resource on its own represents an increase of about a factor of 25 over today’s U.S.
electricity production from geothermal energy. As we go deeper, or increase the recovery factor above
2%, the recoverable electrical power increases proportionally. Going forward, we expect both
enhancements to occur as a result of EGS technology improvements from invested R&D and learning
curve cost reductions (see Chapter 9 for more details).

Table 3.2 Total recoverable energy in net MWe for 30 years, with 20% recoverable fraction of thermal
energy from the reservoir.

(a) See Table 3.1 for values of the cycle thermal efficiency used.

(b) Ta,i = Tr,i – 10°C, i.e., 10°C below the initial rock temperature [see Eq. (3-1)].
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Depth of 
Slice, km

Power 
available for
slice, MWe

Amount at 
150°C, 
MWe

Amount at 
200°C, 
MWe

Amount at 
250°C, 
MWe

Amount at 
300°C, 
MWe

Amount at 
350°C, 
MWe

3 to 4 122,000 120,000 800 700 400

4 to 5 719,000 678,000 39,000 900 1,200

5 to 6 1,536,000 1,241,000 284,000 11,000 600

6 to 7 2,340,000 1,391,000 832,000 114,000 2,800

7 to 8 3,245,000 1,543,000 1,238,000 415,000 48,000 1,200

8 to 10 4,524,000 1,875,000 1,195,000 1,100,000 302,000 54,000

TOTAL 12,486,000



Table 3.3 Total recoverable energy in net MWe for 30 years, with 2% recoverable fraction of thermal
energy from the reservoir.

(a) See Table 3.1 for values of the cycle thermal efficiency used.

(b) Ta,i = Tr,i – 10°C, that is 10ºC below the initial rock temperature [see Eq. (3-1)].

3.6 Access to the EGS Resource
Only a portion of the total EGS resource will be accessible for development. Urban areas, major roads
and utility corridors, as well as national and state parks, recreation areas, wilderness areas, and
national monuments will be off-limits for development. Military bases, while possibly accessible for
EGS development, are currently treated in a different way from other federal lands – development is
severely restricted and royalty structure is different from public or private lands. The panel
recommends that these restricted areas should not be considered as part of the EGS resource base. At
this point in the evaluation of EGS feasibility, these off-limit areas have not been mapped and have
been excluded from the EGS resource – the one exception was the Yellowstone National Park region,
which is not included in the U.S. total or in Wyoming, Montana, or Idaho. Quantifying these
restricted areas is an important aspect of resource assessment that should be considered in the future. 

For this study, we simplified the analysis. The portion of the EGS resource that was not accessible for
development was estimated by taking the total fraction of the land in each state – and for the United
States as a whole – that was contained in state and national parks, recreation areas, wilderness, national
monuments, and military lands. This fraction was assumed to be the fraction of the EGS resource that
was inaccessible for development, and it was subtracted from the total recoverable resource:

Accessible MWe = MWe(1 – IF) (3-4)

where

IF = fraction of the total state or U.S. land area that is inaccessible, as described above, due to being
located under a park, wilderness or nature preserve, or military base

MWe = Calculated electric power capacity accessible if all land area was available for development 

Depth of 
Slice, km

Power 
available for 
slice, MWe

Amount at 
150°C, 
MWe

Amount at 
200°C, 
MWe

Amount at 
250°C, 
MWe

Amount at 
300°C, 
MWe

Amount at 
350°C, 
MWe

3 to 4 12,000 12,000 80 70 40

4 to 5 72,000 68,000 4,000 90 120

5 to 6 154,000 124,000 28,000 1,100 60

6 to 7 234,000 139,000 83,000 11,000 300

7 to 8 324,000 154,000 124,000 41,000 5,000 120

8 to 10 452,000 187,000 119,000 110,000 30,000 5,000

TOTAL 1,249,000
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The amount of power that could then be considered recoverable and accessible is calculated using 
Eq. (3-1) to (3-4). For states such as Washington, New York, or California, with a large fraction of the
total land contained in national and state parks, recreation areas, wilderness and military lands, the
fraction of the resource that is considered inaccessible is more than 5%. For states in the Midwest or
Gulf Coast, the fraction is much lower, closer to 1%. 
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4.1 Scope and Organization 
This chapter reviews several major international Enhanced Geothermal Systems (EGS) R&D field
projects, which have focused on demonstrating the feasibility of mining heat by stimulating and
operating an engineered reservoir. Our rationale for covering these projects is twofold: first, to provide
historical context on how the technology has progressed, as a result of public and private R&D
support; and, second, to chronicle the lessons learned from these efforts, particularly as they impact
our understanding of how subsurface geologic conditions influence the creation and performance of
EGS. Later, in Chapter 5, we develop a general approach to designing and stimulating EGS systems,
which is largely based on the body of information created by these important experiments.

The remaining sections of this chapter are organized as follows: First, we provide a brief overview of
the collective field effort, and then we cover each major project with a description of what was done
and accomplished, as well as the “lessons learned” from each site. The major projects discussed
include: Fenton Hill, in the United States; Rosemanowes, in the United Kingdom; Soultz, in France;
Cooper Basin, in Australia; and Hijiori and Ogachi, in Japan – plus several other smaller projects. 
At the end of the chapter, we summarize the general state of understanding of EGS reservoir
technologies, as well as the remaining needs for commercial-scale operations.

4.2 Overview 
Field efforts began with the pioneering work of scientists at Los Alamos National Laboratory in the
early 1970s at the Fenton Hill, New Mexico, site. In the early years, the program was referred to as the
Hot Dry Rock or HDR project. Later, this was replaced by Enhanced/Engineered Geothermal Systems
(EGS) to more correctly reflect the continuum of grade (or quality of resource) that exists among
today’s commercial hydrothermal systems, the unproductive margins of hydrothermal regions, and
mid- to low-geothermal gradient regions throughout the United States. 

The history of the worldwide effort to extract the Earth’s heat from rocks that do not have pre-existing
high permeability began with the Fenton Hill hot dry rock experiments. This first project was initially
funded completely by the U.S. government, but later involved active collaborations under an
International Energy Agency agreement with Great Britain, France, Germany, and Japan – the latter
two countries providing funding ($5 million) to help support the research over a six-year period. The
objective of the project was to develop a heat-extraction system in a high-temperature-gradient area
with a large volume of uniform, low-permeability, crystalline basement rock on the margin of a
hydrothermal system in the Valles Caldera region of New Mexico. 

Building on the experience and data from the Fenton Hill project, the Rosemanowes, Hijiori, Ogachi,
and Soultz projects attempted to develop further the concept of creating a reservoir in crystalline rock
in other geological settings. These EGS/HDR field experiments were carried out starting about 1975
in the United Kingdom, and somewhat later in Japan, France, Sweden, and the Federal Republic of
Germany (see timeline in Figure 4.1). 
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Figure 4.1 Schedule of major HDR and EGS projects worldwide. 



While the Fenton Hill experience demonstrated the technical feasibility of the HDR concept by 1980,
none of the testing carried out at Fenton Hill yielded all the performance characteristics required for
a commercial-sized system. Three major issues remained at the end of the project as constraints to
commercialization: (i) the demonstration of sufficient reservoir productivity with high-productivity
fracture systems of sufficient size and thermal lifetime to maintain economic fluid production rates
(50 to 100 kg/s per well pair at wellhead temperatures above 150°C), (ii) the maintenance of these flow
rates with sufficiently low pumping pressures, and (iii) the relatively high cost of drilling deep (> 3
km) wells in hard rock. Drilling costs become the dominant economic component in low-grade, low-
gradient EGS resources (see Chapter 6). In certain geologic situations, controlling water losses will
be important, as it can have negative economic and environmental impacts. 

Initially, the Los Alamos team and others tried to adapt techniques from oil well stimulation using
hydraulic fracturing to produce idealized vertical “penny-shaped” fractures formed in a rock mass that
behaves as an isotropic, homogeneous continuum where the minimum stress is in the horizontal
direction. The implication of creating a reservoir in such a medium was that the most likely effect of
water injection under high pressures would be to create a new fracture by tensile failure, thus forming
the required surface area needed for heat mining (Smith et al., 1975; Kappelmeyer and Rummel,
1980; Duffield et al., 1981; Kappelmeyer and Jung, 1987).

After several years of active field work, some researchers recognized that EGS reservoirs probably
consisted of 3-dimensional networks of hydraulically activated joints and fractures. These fissure
systems contribute to the connection between injection and production boreholes, rather than just
one – or even a series of – artificially created hydraulic fractures (see, for example, Batchelor, 1977;
and Armstead and Tester, 1987).

By the early 1980s, research at various sites (Pine and Batchelor, 1984) confirmed that the creation of
new hydraulic fractures was not the dominant process; but that the shearing of natural joints
favorably aligned with the principal directions of the local stress field was a more important
mechanism. These joints could be completely or partly sealed in their natural state. They fail in shear,
because fluid injected under pressure reduces the normal stress across them, but only marginally
affects the magnitude of the shear stress. The shearing mechanism allows frictional slippage to occur
before tensile failure, i.e., there will be a component of shearing ahead of any hydraulically fractured
zone (Baria et al., 1985; Baria and Green, 1989). Shearing of the fractures increases their aperture
through self-propping on the naturally rough surfaces.

The realization that shearing on existing joints constitutes the main mechanism of reservoir growth
has been one of the most significant outcomes of the international research projects. This has led to a
basic change in how researchers interpret the evolution of the structure of an EGS reservoir, as a result
of hydraulic pressurization. It has led to a departure from conventional oil field reservoir development
techniques (which emphasize discrete hydraulic fracturing as a means of stimulation) toward a new
technology related to the properties of any jointed rock mass that is subjected to a particular anisotropic
stress regime. Because all formations that have been investigated so far have some sealed or partly
sealed fractures (even those in continental shield areas with very low stresses), we can stimulate
fracture networks and have them stay open using pumping pressures just over the critical pressure for
shear failure. It should also be mentioned that, in every case, connections between the wells follow
multiple paths. Every well has a number of flow entry and exit points. These occur at various depths,
and their relative importance can change as a function of different pressure regimes.
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The most important conclusion from all this prior work regarding the development of EGS as a
power-producing technology is that we can probably form an EGS reservoir at any depth and
anywhere in the world that has both a temperature high enough for energy conversion and sufficient
far-field connectivity through existing natural fractures. Nonetheless, uncertainties still exist, for
example, regarding the natural state of stress and rock properties, even within well-characterized
geologic regions. Most important, the existence of anisotropic stresses in the rock as a prerequisite for
stimulation by shear failure is fundamentally different than normal practice in oil- and gas-bearing
formations. Other aspects of the reservoir structure may cause operational problems down-hole, such
as mapping existing major faults and fractures that may act as flow barriers or conduits – and cause
problems for our system. 

Today, because of a limited understanding, we cannot predict the long-term effect of injecting water
– which is not in chemical or thermal equilibrium with the rock – into the reservoir. Dissolution and
precipitation will certainly occur at different points in the system, leading to both improvements and
reductions in permeability. If a highly permeable fracture exists (or develops) in the system, it can
result in a short circuit that may require aggressive remediation, such as drilling a sidetrack into a
new area of rock. Sustained pressurization may also lead to unproductive volumetric reservoir growth
and higher water losses.

Many features associated with the technical feasibility of EGS/HDR technology have been
demonstrated at more than one site in the past 30 years. However, the major shortcoming of the field
testing, so far, is that circulation rates through the stimulated regions have been below commercially
viable rates. Recent progress at Soultz and Cooper Basin suggests that the ability to reach commercial
levels is reasonably close, as will be discussed later in this chapter.

Taking all uncertainties collectively, we have not yet seen any “show stoppers” to making EGS work
technically. While a given stimulation method may not provide for efficient, cost-effective heat mining
at today’s energy prices, it still extracts net energy. Field efforts have repeatedly demonstrated that
EGS wells can be drilled; pre-existing, sealed fractures at depth can be stimulated; and a connection
can be made between wells. Fluid can be circulated through the network and heated to economic
temperatures; and we can maintain the circulation, and use the heat from the produced fluid directly
– or use it to generate electricity.
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4.3 Fenton Hill 
4.3.1 Project history
The project at Fenton Hill was the first attempt anywhere to make a deep, full-scale HDR reservoir.
The site – on the edge of the Valles Caldera at the northern end of the Rio Grande rift zone in north-
central New Mexico – was chosen for its heat and rock characteristics, as well as its proximity to the
Los Alamos National Laboratory where the project was conceived. The purpose of the project was to
develop methods to extract energy economically from HDR systems located in crystalline,
granitic/metamorphic basement rock of suitably high temperature.

The R&D program was roughly divided into two major phases. Phase I, starting in 1974 and
completed in 1980, dealt with field development and associated research on a 3 km deep reservoir
with a temperature of about 200°C. Phase II followed in 1979, with the drilling of EE-2 into a deeper
(4.4 km), hotter (300°C) reservoir. Figure 4.2 shows a map of the site and some characteristic
properties of the formation and stimulated reservoirs. 

The first deep well drilled at Fenton Hill, called GT-2, was started on February 17, 1974, and was
completed to a temporary depth of 2,042 m in September 1974. Following the completion of the well, a
series of hydraulic fracturing tests was run, and completed in early October of 1974. After these tests
were completed, the well was deepened to 2,932 m. Bottom-hole temperatures (BHT) were about 180°C.

The second deep hole drilled at Fenton Hill was Energy Extraction Hole 1 (EE-1). EE-1 was drilled 
from May 1975 through October 1975, to a total depth of 3,064 m and with a similar BHT as GT-2.
Additional hydraulic fracturing was then performed, but the reservoir connecting the wells was
deemed inadequate. 

It was determined that additional fracturing would likely not create the desired reservoir connection.
As a result, it was decided to directionally redrill one of the wells into the fracture system created by
the other. In 1977, an attempt to establish a high-permeability flow path between the two was
performed on GT-2, at approximately 2,500 m (GT-2A), and was also determined to be inadequate.
The lower part of GT-2A was then cemented in May 1977; and another hole, named GT-2B, was
directionally drilled out of the upper portion of GT2-A at around 2,530 m. An acceptable connection
was made between GT2-B and EE-1 at 2,673 m, with an average separation between the two boreholes
of 100 m. Figure 4.3 shows the wells in vertical profile with the stimulated fracture zone shown in
hatching (Tester and Albright, 1979).
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Figure 4.3 Elevation view of wells EE-1, GT-2, GT-2A, and GT-2B at the Fenton Hill site during 
Phase I testing.

Between June 1977 and December 1980, five circulation experiments were conducted in the Phase I
system, lasting for 417 days. The water run through the system produced between 3 and 5 MWt, and
powered a 60 kW binary fluid turbine generator.

In April 1979, drilling began on a new set of wells, EE-2 and EE-3, to be drilled deeper than the other
wells. The wells were directionally drilled at about 35° to a vertical plane, and separated by 380 m
vertically. The deeper of the two, EE-2 reached a depth of 4,390 m and BHT of 327°C. From 1982-
1984, the wells were then hydraulically fractured at multiple depths. In all these (and subsequent)
experiments, the progress of fracture growth was followed by microseismic event monitoring. The
reservoir created by these experiments did not grow in the direction predicted, and an inadequate
connection was established between the two wells. It was determined that this was caused by an
unanticipated shift in the stress field in the deeper part of the formation – a major finding from this
phase of the project.
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It appeared unlikely that additional conventional hydraulic fracturing would stimulate the necessary
fracture growth, and so the team again chose to directionally redrill one of the existing wells. In
September 1985, the upper well, EE-3, was sidetracked at 2,830 m and drilled to a depth of 4,018 m
with BHT of 265°C, and renamed EE-3A (see Figure 4.4A). The newly drilled well intersected several
of the fractures created by the hydraulic stimulation, and the connection created was acceptable for
large-scale testing.

Figure 4.4A Elevation view of wells at Fenton Hill site. The data points represent microseismic events
observed during stimulation.

The initial closed-loop flow test of the Phase II system began in May 1986 and ran for 30 days. During
the test, 37,000 m3 of water was pumped through the system, with 66% of that being recovered;
another 20% was recovered during venting after the test. Flow rates were between 10.6 and 18.5 kg/s,
with between 26.9 and 30.3 MPa (pascals) of pressure on the injection wellhead. The fluid extracted
from the reservoir reached 192°C, with the temperature still increasing at the end of the test. Results
of the flow test were encouraging and further testing was planned.
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During venting in the first flow test on the system, the casing and liner in well EE-2 at 3,200 m
suffered a partial collapse. It was decided that the best way to fix the leakage caused by the collapse
was to seal off the well just above the collapse, and redrill the well from that point. The redrilling took
only 30 days to drill 800 m, progressing at a rate 2.5 times faster than the rate drilled in 1978 and
1979. The redrilled wellbore was renamed EE-2A to distinguish it from the earlier well. 

Following recompletion of EE-2A, flow testing was conducted in 1989-1990 to obtain data for
planning the long-term flow test. Tests conducted at equilibrium pressures did not have the high loss
of fluid that had been experienced at pressures above the fracture breakdown pressure, which had
been found to be less than 19 MPa. Also at pressures below the critical pressure, the reservoir did not
continue to grow. While temperature in the produced fluids changed over time, the downhole
temperature did not change measurably during the testing. Other testing maintained pressurization
of the reservoir by cyclically injecting fluid while sustaining wellhead pressure on the production well
(Duchane, 1993).

The facility for the long-term flow test was constructed, starting in 1990, while shorter flow tests
continued. Several pieces of equipment were installed for this phase of testing, including a heat
exchanger to dump waste heat from the produced fluid, larger makeup water storage ponds, and
larger capacity makeup water pumps and injection pumps. The first stage of the long-term flow test
of the Phase II system started on April 8, 1992. The test continued for 112 days, until failure of the
injection pumps necessitated shutdown on July 31. Cold water was injected at 12.5-15 kg/s (90-110
gpm) and produced at temperatures of more than 180°C (Duchane, 1993). During the first stage of
testing, the pumps were of the reciprocating type driven by diesel engines; but, for the second stage
of testing, the pumps were centrifugal and driven by electric motors. This test lasted 55 days with
constant downhole temperatures. However, surface temperatures dropped, possibly because low flow
rates resulted in heat loss to a shallow, cooler subsurface region.

During the latter phases of work at Fenton Hill, support for the work had declined to the point where
it was not possible to maintain sufficient technical staff to perform continuous flow testing of the
reservoir – nor was it possible to perform the necessary redrilling and wellbore repairs to upgrade the
downhole connections to the large fractured system that had been created (see Figures 4.4A and
4.4B). With prospects for continued funding very low, all field experiments were terminated at the
Fenton Hill site by 2000, after which the site was decommissioned. 
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(Los Alamos National Laboratory).

4.3.2 Lessons learned at Fenton Hill
• Deep (15,000 ft, ≈5 km), high-temperature wells can be completed in hard, abrasive rock.

• Low-permeability (microdarcy or lower) crystalline rock can be stimulated to create hydraulically
conductive fractures.

• Conventional drilling methods can be adapted for the harsh environments encountered in reaching
zones of rock at about 200°C to 300°C, which are hot enough to be suitable for commercial power
production.

• Hydraulic-pressurization methods can create permanently open networks of fractures in large
enough volumes of rock (>1 km3) to sustain energy extraction over a long time period.

• The EGS reservoir can be circulated for extended time periods and used to generate electricity.

• Creating the connection between wells was a crucial step in developing the EGS reservoir.

• Connection was easier to establish by drilling into the fractured volume, once it was stimulated and
mapped. 

• Directional drilling control was possible in hard crystalline rock, and the fractures mapped by
microseismic monitoring could be intersected using directional drilling.

• The Phase I reservoir, although too small by design for commercial operation, provided a test-bed
for creating the larger volumes needed to achieve commercial rates of production.



• Techniques were developed to reduce pressure drop in and near the wellbore, often referred to as
wellbore impedance. 

• Models of flow and heat transfer were developed that, along with data collected during testing, can
be used to predict the behavior of the EGS reservoir.

• The thermal-hydraulic performance of the recirculating Phase I system was successfully modeled,
and indicated approximately 10,000 m2 of effective surface area when matched to field data. This
area is too small by about a factor of 100 for a commercial-scale system. 

• Techniques using chemical tracers, active and passive acoustic emissions methods, and other
geophysical logging techniques can be used to map the created fractures. 

• At the deeper depths required to reach higher rock temperatures (> 300°C), wells could still be
drilled, fractures created through hydraulic stimulation, and the fractured volume mapped. 

• Although it took some effort, the fractured volume could be intersected by drilling into the mapped
fractures.

• Connections between the wells could be established and fluids circulated at commercial
temperatures for extended time periods.

• The high pressures needed to keep the Phase II fractures open caused operational problems and
required substantial amounts of power.

• Although the reservoir had the potential of producing 1 million m2 of heat-transfer surface, based
on the fluid volume pumped, the fracture pattern that was observed did not match that predicted by
early modeling. 

• The reservoir could be circulated in such a manner that the fractured volume did not continue to
grow and, thus, water losses were minimized. 

• If injection pressures were lowered to reduce water loss and reservoir growth, the flow rates were
lower than desired, due to higher pressure drop through the reservoir. If water was injected at high
enough pressures to maintain high flow rates, the reservoir grew and water losses were high. This
meant that the fractures were being jacked open under high-injection pressures, causing extension
of the fractures and increased permeability. At lower pressures, this did not happen, so the pressure
drop was higher and flow rates much lower.

• High-temperature tools and equipment for downhole use had to be developed and adapted to evaluate
the stress regime; determine the orientation of pre-existing fractures; monitor downhole pressure,
temperature, and flow rates; and to provide geophysical data on the reservoir. Much of this equipment
was developed by the national laboratory as needed and was not intended for commercial use.
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Figure 4.5 European EGS site locations (Google Earth).

The Carnmenellis granite is roughly ellipsoidal in outline, and it forms part of a continuous granite
batholith of early Permian age of more than 200 km in length. The base of the granite extends well
below a depth of 9 km. At the Rosemanowes site, the granite is porphyritic near the surface, tending
to become equigranular at about 2 km. Phase 1 of the project started in 1977, with the drilling of a
number of 300 m test wells. The purpose of these wells was to test some possible fracture-initiation
techniques. It was found, however, that the stress field at this depth was unrepresentative of that to
be encountered at depths of real interest.

4.4 Rosemanowes 
4.4.1 Project history
As a result of experience during Phase I at Fenton Hill, in 1977, the Camborne School of Mines
undertook an experimental hot dry rock (HDR) project at Rosemanowes Quarry (near Penryn in
Cornwall, U.K.) in the Carnmenellis granite (see Figure 4.5). The project was funded by the U.K.
Department of Energy and by the Commission of the European Communities, and was intended as
a large-scale rock mechanics experiment addressing some of the issues surrounding the stimulation
of adequate fracture networks (Batchelor, 1982). Because the temperature was restricted deliberately
to below 100°C, to minimize instrumentation problems, this project was never intended as an energy
producer. The site was chosen because mine works in the area allowed rock characterization to a
depth of more than 1,000 m, due to the clearly defined vertical jointing evident in the exposed granite
– and because of the area’s heat flow and high-temperature gradients between 30 and 40°C per
kilometer. The main tectonic regime of the area is strike-slip.



For Phase 2A of the project, two wells were planned with a total vertical depth (TVD) of about 
2,000 m, where the temperature was expected to be around 80-90°C – both were deviated in the
same plane to an angle of 30 degrees from the vertical in the lower sections, and separated by 300 m
vertically. In 1980, the drilling of RH11 (production) and RH12 (injection) began, and took only 116
days. Bottom-hole temperatures recorded at RH12 reached 79°C. 

Stimulation of RH12 (the lower well) then followed, initially with explosives, and then hydraulically at
rates up to 100 kg/s and wellhead pressures of 14 MPa. Due to the mainly vertical nature of jointing
in the granite, conventional wisdom was that hydraulic fracturing (tensile fracturing; penny-shaped
crack) would cause the reservoir to grow vertically upward, especially around 2,000 m, where the
minimum principal stress was horizontal. However, microseismic monitoring showed that the
majority of fracturing and the reservoir grew by shearing mode and not tensile fracturing; and
reservoir growth occurred primarily in a vertically downward direction, opposite the predicted
direction (Batchelor et al., 1983; Pine and Batchelor 1984; Baria et al., 1989). The predominant
downward growth of the reservoir continued through the subsequent nine months of circulation, and
testing of the completed system showed it was not suitable for the purpose of modeling a full-scale
commercial HDR reservoir.

Phase 2B began in 1983 and entailed the drilling of a third well, RH15 (see Figure 4.6), which would
be drilled below the existing wells, to access the large reservoir already created in Phase 2A. The well
was drilled to a TVD of 2,600 m and bottom-hole temperatures around 100°C were recorded.
Hydraulic stimulation of the well was carried out similar to RH12, and circulation began in 1985 (see
Figure 4.7), with RH12 continuing to be the injection well and RH15 the primary producer. A series
of flow tests was then carried out through September 1986, with rates gradually stepping up. The
reservoir was then circulated continuously at various flow rates (typically around 20-25 kg/s) for the
next four years.

Temperature drawdown over the period of the long-term flow test caused a downhole temperature
drop from 80.5°C to 70.5°C. Injection rates through the testing phase varied from 5 to 24 kg/s. In the
5 kg/s case, the return from the production well was 4 kg/s and the wellhead pressure was 40 bar. In
the 24 kg/s case, the return from the production well was 15 kg/s and the wellhead pressure 10.5 MPa.
Flow-path analysis based on spinner, temperature, and other well log data showed that a preferential
pathway – or short circuit – developed, which allowed cool injected water to return too rapidly to the
production well (Batchelor, 1986).

The experimental work at Rosemanowes Quarry was continued in Phase 3A (which involved no
further drilling) with further circulation and other tests. In the downhole pump test in Phase 2C,
lowering the pressure in the production well seemed to close the joint apertures close to the borehole
and increase the impedance. An experiment in Phase 3A to place a proppant material in the joints
near the production borehole was designed to demonstrate that this might solve the problem in a
deep system. The sand used as proppant was carried into the joints as part of a secondary stimulation
using a high viscosity (700 centipoise) gel. This stimulation significantly reduced the water losses and
impedance, but it also worsened the short circuiting and lowered the flow temperature in the
production borehole even further. It was concluded that the proppant technique would need to be
used with caution in any attempt to manipulate HDR systems.
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Figure 4.7 Major stimulation of Well RH15 at Rosemanowes in July 1985, 5,500m3 at up to 265 L/s (100
bbl/min), surface pressure of 16 MPa (2,320 psi).

An experiment was also carried out in Phase 3A to shut off the section of the production borehole that
had been shown to contain the outlet from the short circuit. A temporary packer assembly was
installed close to the bottom of the borehole to seal off all the upper parts of the wellbore, and a
production flow test was carried out to measure the flow rate from the low-flow zone at the bottom of
the borehole under these conditions. The short circuit was sealed off, but a very low flow rate was
obtained; and a further stimulation carried out from the bottom of the borehole gave no significant
increase in flow. A subsequent interpretation of these results suggested that the most recently
stimulated zone was parallel to, but largely unconnected with, the previously stimulated zone (Parker,
1989). This is a key observation in that it shows individual fractures at the well can have independent
connections to the far-field fracture system, i.e., the natural fracture network is not well-connected
enough to form a commercial-size reservoir over short sections of a well.

4.4.2 Lessons learned at Rosemanowes
• The fractures created by hydraulic stimulation, which best connect across the reservoir, are not

formed through tension, as in the hydraulic fracturing used in oil and gas wells. Instead, they are
created by shearing on pre-existing joint sets.

• Stress fields in crystalline rock are invariably anisotropic, so the natural fractures fail in shear, long
before jacking takes place. Having sheared, the natural fractures then self-prop and stay open.

• It is possible to stimulate natural fractures and improve permeability – and create a connected
volume of hot rock.

• Too high an applied pressure results in runaway fracture growth, leading to water loss and/or short
circuits. 
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• There are always critically oriented natural fractures, so while it is easy to stimulate with lower
pressures, it is also very easy to apply too high a pressure.

• The downward growth at Rosemanowes (Figure 5.1 in Chapter 5), and that observed at Fenton Hill,
are the result of the combination of in situ stress and stress gradient changes caused by imposed
temperature and pressure changes in the rock.

• In the general case, a prediction of the direction of fracture growth is difficult in the absence of
precise downhole data. Even with near-wellbore data from image logs, the fractures may not grow
exactly as predicted. As a result, it is better to create the reservoir first, and then drill into it
(Batchelor, 1987). 

• Pressure drop through the system (“impedance”) was a major problem. This was caused both by the
low permeability of the reservoir and by frictional losses in the wellbores and in the near-wellbore
area. Pressure drop is a critical parameter for two reasons: (i) the higher the pressure drop, the
greater the pumping power required – and, hence, the greater the parasitic losses (an economic
issue); and (ii), more important, a high impedance requires high downhole pressures to achieve the
required flow rate, and these could easily exceed the levels at which runaway fracture growth and
consequent water losses are incurred. 

• One way to increase reservoir permeability is to choose areas where there are low permeability, 
pre-existing fractures closely spaced in the wellbore and that are oriented so that they will be likely
to fail during stimulation (Batchelor, 1989).

• Near-wellbore permeability reduction (“skin effect”) can increase pressure drop and decrease flow
rates. Placing proppants in this near-wellbore area in the injector may require high pressures and
flow rates that increase the likelihood of short circuits.

• Probably the most important single lesson from this experiment is that hydro-fracturing and
artificial fractures are almost irrelevant. The natural fracture system dominates everything
(Batchelor, 1989). 

• Natural fractures are pervasive in crystalline rocks at all depths and all locations we have
investigated. Even if one does generate an artificial fracture, deliberately by hydro-fracturing – or,
more often, accidentally while drilling – it will intersect the natural system within meters, and from
there on the behavior is dominated by the natural system.

• Overstimulating pre-existing fractures can result in a more direct connection from injector to
producer than is desired, so that cool fluid can “short-circuit” through the reservoir resulting in a
lower production temperature.

• At Rosemanowes, it became clear that everything one does to pressurize a reservoir is irreversible
and not necessarily useful for heat mining. For example, pumping too long at too high a pressure
will cause irreversible rock movements that could drive short circuits as well as pathways for water
losses to the far field.
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4.5 Hijiori
4.5.1 Project history
From 1981 to 1986, the New Energy and Industrial Technology Development Organization (NEDO)
participated in a joint research effort into the development of geothermal energy through stimulation
of low permeability rock at Fenton Hill, New Mexico. This was carried out with the United States and
West Germany under an implementation agreement of the International Energy Agency (IEA). Based
on this research, NEDO conducted studies in Hijiori to determine whether the technology developed
at Fenton Hill could be adapted to the geological conditions found in Japan. The Hijiori site is in
Yamagata Prefecture, on the Japanese island of Honshu (Figure 4.8). The project was sited on the
southern edge of Hijiori caldera, a small caldera on the side of the large Pleistocene Gassan volcano,
which last erupted about 10,000 years ago. 

The location was chosen to take advantage of the high temperature gradient in this area of recent
volcanic activity. The area had been extensively mapped and some temperature gradient drilling had
been carried out (Figure 4.9). Although the regional tectonics are compressional along the axis of the
island of Honshu, the stress regime near the edge of the caldera is very complex. Major faults along
with ring fractures associated with the caldera collapse cause stress changes both horizontally and
vertically over short distances.

The shallow reservoir was drilled starting in 1989. One injector (SKG-2) and three producers (HDR-
1, HDR-2, and HDR-3) were drilled between 1989 and 1991. The depth of all but HDR-1 was about
1,800 m – HDR-1 was completed at a depth of 2,151 m. Natural fractures were intersected in all the
wells at depths between 1,550 and 1,800 m depth; see Figure 4.10 (Swenson et al., 1999). The
temperature reached more than 225°C at 1,500 m. The maximum temperature in the 1,800 m deep
fractures was close to 250°C. The spacing between the wells was kept to fairly small distances: the
distance from SKG-2 to HDR-1 is about 40 m, to HDR-2 about 50 m, and to HDR-3 about 55 m at the
1,800 m depth (Tenma et al., 2001)

The deep reservoir – below 2,150 m – was accessed by deepening HDR-2 (renamed HDR-2a after
deepening) and HDR-3, between 1991 and 1995, to about 2,200 m. HDR-1 was used as an injector for
the deep reservoir. Natural fractures were intersected in all wells at about 2,200 m. The distance from
HDR-1 to HDR-2a was about 80 m, and to HDR-3 about 130 m at 2,200 m.

Hydraulic fracturing experiments began in 1988 with 2,000 m3 of water injected into SKG-2. The
stimulation was carried out in four stages at rates of 1, 2, 4 and 6 m3/min. A 30-day circulation test
was conducted in 1989 following stimulation. A combination of produced water and surface water
was injected into SKG-2 at 1-2 m3/min (17-34 kg/s), and steam and hot water were produced from
HDR-2 and HDR-3. During the test, a total of 44,500 m3 of water was injected while 13,000 m3 of
water was produced. The test showed a good hydraulic connection between the injector and the two
producers, but more than 70% of the injected water was lost to the reservoir. However, the test was
short and the reservoir continued to grow during the entire circulation period. 
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Figure 4.8 Map of EGS site locations in Japan (Google Earth). 
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Figure 4.9 Aerial view of Hijiori caldera.
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Figure 4.10 Hijiori wells. Red circles show intersections with major fractures.

After HDR-1 was deepened to 2,205 m in 1991, the well was hydraulically fractured in 1992 to
stimulate the deep fractures. Then, 2,115 m3 were injected in three stages at rates of 1, 2, and 4 m3/min.
Following stimulation, HDR-2a and HDR-3 were deepened to 2,302 m, and a 25-day circulation test
was conducted in 1995. Injection was into HDR-1 at 1-2 m3/min, while steam and hot water were
produced from HDR-2 and HDR-3. A total of 51,500 m3 of water was injected, while 26,000 m3 of
water was produced, i.e., about 50% recovery.

The stress state at Hijiori prior to stimulation was found using data from compression tests of core,
differential strain curve analysis, and analysis of acoustic emissions data. The maximum and
intermediate principal stresses were found at a 45° angle and trending northeast/southwest, while the
minimum principal stress was approximately horizontal and north-south. Fracture apertures were
measured from core in HDR-3 and are shown in Table 4.1. A borehole televiewer was used to identify
fracture dip and direction from HDR-2a and HDR-3.
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Table 4.1 Determination of reservoir volume at Hijiori and Ogachi using different methods (Kruger, 2000).

Estimated Volume, 106 m3

Hijiori Ogachi

Method Condition Upper Lower Upper Lower
Reservoir Reservoir Reservoir Reservoir

Swept Low Est. 6.3 0.75
geometric
flow volume High Est. 20 8

Microseismic Events >1.5 0.012 0.65-1
events
volume 1  envelop 1 3.7 10

Tracer Modal Vol./ 
testing Porosity 0.2 3-5

Pressure Bulk 
testing modulus, K 0.2 2

Prior heat- For whole 
extraction reservoir 0.7 - 6.3 0.14 - 1.8
modeling

During 1996, further stimulation and short-term testing was conducted to prepare for a long-term
test. In an attempt to better connect the HDR-3 to the injection well HDR-1 in the deep reservoir and
reduce the amount of fluid loss, HDR-1 was used as injector while HDR-3 was produced and back
pressure was held on HDR-2a. While there was no marked improvement in the connectivity, this
experiment held out the hope that modifying the pressure in the reservoir could have an effect on the
results of stimulation. This is an area where more work is needed (Hori et al., 1999).

Following additional circulation tests in 1996, a long-term test of the deep and shallow reservoirs was
initiated in 2000 with testing continuing into 2002 (Schroeder et al., 1998; Tenma et al. 2000, 2001).
A one-year circulation test of the deep reservoir was conducted with injection of 36°C water into HDR-
1 at 15-20 kg/s. For the second phase of testing, injection into SKG-2 allowed testing of both the deep
and shallow reservoir. Production of steam and water was from HDR-2a at 5 kg/s at about 163°C, and
from HDR-3 at 4 kg/sec at 172°C. Total thermal power production was about 8 MWt. At the end of the
test, the flow was used to run a 130 kW binary power plant. Test analysis showed that production was
from both the deep and shallow reservoir (Matsunaga et al., 2000). During the test, scale problems
in boreholes necessitated clean-out of the production wells. One interesting result of the test is that,
while the injection flow rate remained constant at about 16 kg/s, the pressure required to inject that
flow decreased during the course of the test from 84 to 70 bar. Total production from HDR-2a and
HDR-3 was 8.7 kg/s with a loss rate of 45% (Okabe et al., 2000).

Well HDR-2a cooled dramatically from an initial temperature of 163°C to about 100°C during the
long-term flow test. The test was finally halted, due to the drop in temperature. The measured change
in temperature was larger than that predicted from numerical modeling (Yamaguchi et al., 2000).
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4.5.2 Lessons learned at Hijiori
The Hijiori project provided useful data for future projects to build on. Added to the Fenton Hill and
Rosemanowes experience, it became clear that it is better to drill one well, stimulate, map the acoustic
emissions during stimulation, and then drill into the acoustic emissions cloud, than to try to drill two
or more wells and attempt to connect them with stimulated fractures (Okabe et al., 2000).

• The reservoir continued to grow during the circulation test. 

• If natural fractures already connect the wellbores, stimulation may result in an improved connection
that causes short circuiting, particularly if the wellbore separation distances are small. 

• The acoustic emissions (AE) locations from the deep circulation test suggest that the stimulated
fractures or the stress field change direction away from the well. 

• The lineation found from the AE locations in the shallow reservoir parallel the direction of the
lineation found during the stimulation, but the acoustic emissions farther from the well during the
circulation test trend in a new direction.

• If the stress direction changes from one part of the reservoir to another, it may be almost impossible
to predict how the stimulated fractures will be oriented and where they will grow and be most
permeable. 

• With current technology, it is difficult – if not impossible – to predict what the stress field will be in
the wellbore prior to drilling; and it is even more difficult to know the stress field away from the
borehole. 

• It is much easier to drill into the zone that is mapped as the fracture zone from AE locations and
establish a connection than to attempt to connect two existing wells.

• While attempts to control the stress field by modifying pressure in wells not being directly
stimulated did not accomplish what was hoped for at Hijiori, this concept still holds promise.
Further work is needed.

• At Hijiori, it was clear that while stimulation by injecting at high pressures for short periods had
some effect on the permeability of the naturally fractured reservoir, injecting at low pressures for
long time periods had an even more beneficial effect. 

• The reservoir grew and connectivity improved more during circulation tests than during efforts to
stimulate at high pressures. 

• The data suggest that cool water short-circuited the modeled path length, either because fracture
growth during injection testing connected the deep reservoir with the shallow one, or because the
deep and shallow reservoirs were connected through one of the wellbores penetrating both zones. 

• Well spacing needs to be as large as possible while still making a connection.

The Hijiori project also showed the value of understanding not only the stress field but also the
natural fracture system. Both the Fenton Hill project and the Hijiori project were on the edges of a
volcanic caldera. While very high temperature gradients can provide access to a large reservoir of
thermal energy and can make the project economics better since one only needs to drill relatively
shallow wells to reach very high temperatures, the geology, stress conditions, and fracture history of
rocks in such areas can be extremely complex. This can make project design, construction, and
management very challenging.
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4.6 Ogachi 
4.6.1 Project history
The Ogachi project is in Akita Prefecture, near Kurikoma National Park on Honshu Island, Japan (see
Figures 4.8 and 4.11). The first exploration wells were drilled between 1982 and 1984 on the edge of
the Akinomiya geothermal area, using the Mt. Yamabushi volcano as the heat source. The site was
considered as an EGS project because, while temperatures were high – more than 230°C at 1,000 m
(see Figure 4.11) – the productivity of the wells was low (Hori, 1999). 
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Figure 4.11 Illustration of the Ogachi HDR experiment (Kitano et al., 2000).

The well later used as an injection well, OGC-1, was drilled in 1990 to a depth of about 1,000 m and
a temperature of 230°C. Two fracture stimulations were done in the 10 meters of open hole in the
bottom of the well. Then a window was milled in the casing at a depth of 710 m, and a second fracture
(termed the upper reservoir) was created from approximately 710-719 m. 

Production well OGC-2 was drilled in 1992 to a depth of 1,100 m, where a temperature of 240°C 
was reached. The well is less than 100 m from OGC-1. A circulation test in 1993 with injection into
OGC-1 and production from OGC-2 showed only 3% of injected water was produced. To improve the
connection between the wells, OGC-2 was stimulated in 1994. A five-month circulation test following
this stimulation showed that only 10% of the injected water was produced back (Kiho, 2000). The
production and injection wells were again stimulated in 1995. A one-month circulation test showed
an improved recovery of more than 25% of the total injection. 



(PLAN VIEW)

Water injection

Water injection

Water injection

-800
-800

-400

0

400

800

-400 0 400 800
(m)

(m)

NORTH

SOUTH

WEST EAST

-800
1600

1200

800

400

0

-400 0 400 800
(m)

(m)

0
-800

-400

0

400

800

400 800 1200 1600
(m)

(m)

-2 ≥ M
-2 ≤ M -1.5
-1.5 ≤ M ≤ -1
-1 ≤ M

Top left: Plan view, top right: north-south vertical 
Cross-section view looking west and bottom left:
East-west cross-section view looking north.
AE locations are shown by circles which diameter
depend on the seismic magnitude (M) shown above.

The permeability found ranged from 10-6 – 10-7 cm/s (approximately 10-3 – 10-4 Darcys) before fracturing.
Permeability after fracturing improved by at least an order of magnitude to 10-4 – 10-5 cm/s. It was
found that 15% of the total produced fluid could be attributed to the upper reservoir, while 85% came
from the lower reservoir. The stimulated reservoir volume was about 10 m3 in the upper reservoir and
250 m3 in the lower reservoir. 

Because the first two wells at Ogachi did not appear to be well-connected, and significant injected
water was lost to the reservoir, OGC-3 was drilled in 1999 into fractures indicated from acoustic
emissions mapping (Figure 4.12). Borehole televiewer imaging was used to observe fractures in the
wellbore, from which better fracture orientations were obtained. Testing also showed an improved
response to injection into OGC-1 at OGC-3. One important result of the borehole televiewer imaging,
which coincided with the results of enhanced analysis of the acoustic emissions data, was that 
the upper fractures had a NE fracture orientation while the deeper fractures were oriented NNE 
(Shin et al., 2000).

Figure 4.12 Three-dimensional view of the Ogachi reservoir (Kaieda et al., 2000).
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4.6.2 Lessons learned at Ogachi
The experience gained at Ogachi – in attempts to fracture between two wells – reinforced observations
at Fenton Hill, Rosemanowes, and Hijiori. These projects showed that drilling, stimulating with
acoustic emissions, mapping, and then drilling into the fracture cloud yielded the best connection
between injector and producers. 

• The complex geologic history at Ogachi made it difficult to predict the direction of fracture growth. 

• The stress state in the original boreholes was not well understood until borehole televiewer data was
collected and analyzed after the wells had been stimulated.

• Drilling OGC-3 into the mapped fractures from acoustic emissions analysis resulted in a significant
improvement in connectivity between the wells.

• Efforts to connect the original two wells at Ogachi by stimulating the production well were
unsuccessful, after the initial attempts to connect by stimulating the injection well failed. 

• While efforts to stimulate the two wells resulted in reservoir growth, they did not result in better
connectivity between the wellbores.

• Fluid losses to the reservoir were high during injection testing, because the wells were not well-
connected. Once OGC-3 was drilled into the stimulated area, connection was improved and fluid
loss was reduced. 

• Stress changes with depth in the boreholes (found with borehole televiewers and from improved
analysis of the acoustic emissions data) allowed the change in stress direction with depth in the
reservoir to be determined.

4.7 Soultz
4.7.1 Project history
As a result of the interest generated by the Fenton Hill project, several European countries began
experiments along similar lines. Besides the U.K. project at Rosemanowes, Germany supported two
projects – a shallow experiment at Falkenberg, and a deep (4,500 m) single borehole project at Bad
Urach. France ran an experiment in 800 m boreholes at Le Mayet in the Massif Central and, together
with Germany, began a paper study in the mid-1980s of the potential of a site at Soultz-sous-Forêts in
the Upper Rhine Valley (Figure 4.5). As the latter is the site of the former Pechelbron oilfield, the
geology was very well characterized, down to about 1,500 m (the top of the granitic basement), and
temperature gradients in the upper 1,000 m were known to exceed 110°C/km.

Because HDR technology (as it was then known) was expected to be fairly generic – and the cost of
such large-scale experiments is generally quite high – there was general agreement that it would make
more sense to pool both financial and manpower resources on a single site. The goal was to develop
a European project that eventually would lead to a commercial demonstration.

Under the coordination of the European Commission, a detailed comparison was made of the
suitability of the three major European sites (Rosemanowes, Bad Urach, and Soultz); and, in 1987, the
decision was made to locate the project at Soultz. Funded initially by the European Commission and
relevant energy ministries of France, Germany, and the United Kingdom, a permanent base was



established on site with a core team (French, German, and British) to plan the work and coordinate
the activities of various research teams from the participating countries. Teams from Italy,
Switzerland, and, most recently, Norway, later joined the project; several researchers from the United
States and Japan have also contributed.

In 1987, the first well GPK1 was drilled to 2,002 m depth (see Figure 4.13) (after Baria et al., 2005).
The drilling performance and experience achieved at Rosemanowes was not applied initially at
Soultz. The drilling was difficult (directional control, lost circulation, and stuck pipe were the
primary problems), and the budget was overrun. The depth was selected from the extrapolation of
the available temperature in the first 1,000 m, leading to an expectation of about 200°C at 2,000 m.
The temperature at 2,000 m was actually found to be 140°C, which was caused by convective loops
within the granite basement (Baria et al., 2006). The sediment is about 1,400 m thick and it overlays
a granitic basement. The majority of the old oil wells were drilled only to about 800–1,000 m depth.
The depth to the granite was derived from the interpretation of seismic reflection surveys carried out
by oil companies. 

In 1988, three existing former oil wells were deepened, so that they penetrated the granite to
provide good coupling for seismic sondes – as experience at Rosemanowes had shown to be
necessary. A seismic network, based on those used at Rosemanowes and Fenton Hill, was designed
and installed.

In 1990, an existing oil well, designated EPS1, was deepened from a depth of 930 m by continuous
coring to 2,227 m, where a temperature of 150°C was encountered. Despite drilling problems (largely
related to directional control difficulties with coring), which stopped the project from reaching the
planned depth of 3,200 m, this gave a very sound characterization of the natural fracture network. 

In 1991, GPK1 was stimulated with high flow rates targeting the open-hole section from 1,420-2,002 m.
A fractured volume of 10,000 m3 was created based on microseismic mapping. It is possible that a
natural fracture was intersected that stopped fracture growth and allowed for loss of injected fluid. In
1992, GPK1 was deepened from 2,002-3,590 m, reaching a temperature of 168°C. The deepening of
GPK1 was successful, and although the contact depth for deepening was 3,200 m depth (anticipated
180°C), the actual depth drilled was 3,590 m because of the use of experienced drilling personnel who
had worked in Los Alamos and Rosemanowes. The following year, GPK1 was again stimulated, using
large flow rates as used at Los Alamos and Rosemaowes, this time targeting the newly drilled segment
from 2,850 to 3,590 m. There was a belief that in a slightly tensional regime like that of Soultz, large-
scale injection was not necessary and one could access the flowing network just by improving the
connection from the well to the network. This was found not to be true, and large-scale injections
were necessary to create the connectivity needed (Baria et al., 1998). GPK1 was then flow-tested in
1994 by producing back the injected fluid.
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Figure 4.13 Wells drilled at Soultz, France.

Targeting and drilling of GPK2 to 3,876 m at a temperature of 168°C was done in 1995. The bottom-
hole location was 450 m from GPK1. During stimulation, analysis of the core and geophysical logs –
and fault plane solutions from microseismic events – showed that the rock at 2,000–3,000 m depth
contained large numbers of joints and natural fractures. Two joint sets, striking N10E and N170E and
dipping 65W and 70E, respectively, dominated the natural fractures observed. Hydro-fracture stress
measurements suggested that maximum principal horizontal stress SH is very close to the principal
vertical stress SV at this depth. The minimum principal horizontal stress Sh is very low and close to
the hydrostatic pressure, suggesting that small pressure increases should result in fractures failing in
shear. In fact, there are open natural fractures in the wells at 2,210 m and 3,500 m that took fluid
before stimulation. The in situ reservoir fluid is saline with total dissolved solids (TDS) of about
100,000 mg/l (10% by weight) (Genter et al., 1995).

During 1995, GPK2 was stimulated in the open-hole section from 3,211–3,876 m, with a maximum
pressure of about 10 MPa and a flow of 50 kg/s. Acoustic monitoring showed the reservoir growing
in a NNW-SSE direction, with a tendency for the fracture cloud to grow upward, forming a stimulated
volume of about 0.24 km3. GPK1 showed a significant pressure response to the stimulation, which



showed a connection between the two wells. A two-week circulation test was then performed by
injecting into GPK2 and producing from GPK1. The rate was stepped up from an initial rate of 12
kg/s to 56 kg/s (Jung et al., 1996).

During 1995–1996, some circulation tests included the use of an electric submersible pump. With
the production well pumped, a circulation rate of more than 21 kg/s was achieved. The surface
temperature of the produced water approached 136°C (injection was at 40°C), with a thermal power
output of about 9 MWt. The use of a production pump helped maximize power output in this
situation, with large open fractures. 

In 1996, GPK2 was restimulated, using a maximum rate of 78 kg/s with a total volume of 58,000 m3

injected. Following this stimulation, in 1997, a four-month, closed-loop flow test was conducted
injecting into GPK2 and producing from GPK1. Injection and production stabilized at 25 kg/s, with no
net fluid losses. Only 250 kWe pumping power was required to produce the thermal output of 10 MWt. 

In 1997–1998, with the aim of gradually transferring the project to industrial management, several
new participants were added to the Soultz project, including Shell and several French and German
utility companies. With new funding, the decision was made to deepen GPK2 to a TVD of 5,000 m
to reach at least 200°C. This required removal of the existing casing, cementing, and reaming out
from 6.25 inches to 8.5 inches, and installing new casing to 4,200 m. New high-temperature cement
and new metal packers allowed a successful completion of the deepened new GPK2. The predicted
temperature of 200°C was measured at a depth of 4,950 m (TVD). An additional acoustic monitoring
well, OPS4, was drilled to a depth of 1,500 m and instrumented to improve the accuracy of acoustic
event locations. The measurement of the initial, natural prestimulation injectivity of about 0.2
kg/s/MPa in the new deep part of GPK2 was consistent with those seen in the depth range of
3,200–3,800 m. 

During the summer of 2000, GPK2 was stimulated using heavy brines to attempt to stimulate the
deeper zones preferentially. The overpressure needed to create the large reservoir was lower than
anticipated. Nearly 23,400 m3 water was injected at flow rates from 30 kg/s to 50 kg/s, with a
maximum wellhead pressure of 14.5 MPa. The acoustic emissions mapping shows the stimulated
reservoir extending NNW/SSE, about 500 m wide, 1,500 m long, and 1,500 m tall. No leak-off to the
upper reservoir was detected, and the fact that the majority of the fluid exited the open hole at the
bottom during stimulation is very encouraging, because most of the injected fluid enters the well
where initial rock temperatures are about 195–200°C. 

A number of geophysical logging runs were made to assess the natural and stimulated state of the
well. A major conductive fracture set, oriented N160E, was observed from this imagery along with two
secondary fracture sets oriented N140E and N20E. All fracture sets dip steeply to the west or east
(Moriya et al., 2003).

Starting in 2001, the deep production wells for the high-temperature reservoir were drilled. All of the
wells were started from the same pad. GPK3 (see Figure 4.13) was drilled to 5,093 m to target a zone
in the stimulated area created from GPK2 in 2000. The bottom-hole separation between GPK2 and
GPK3 was 600 m. The bottom zone of GPK3 was stimulated to extend the existing reservoir of GPK2
by an overlapping volume of enhanced permeability.
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The deviated well GPK4 (see Figure 4.13) was drilled, starting in August 2003, to a TVD of 5,105 m
from the same platform as GPK2 and GPK3 into a target zone selected from the stimulation of GPK3.
The bottom of GPK4 was separated from the bottom of GPK3 by about 650 m (a total deviation of
some 1,250 m). The well was not completed until early 2004, because of problems with the mud
motor, directional control, low rates of penetration, and an accident while running a casing string.
During drilling of GPK4, the reservoir was tested by injecting into GPK3 and producing from GPK2.
The tests established there was an excellent connection between the two wells with productivity index
of 3.5 kg/s/MPa. Pressure response was observed in GPK4 during injection into GPK3.

During testing and stimulation of GPK2 and GPK3, it became more apparent that a small number of
induced seismic events were being felt by the local population. No damage was done, but the potential
for larger events was unknown, and experiments were conducted to determine what conditions
generated the larger events and whether they could be controlled. It was found that by using “soft”
shut-ins after injection or production, the number of large events was reduced. 

Following completion, GPK4 was stimulated by injecting heavy brine to encourage development of
deep fractures. While an area of enhanced reservoir developed, a linear aseismic zone was apparent,
separating GPK4 from the other two deep wells. Despite a second stimulation and acidizing, no good
connection yet exists between GPK4 and the rest of the reservoir. The injectivity index for this well is
good, but the well is not well-connected to the other two.

The aseismic area might be a conductive fracture that prevents pressure buildup, or a barrier to fluid
flow of some kind. It appears to limit the connection between GPK4 and the rest of the created
reservoir, although the connection has not been thoroughly tested. Other experimental data suggest
that it may be possible to inject into more than one well simultaneously to build up pressure in the
EGS reservoir far from the wellbores (Baria, 2006). This and other measurements and testing of the
connectivity between the wells is planned for the future.

4.7.2 Lessons learned at Soultz
The Soultz project clearly benefited from the experience gained in other HDR/EGS projects, because
it successfully created an artificially stimulated reservoir of commercial size, but with production rates
still about a factor of 2 or so below required levels for a first-generation economical power plant
operation. The Soultz project demonstrated that large fractured volumes could be created repeatedly
in rock containing pre-existing natural fractures that are ready to fail in shear.

• Large overpressures are not needed to extend the reservoir, and fairly high productivity and
injectivity can be created. 

• Natural fractures and the natural connectivity of these fractures seem to dominate the enhanced
reservoir system. 

• Natural fractures can be stimulated, but there seems to be little data to support the creation of a
totally artificial reservoir when no natural fractures are present.

• The point at which stimulation commences in an open wellbore – and then becomes focused –
depends on existing conductive fractures, the stress gradient, and fluid density.
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• In contrast to what happened at Rosemanowes – where stimulation almost always focused on the
bottom of the wells – the upper zones at the Soultz project would stimulate readily when fresh water
was used; while, with heavier brines, the lower zones would be stimulated.

• While microseismic monitoring works well overall to map fractures, we still do not completely
understand the relationship between mapped acoustic emissions events and fluid flow.

• We can drill deep wells into hard crystalline rock, control their direction, and log them. 

• There are aspects of drilling these wells that still need work. Problems with high-temperature mud
motors make directional control of deep, high-temperature wells difficult. 

• Near-wellbore pressure drop can have a significant impact on the overall pressure drop throughout
the system. 

• There are several methods for reducing near-wellbore pressure drops such as acidizing, emplacing
proppants, and stimulating with fracturing fluids. Further testing is needed to determine which of
these is most beneficial.

• Acidizing reduced the injection pressure for a given flow rate but the reason for this is not clear. 

• Injection testing shows a nearly linear correlation between wellhead pressure and injection rate.
This is typical of flow in porous media in general, suggesting that there was an overall fracturing
pattern, not separate discrete fractures. It also reinforces the suspicion that the permeability is not
dependent on pressure.

• While injecting at high pressures can increase flow rates during operation of the reservoir, it can 
also stimulate fracture growth. Another alternative to high-pressure injection is pumping the
production well.

• Logging tools have temperature limits, and there is little incentive for oil and gas to raise these limits
to very high temperatures.
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4.8 Cooper Basin
4.8.1 Project history
Because the entire Australian continent is under large regional overthrust tectonic stress, it was felt
that creating a geothermal reservoir by hydraulic stimulation would require high pressures, and
attendant high water losses might be a serious issue. However, the large extent of granitic basement
(with high heat flow due to radioactive decay) and the large amount of data available to characterize
the resource, in some areas, offset such potential difficulties. Initially, the focus on an EGS project
was in the Hunter Valley, where energy markets were close. But, in 2002, this focus turned to granitic
basement in the Cooper Basin where oil and gas drilling indicated temperatures approaching 250°C
at a depth of 4 km (see Figure 4.14). 
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Figure 4.14  EGS sites in Australia (Google Earth).

The Hunter Valley project was started in 1999, under the auspices of Pacific Power (the local
electricity utility) and Australian National University. A series of shallow (300 m to 920 m deep)
boreholes were drilled over a gravity anomaly, and temperature measurements were made in each
borehole. The results of the temperature logging confirmed the existence of the geothermal anomaly
and allowed a site to be selected for the drilling of a deeper borehole. This borehole, PPHR1, was



drilled to a depth of 1,946 m near the central region of the anomaly, and more than 1 km of
continuous core samples were taken to identify the rocks present and their physical properties. The
results of the project stimulated commercial interest in Australia’s hot dry rock resources to such an
extent that a new company, Geodynamics Limited, was successfully floated on the Australian Stock
Exchange in 2002. This company has now acquired the Hunter Valley geothermal tenement from
Pacific Power. However, Geodynamics’ main focus has been the Cooper Basin site. 

The Cooper Basin project is in South Australia, due north of Adelaide near the Queensland border
(Figure 4.14). The plan for the project is to demonstrate feasibility of an EGS system in an area 
with large volumes of high-temperature, fairly uniform granitic basement; and to extend the
demonstration site to produce hundreds, if not thousands, of megawatts using advanced binary
technology.

Cooper Basin contains substantial oil and gas reserves. The regional stress is overthrust, as is
much of Australia. A large-scale gravity low in the deepest part of the basin cannot be explained
entirely by the basin itself and indicates the presence of granitic basement over an area of at least
1,000 km2. Oil exploration encountered high-temperature gradients in this area, and several wells
intersected granitic basement containing high abundances of radiogenic elements. Three large
leased areas known as Geothermal Exploration Licenses (GELs) lie over almost the entire
interpreted granitic basement.

Other companies have followed Geodynamics and started exploration for sites to carry out EGS
programs, mostly in South Australia. This area is perceived to have many radiogenic granites and
other uranium-rich rocks that could lead to high temperatures at relatively shallow depths in the crust.
One such location, being developed by Petratherm, is at the Paralana/Callabonna site shown in Figure
4.14; and another is at Olympic Dam in South Australia, being developed by Green Rock Energy.

The first Geodynamics well in the Cooper Basin (injection well Habanero-1) was completed in October
2003 to a depth of 4,421 m near the McLeod-1 well, an oil-exploration well that penetrated granitic
basement. Habanero-1, which intersected granite at 3,668 m, is completed with a 6-inch open hole.
Data collected from oil and gas wells and from Habanero-1 suggest that the granite is critically
stressed for shear failure in a subhorizontal orientation. Some fractures (Figure 4.15) intersected in
Habanero-1 were discovered to be overpressured with water at 35 MPa (5000 psi) above hydrostatic
pressure. To control the overpressure, the drilling fluids had to be heavily weighted. However, the
fractures encountered were more permeable than expected; they also may have failed and slipped,
improving their permeability and resulting in drilling fluids being lost into them. The bottom-hole
temperature was 250°C. 

Following completion of Habanero-1, the well was stimulated in November and December 2003.
Pressures up to about 70 MPa were used to pump 20,000 cubic meters of water into the fractures at
flow rates stepped from 13.5 kg/s to a maximum of 26 kg/s. This first stimulation created a fractured
volume estimated from acoustic emissions data estimated at 0.7 km3. The stimulation also involved
attempts at injecting through perforated 7-inch casing, at depths between 4,136 m and 3,994 m; but
only the zone at 4,136 m took substantial fluid and generated microseismic events in new areas.
Following the series of stimulations, the fractured volume had expanded to cover a horizontal
pancake-shaped area of approximately 3 km2. The fractured volume forms a rough ellipsoid with the
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long axis extending in the northeast direction. Habenero-2 was targeted to intersect the fractured
reservoir at a depth of 4,310 m, and it did hit the fractures at 4,325 m. During drilling, pressure
changes corresponding to wellhead pressure changes in Habanero-2 were observed in Habanero-1. 

Some problems encountered during drilling made sidetracking necessary, and a sidetrack to 4,358 m
was completed in December 2004. In mid-2005, flow from Habanero-2 was tested, based on the
5,000 psi artesian pressure. Flows of up to 25 kg/sec were measured, and a surface temperature of
210°C achieved. However, testing of the circulation system between the two wells has been delayed,
due to lost equipment downhole progressively blocking the flow in Habanero-2. 

During September 2005, Habanero-1 again was stimulated with 20,000 cubic meters of water
injected and, based on acoustic emissions data, the old reservoir was extended by another 50% to
cover an area of 4 km2.

From April to June 2006, a second sidetrack was attempted using a snubbing unit rather than a
drilling rig. The drilling was performed with water instead of a mud system, and encountered
problems with slow tripping times, continuous borehole breakout, and downhole equipment failures.
The drilling was curtailed with the intention of bringing in a conventional drilling rig by late 2006 to
re-establish connection of a production well to the Habanero EGS reservoir. 

4.8.2 Lessons learned at Cooper Basin
• Buried radiogenic granite heat sources are ideal in this environment. 

• Identifying an extensive body of granite with relatively uniform properties can yield a huge potential
heat resource. 

• Because the granite was hydrothermally altered, it was relatively easy to drill.

• Water-based overpressure is a surprise, but it assists with stimulation and convective inflow.

• It is difficult to drill multiply fractured zones without underbalanced drilling.

• Subhorizontal fracture zones are present in the granitic basement (either thrust faults or opened
unloading features). 

• Overthrust stress environments are ideal for stimulation, leading to development of horizontal
reservoirs

• Scale-up to multiwell systems on a large scale seems feasible, because of the horizontal reservoir
development.

• Scale-up should reduce cost to levels that will compete with other base-load technologies.

• The utility has committed to construction of a transmission line, if economic feasibility can be
demonstrated.
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Figure 4.15 Depths in ft of fracture zones at Cooper Basin.

4.9 Other EGS Studies
4.9.1 United States
Current EGS field research in the United States is based at three sites on the margins of operating
hydrothermal systems: Coso, Desert Peak, and Glass Mountain/Geysers-Clear Lake. The Coso project
was designed to test the ability to fracture low-permeability, high-temperature rocks on the edge of the
Coso geothermal area. The project has characterized the resource, tested thermal stimulation of a low
permeability well of opportunity, and done baseline studies in preparation for a major hydraulic
fracture stimulation in a deep high-temperature well. The Desert Peak project has targeted one well
not connected with the Desert Peak geothermal system for stimulation to form an EGS. Political and
environmental permitting issues have led to the cancellation of the Glass Mountain project, which
targeted low-permeability, high-temperature rocks outside a known hydrothermal system. The
industry partner has moved the project to its operating plant in an area in The Geysers with low-
permeability, high noncondensable gas, and acidic steam. The new project scope would target
stimulation of low-permeability rock on the fringe of the production area to improve steam quality
and recharge the reservoir while mining heat.
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4.9.2 Europe and Australia
Several sites in Europe and Australia, aside from the projects described above, have been used to test
various aspects of EGS technology. The results of these tests and the government-sponsored research
conducted at these sites has led to two current projects being undertaken by commercial entities with little
or no government support – one at Offenbach, Germany, and the other at Hunter Valley in Australia.

Sweden – Fjällbacka. The Fjällbacka site is to the north of Uddevalla on the west coast of Sweden,
where the Bohus granite outcrops. It was established in 1984 as a field research facility for studying
hydro-mechanical aspects of HDR reservoir development and for addressing geological and hydro-
geological questions. Initially, three boreholes (Fjb0, Fjb1, and Fjb2) were percussion drilled to 200,
500, and 700 m, respectively, to characterize the prospective reservoir. Based on the experiments, and
the associated analysis and modeling, some conclusions concerning the hydro-mechanical behavior
of the HDR reservoir have been drawn.

A series of shallow (ca. 200 m) and deep-injection tests were conducted to evaluate the response of
the virgin rock mass. These culminated in an attempt to develop a reservoir at 450 m depth, by a
carefully planned stimulation injection into Fjb1 that featured water, gel, and proppant.
Microseismicity was monitored with an array of 15 vertical-component instruments on granite
outcrop and a three-component instrument clamped near the bottom of Fjb0. An additional well,
Fjb3, was then drilled to 500 m depth in 1988 to intersect a zone of microseismic activity that lay
about 100 m to the west of Fjb1. Hydraulic communication between the wells was successfully
established, although flow tests indicated the presence of an impedance to flow in the vicinity of Fjb3.
Thus, a stimulation injection into Fjb3 was conducted, and succeeded in reducing the flow
impedance, at least in the near field. A 40-day circulation of the system was conducted in 1989.
Results are summarized as follows:

• Highly detailed reservoir characterization led to a detailed design of the stimulation program. 

• Located in a tectonic shield structure – where the state of stress at reservoir depth is such that the
least principal stress is vertical – horizontal fractures form the preferred paths for fluid flow. 

• The hydraulic stimulation in Fjb1 resulted in a distinct increase in transmissivity in the stimulated
reservoir section, and potential stimulation effects to about 100 m from this well. 

• The evidence of penetration of stimulation fluid, at least to this distance where intense microseismic
activity was located, is indisputable. But the relation between seismic shear events and fracture-
permeability increase is still insufficiently understood. 

• Hydraulic jacking is expected to have occurred in the fractures close to the injection well.

• Natural fractures dominate the stimulation result. 

• The microseismic locations were used to target the second well of the HDR doublet, and the results
clearly suggest that the regions of seismicity are linked with permeability enhancement and major
fluid flow.

• The reservoir provides fairly conductive paths between the wells, but the impedance to flow and fluid
losses are too high to enable an economically acceptable circulation and heat-extraction process.

• There seem to be comparatively few hydraulically active fractures linking the major permeable zones
in the two wells. However, at this shallow depth, the fracture system is essentially subhorizontal and
not representative of behavior at greater depths.
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Germany – Falkenberg. The Falkenberg test site was established in northeastern Bavaria in 1978, at a
location where the Falkenberg granite essentially extends to the surface. The aim was to conduct
fundamental in situ hydro-mechanical experiments at small depths with a high degree of
observational control, which would be relevant to the understanding of HDR systems. The research
program at Falkenberg lasted until 1983 (Tenzer, 2001).

The principal experiments were aimed at determining the hydro-mechanical properties that hydro-
fractures created in joint-free portions of the wellbore. A large-scale zone was stimulated using
packers in an interval free of joints in the drillhole HB4a in the depth range 252-255 m. Six further
boreholes intersected the fracture that propagated during this stimulation. The creation of the hydro-
fracture itself is of particular interest, because it proved that fresh hydro-fractures can be propagated
over significant distances in fractured crystalline rock. This was contrary to the conventional wisdom
that said fluid leak-off into the natural fracture system would prevent this from happening. 

The fracture was initiated in 1979 by injecting 6 m3 of water into borehole HB4a at a rate of 3.5 kg/s,
with a breakdown pressure of 18 MPa. Assuming a penny-shaped crack geometry and allowing for
leak-off, a fracture radius at shut-in of 44 m and a maximum width of 0.62 mm are inferred.
Televiewer images of the induced fracture obtained in several neighboring boreholes indicate
multiple parallel fractures near the injection borehole, although it seems that only one of these
extended beyond 20 m. At borehole PB8 – about 2 m from the injection point – eight parallel
fractures are evident within a zone 1.3 m thick; whereas, at 11 m (borehole SB5), only two fracture
traces are evident. At more distant boreholes, ranging up to 50 m from the injection well, only one
fracture trace is visible. 

Multiple fracture growth is commonly seen in sedimentary rocks, where it is often associated with high
flow impedance. Microseismicity occurring during the injections was monitored by four downhole,
three-component seismometers installed in neighboring boreholes. The successful detection of 16 of
the induced events concurs with the intersection depth of the created fracture and the boreholes,
suggesting a planar structure that strikes E-W, dipping 45° to the south. The fracture was extended in
1981 with a 33 m3 injection, and again in 1983 with 52 m3. Numerous inflation/deflation cycles were
made during the intervening periods, though always involving volumes smaller than the previous
“extension” injection. 

An extensive program of hydraulic tests was undertaken during the project run time. The longest
was a 14 h circulation at 3.4 kg/s, during which a thermal drawdown of 1°C was determined. The
variation of fracture hydraulic aperture and transmissivity as functions of inflation pressure were
investigated and compared with measurements of mechanical aperture taken with a specially
developed caliper sonde. 

• In the Falkenberg project, a fracture believed to be artificial was stimulated from a well (HB4a) at a
depth of 450 m. 

• Seven additional wells were subsequently drilled in a pattern above the fracture. 

• Several of these wells intercepted the fracture to the extent that small amounts of water could be
circulated through the fracture, and extensive hydraulic and rock mechanical experiments could
be conducted.
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• Among other findings, the Falkenberg experiments proved that hydraulic pressure alone could keep
joints open.

Germany – Bad Urach. Between 1977 and 1980, a large-scale investigation was undertaken of the
geothermal anomaly around the area of Urach, in the Swabian Alps, approximately 50 km south of
Stuttgart. In addition to examining the scale and nature of the anomaly, the intention was to assess
the possibility of utilizing hot aquifers for heating purposes, and also to examine the basement rocks
with the view toward future extraction of geothermal energy through HDR (Tenzer, 2001).

The work was conducted by the Forschungs-Kollegium Physik des Erdkörpers (FKPE), a group
comprising academic and government research institutes. This group worked in conjunction with a
group from the town of Bad Urach, whose objectives were to investigate the availability of hot aquifers
for expansion of the spa operation, as well as other applications. 

Early work consisted of an intensive geophysical and geological survey of the area. This included the
drilling of two 800 m deep geothermal exploration boreholes (Urach I and II), in 1970 and 1974,
into the Middle Triassic Muschelkalk formation. In October 1977, drilling began on a deep
exploration borehole, Urach III. This was completed after 231 days of drilling, reaching a target
depth of 3,334 m and penetrating approximately 1,700 m into the crystalline basement. Drillcore was
obtained over approximately 7% of the crystalline section. In 1983, the uncased section of Urach III
was extended to 3,488 m. Subsequent testing included BHTV logging and a single hydro-fracture
stress measurement at 3,350 m depth.

A series of small-scale stimulations with subsequent fluid circulation occurred between May and
August 1979. During the course of these experiments, a mica-syenite section of the crystalline
basement was stimulated seven times over four depth intervals: one open-hole section and three
zones accessed through perforated casing. The stimulations carried out through the three zones of
perforated casing involved the use of viscous gel and proppant. The perforated sections had a vertical
separation of only 70 m. A circulation loop was established between the open-hole stimulated
section (3,320 m–3,334 m) and the cased-hole stimulation between 3,293 m–3,298 m depth. A total
of 12 circulation tests were attempted, the most successful of which lasted six hours and 12 hours
(Tenzer, 2001).

Over the depth range of the HDR stimulation and circulation experiments (in the mica-syenite
between 3,250 and 3,334 m), the fracture density was of the order 0.7 per meter. These open fractures
were reported as having encrustations of calcite and pyrite, while the closed joints were largely filled
with quartz. It was further noted that the fracture dips ranged from 40°–70°. 

Limited in situ stress data have been provided by borehole breakouts, by a single hydraulic fracturing
stress measurement (HFSM), by fracture inflation pressures, and by the orientation of drilling
induced fractures. Breakouts identified over the depth range of 3,334 m to 3,488 m exhibited a
consistent trend of approximately 82°, indicating a maximum horizontal stress orientated at 172°.
This result is consistent with the observed strike of drilling-induced, subvertical extension fractures
observed in Urach III.
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The value of minimum horizontal stress derived from the single HFSM (3,350 m) lies between 42 and
45 MPa. The derived value of the maximum horizontal stress is about 88 MPa, which is very close to
the likely value of the overburden stress at 3,350 m. In summary: 

• The stimulation connected one section to another in a single borehole.

• Circulation was established across a section with only 70 m of separation

• This concept was later used for the single-well concept at Horstberg. For direct-use applications
where only low flows are needed, this can reduce the cost of the installation.

Switzerland – Basel and Geneva, Deep Heat Mining. The Deep Heat Mining (DHM) projects underway
in Switzerland plan to generate power at sites in Basel and Geneva within the next 10 years (Tenzer,
2001). At Basel, a 2.7 km exploration well was drilled and studied, and is now being equipped with
seismic instrumentation. At the Geneva site, detailed investigations are being conducted to site the
first exploratory well. A unique aspect of the Basel project is that drilling is taking place within city
limits, and the heat produced by the system has the potential for direct use as well as electrical
generation. The projects were initiated in 1996 and are partly financed by the Federal Office of Energy
(OFEN). Private and public institutions support the activities of the project.

In Basel, Switzerland, a pilot plant is being developed to use energy extracted by EGS technology for
cogeneration of electrical power and heat for local district heating. The core of the project, called Deep
Heat Mining Basel, is a well triplet into hot granitic basement at a depth of 5,000 m. Two additional
monitoring wells into the top of the basement rock will be equipped with multiple seismic receiver
arrays. They will record the fracture-induced seismic signals to map the seismic active domain of the
stimulated reservoir volume. Reservoir temperature is expected to be 200°C. Water circulation of 100
kg/s through one injection well and two production wells will result in 30 MW of thermal power at
wellheads. It has not yet been decided what conversion cycle will be used for electric power
production. The plant is in an industrial area of Basel, where the waste incineration of the municipal
water purification plant provides an additional heat source. In combination with this heat source and
an additional gas turbine, a combined cogeneration plant can produce annually up to 108 GWh of
electric power and 39 GWh of thermal power to the district heating grid.

Basel is not only situated at the southeastern end of the Rhine Graben, but also at the northern front
of the Jura Mountains, the outermost expression and youngest part of the Alpine fold belt. The
peculiar coincidence of north-northwest trending compression and west-northwest extension creates
a seismically active environment.

The geothermal reservoir and the power plant will be located within this seismically active area.
Therefore, it is important to record and understand the natural seismic activity as accurately as
possible, prior to stimulation of a deep reservoir volume, which is characteristically accompanied by
induced seismicity. The first exploration well, Otterbach 2, was drilled in 2001 into granitic basement
at 2,650 m, to a total depth of 2,755 m. The well is planned to become a monitoring well to record
regional seismic events, as well as the stimulation events.

Borehole deformation logging using acoustic and electric borehole televiewer tools shows induced
fractures pointing predominantly in a NNW direction, and induced borehole breakouts in the
perpendicular direction. This trend is precisely in line with the regional stress field. No pressure tests
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were performed. The well was drilled with a balanced mud system. The fact that induced fractures are
observed already in a balanced well indicates that fracturing in the granite will not require large
hydraulic pressures. The EGS project of the European Community at Soultz-sous-Forêts, 150 km
north (also situated in the Rhine Graben), experienced similar conditions. In an injection test over a
period of 126 days, with flow rates around 25 kg/s through a reservoir at 3.5 km depth, injection
pressures averaged 3 MPa. 

The next well is planned to the targeted reservoir depth of 5,000 m. It will be drilled on an industrial
site in the city of Basel. It is intended to deviate the well at a depth of 3,000 m to the east, with 
an angle of 15°, in order to improve chances to penetrate open fractures associated with the main
boundary fault system.

When the main targets of a minimum temperature of 190°C and a fractured reservoir rock are found
in a favorable stress field, the well will be suspended. A second monitoring well at 2 km to the east
will then be drilled and equipped with a seismic array similar to the Otterbach well. The two extended
seismic arrays provide a series of locally independent receiver points, sufficient to compute the
location of a seismic source with the required accuracy. Subsequently, injection tests will be conducted
in the deep well in order to develop an EGS reservoir.

The final two deep wells will be directionally drilled from the same location. The conversion cycle for
power production will be selected following proof of circulation. The exploration phase (proof of
circulation) should be completed within two years. Besides the technical challenges to stimulate a
fracture system along a fault system in a seismically active area, other environmental challenges, such
as drilling-noise mitigation in a city, have to be met. 

• This project will be the first project to demonstrate the use of EGS technology to produce both heat
and power.

• The wells are drilled in the city of Basel in an industrial part of town, and demonstrate the potential
for coexistence of EGS projects with other industrial activities within city limits.

• Drilling problems in the sedimentary section were caused by swelling clays and often led to stuck
drill pipe. Problems were encountered in the crystalline basement as well.

• Because of the location of the wells under a city center, the potential for damage from a major
seismic event associated with stimulation and production is greater than in rural areas. 

France – Le Mayet de Montagne. The Le Mayet site is 25 km east-southeast of Vichy, France, at the
northern fringe of the Massif Central. Granite extends to the surface, forming undulating topography
of height less than 100 m, and offering exposures of fractures in outcrop. Rock- and hydro-mechanical
aspects of the problem of exploiting hot dry rock (HDR) reservoirs have been studied. In the late
1980s, two, near-vertical boreholes were drilled approximately 800 m deep and 100 m apart along a
line striking N140E. Well 111-8 (780 m depth) lies to the northwest of 111-9 (840 m depth). Borehole
packers were used to isolate a number of locations over a span of several hundred meters for multiple
stimulation experiments, producing a localized hydraulic linkage of large surface area between the
two wells. 

The experiments involve high flow-rate (20-30 kg/s) stimulation of selected intervals (with and
without proppant), conventional hydro-fracture stimulations (73 kg/s), and long-term circulations
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tests. Microseismic events induced during these experiments were monitored on a 15-station array
(mostly three-component with two downhole) that allowed event locations to be determined to within
4.5 m horizontally and 10 m vertically. The seismic data set featured the best sampling of the seismic
radiation field attained at that time in a HDR field experiment. More than 35 events were recorded on
sufficient stations to yield fairly well-constrained focal mechanism solutions. The analysis of these
focal mechanisms is particularly interesting, because they are used to constrain the local stresses
driving fracture failure. Another novel aspect of the work at Le Mayet was the deployment of an array
of tiltmeters to monitor surface deformation occurring in response to fluid injection. This
deformation reflects the elastic field resulting from dilation of the joints/fractures, and should be
detectable if fractures dilate as much as conventional theory predicts. In summary:

• Borehole packers were used to isolate several zones, so that a succession of stimulated zones was
created.

• The result was a large-scale fractured heat-exchange area with good connection between two boreholes.

• Tiltmeters were successfully used to monitor the growth of fractures.

Germany – Horstberg. Due to their low transmissivity, most sedimentary formations in the northern
German basin are not considered for the extraction of geothermal energy. To overcome these
limitations, the GeneSys-project was initiated at the GEOZENTRUM, Hannover (Behrens et al.,
2006). It is intended to investigate concepts that allow the use of the widespread low-permeability
sediments for geothermal energy extraction and, ultimately, to supply heat for the complex of
buildings of the GEOZENTRUM, Hannover. The hydraulic-fracturing technique successfully applied
in crystalline rocks for the creation of HDR systems will be used to create large-scale fractures
covering areas in the order of km2 in the sediments to increase the productivity of the well to the
required flow rates. Because a thermal power of approximately 2 MWt is required for the supply of
the GEOZENTRUM, only relative low production rates are required, which can be realized with a one-
well concept. Such a concept, where the well is simultaneously used for production and reinjection,
can be operated economically even for a relatively low power output of a few MWt. This production is
suitable for providing heat to large buildings, or districts, where a district heating system is available.

To test concepts, a series of in situ tests were conducted in the abandoned gas exploration well
Horstberg Z1. The well is operated as an in situ laboratory by BGR (Federal Institute for Natural
Resources and Geosciences), which belongs to the GEOZENTRUM, Hannover. The experiments
started in September 2003. The originally proposed concept envisioned that, by the creation of large
fractures, the well would be connected to water-bearing joints, faults, fracture zones, or porous layers
not directly accessed by the borehole. The hot water produced from these structures would be
injected, after cooling, via the annulus of the same borehole into a permeable rock formation at
shallower depth. 

Massive hydro-frac tests were performed in a sandstone layer of the Buntsandstone formation at a
depth of approximately 3,800 m, by injecting more than 20,000 m3 of fresh water at flow rates up to
50 kg/s, and at wellhead pressures of about 33 MPa. Post-frac venting tests showed that the created
fracture has a high storage capacity (about 1,000 m3/MPa) and covers an area of several hundred
thousand square meters, indicating that the fracture not only propagated in the sandstone layer, but
also fractured the adjacent clay-stone horizons. They also showed that the fracture, or at least part of
the fracture, stayed open during pressure release, thus allowing venting flow rates of about 8.3 kg/s,
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at fluid pressures well below the frac-extension pressure. Long-term extrapolations of the venting 
flow rate, however, showed that the desired flow rate of 6.9 kg/s cannot be maintained over a
prolonged time period, because the production and reinjection horizons (at 1,200 m depth) do not
communicate, and the overall yield of the formation accessed by the fracture is too low. 

The results of cyclic tests, consisting of a cold-water injection period, a warm-up period, and a venting
period were very promising. The fluid volumes and production temperatures achieved during these
tests show that this can be an alternative concept for heat extraction from tight sedimentary rock. 

To monitor microseismicity induced during stimulations, a seismic network was installed. It consists
of eight stations installed on two circles with radii of 800 and 1,600 m, centered around the well
position at depth and a surface array of 60 geophones. At each of the stations, a 100 m deep well was
drilled, and geophones were installed permanently at the bottom of these wells. Data were analyzed
on-site with respect to the occurrence of microseismicity. In contrast to hydro-frac tests in crystalline
rock, where several thousands or tens of thousands of microseismic events were detected and located
with networks of comparable sensitivity, only a few events were detected here. A reliable source
location could not be inferred for any of these events.

The experiences gained within the project, however, are highly relevant for the oil and gas industry in
the Northern German Basin, because they have a lively interest in seismic monitoring of stimulation
operations. To sum up:

• This project demonstrates the benefits of stimulation in a sedimentary environment – large storage
coefficient and pre-existing permeability.

• The concept of using a single borehole was not effective, because there was no connection between
the injection zone and the production zone, so the production zone was not recharged and could not
support long-term production.

• Few microseismic events were detected during stimulation and circulation tests, especially compared
to the large number of microseismic events generated and detected during stimulation in crystalline
rock.

Chapter 4 Review of EGS and Related Technology – Status and Achievements

4-42



Chapter 4 Review of EGS and Related Technology – Status and Achievements

Testing completed

Year

Th
er

m
al

ou
tp

ut
(M

W
eq

ui
va

le
nt

)

Projected tests

Fenton Hill
Phase I

Fenton Hill
Phase II Soultz deep

Soultz Deep Phase II

Cooper Basin

R
os

em
an

ow
es

O
ga

ch
i

H
iji

or
i

So
ul

tz
sh

al
lo

w

Desert Peak
Coso

1975
0

1

2

3

4

5

6

7

8

1980 1985 1990 1995 2000 2005 2010

e

Figure 4.16 Evolution of estimated electrical power output per production well, with time from EGS
projects. The Fenton Hill, Coso, and Desert Peak projects received, or are receiving, major funding from
the U.S. DOE.

Lessons Learned from Natural Hydrothermal Systems. The basic EGS techniques of permeability
enhancement, heat mining, and injection augmentation already work. They are regularly used in
regions where the natural fractures support flow and connectivity, but where recharge is limited. At
Mahangdong (Yglopaz), and Mindanao (Ramonchito) in the Philippines; and two sites in Indonesia;
as well as Coso, (Petty, personal communication), The Geysers, East Mesa, and Steamboat in the
United States (Petty, personal communication), hydraulic stimulation, with or without acidizing, has
resulted in increased permeability. At East Mesa, cooling of the resource after more than 10 years of
operation was reduced or halted by moving injectors or drilling new ones, shutting off zones of
thermal breakthrough by recompleting wells, and by changing pump-setting depths to produce
preferentially from zones with higher temperatures. At The Geysers, drying of the reservoir, increase
in noncondensable gases, and pressure drawdown with little or no natural recharge were addressed
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4.10 Generalizations from EGS Field Testing 
Progress in improving the technology needed to produce commercial-scale EGS reservoirs has been
dramatic in the past few years. We have long been able to drill the wells, stimulate the rock to improve
tranmissivity, target wells into the stimulated volume, and make a connection between producer and
injector. We can circulate the fluids for long time periods, from months to more than one year, at
reasonably high rates, 10-30 kg/s. When measurable temperature drops were observed, they were
correlated with the size of the stimulated reservoir using a range of thermal hydraulic modeling
approaches (for example, see Tester and Albright, 1979; Armstead and Tester, 1987; and Tester et al.,
1989). Figure 4.16 shows the produced thermal energy output for several major EGS projects
spanning 30 years. In addition, projections are shown for current EGS projects in the United States,
Europe, and Australia. We can monitor the stimulation to map the fractured volume – we can map
fractures in the borehole, log the wells for temperature and pressure to a very high degree of accuracy,
and determine stress state from borehole data.



by bringing treated waste water from the city of Santa Rosa and from Lake County, for injection
augmentation. At Dixie Valley, pressure drawdown due to lack of natural recharge and limited
injection into the reservoir was reversed by injecting all produced fluids, careful selection of injector
locations, and augmentation of injection from shallow, non-potable groundwater sources on site. 

• High flow rates with long path lengths are needed. By looking at natural hydrothermal systems, we know
that we need to have production of about 5 MWe per production well, which requires flow rates
ranging from 30 to 100 kg/s, depending on the fluid temperature. At the same time, we need a large
heat-exchange area or long residence time for water to reheat to production temperatures; this could
imply large pressure drops. Better understanding of successful natural systems (in comparable
geological settings) should lead to improved methods of generating artificially enhanced geothermal
systems. For instance, the residence time of water injected at Dixie Valley is three-six months, and
the production wells show little or no cooling due to the aggressive injection program. At Steamboat,
though, the residence time for the water is closer to two weeks and there is fairly significant cooling.
The well spacing between injectors and producers at Dixie Valley is about 800 m, and there are
probably at least two fractures with a somewhat complex connection between the injectors and
producers resulting in a long fluid-path length. At the Steamboat hydrothermal site, the distance
between producers and injectors is more than 1,000 m; but because there are many fractures, the
transmissivity is so high that there is low residence time for injected fluids. At the East Mesa
hydrothermal site, the reservoir is in fractured sandstone, and the residence time varies from one
part of the field to another. Some injectors perform well in the center of the field, while other
injectors are in areas with either high matrix permeability in some zones or fractures that cause cold
water to break through faster. The large volume of hot water stored in the porous matrix at East Mesa
made it possible to operate the field for a long time before problems with cooling developed.

• Stimulation is through shearing of pre-existing fractures. In strong crystalline rock, hydraulic properties
are determined by the natural fracture system and the stresses on that fracture system. The
expectation of scientists planning the early experiments in enhancing geothermal reservoirs was
that fracturing would be tensile. While it may be possible to create tensile fractures, it appears to be
much more effective to stimulate pre-existing natural fractures and cause them to fail in shear.
Understanding the orientation of the stress field is crucial to designing a successful stimulation.
Fortunately, in even the most unpromising tectonic settings, many fractures seem to be oriented for
failure. At Cooper Basin, which is in compression, stimulation of two nearly horizontal pre-existing
fracture systems appears to have been successful in creating a connected reservoir of large size.
Shearing of natural fractures increases hydraulic apertures, and this improvement remains after
pressures are reduced. Fortunately, stress fields in strong rocks are anisotropic, so critically aligned
natural joints and fractures shear at relatively low overpressures (2-10 MPa). 

• Fractures that are stimulated are those that will take fluid during pre-stimulation injection. The fractures
that are found to be open and capable of receiving fluid during evaluation of the well before
stimulation are almost always those that are stimulated and form large-scale connections over a large
reservoir volume. This may be because these fractures are connected anyway, or because the fractures
that are open are those oriented with the current stress state. It is important, therefore, to target areas
that will have some pre-existing fractures due to their stress history and the degree of current
differential stress. But even in areas with high compressional stresses – such as Cooper Basin in
Australia – there are natural, open fractures. However, with present technology, we cannot create
connected fractures where none exist. It may be possible to initiate new fractures, but it is not known
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whether these will form large-scale flow paths and connect over large volumes of the reservoir. This
means that the fracture spacing in the final reservoir is governed by the initial, natural fracture
spacing. The number of fractures in a wellbore that will take fluid is, therefore, important to assess
in each well. The total heat that can be recovered is governed by the fracture spacing, because the
temperature drops rapidly away from the fracture face that is in contact with the injected cool fluid. 

• We currently do not have a reliable open-hole packer to isolate some zones for stimulation. This is routine in
the oil and gas industry; but in the geothermal industry, high-temperature packers for the open hole
are not reliable, so we stimulate the entire open interval. Logging shows that the first set of open
fractures is the one most improved. If we want to stimulate some zones more than others – or if we
want to create new fractures – we will need a good, reliable, high-temperature open-hole packer.
Although earlier testing at Soultz using a cement inflatable aluminum packer have been encouraging,
more development work remains to be done to improve reliability and increase temperature capability. 

• Hydraulic stimulation is most effective in the near-wellbore region. The near-wellbore region experiences
the highest pressure drop, so stimulation of this region is important. But we also need connectivity
in the far field away from the wells to maintain circulation and accomplish heat mining. We can
effectively use a variety of techniques both from the oil and gas industry and from geothermal
experience to improve near-wellbore permeability. Hydraulic stimulation through pumping large
volumes of cool fluid over long time periods, and acidizing with large volumes of cool fluid and acid
(of low concentration), have been most effective. Use of high-viscosity fluids, proppants, and high-
rate high-pressure stimulation has been tried with mixed success and may still have potential in
some settings, particularly in sedimentary reservoirs with high temperatures. However, there are
limits to the temperature that packers, proppants, and fracturing fluids can withstand, so some of
these techniques are impossible or very costly in a geothermal setting. In crystalline rocks with pre-
existing fractures, oil and gas stimulation techniques have failed to result in connection to other
fractures and may form short circuits that damage the reservoir. Our current efforts to stimulate
geothermal wells and EGS wells, in particular, are limited to pumping large volumes of cold water from
the wellhead. This means that the fractures that take fluid most readily anyway are stimulated the most.
Only a small portion of the natural fractures seen in the wellbore support flow. Because these more
open fractures may also be the ones that connect our producers to our injectors, this may not be a
disadvantage. However, there may be a large number of fractures observed in the wellbore, and an
ability to identify and target the best ones for stimulation is limited because of a lack of research. 

• The first well needs to be drilled and stimulated in order to design the entire system. Early efforts to create
reservoirs through stimulation relied on drilling two wells, oriented such that there appeared to be
a good chance of connecting them, given the stress fields observed in the wellbore and the regional
stress patterns. However, at Fenton Hill, Rosemanowes, Hijiori, and Ogachi, this method did not
yield a connected reservoir. Stress orientation changes with depth, or with the crossing of structural
boundaries, and the presence of natural fractures already connected (and at least somewhat
permeable) makes evaluating the stimulated volume difficult. It seems much easier to drill the first
well, then stimulate it to create as large a volume as possible of fractured rock, then drill into what
we think is the most likely place, and stimulate again. Because of this, we can design wells as either
producers or injectors, whereas it would be better if we could design wells for both production and
injection. This emphasis on the first well demands that it be properly sited with respect to the local
stress conditions. Careful scientific exploration is needed to characterize the region as to the stress
field, pre-existing fractures, rock lithology, etc.
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• Monitoring of acoustic emissions is our best tool for understanding the system. Mapping of acoustic events
is one of the most important tools we have for understanding the reservoir. In hydrothermal
systems, we know from well tests and tracer tests that water is circulating and in contact with large
areas of rock. We can assess stimulated fractures in the same way, once we have two or more wells
in hydraulic connection to allow for circulation tests. We can map the location of acoustic emissions
generated during stimulation and during circulation extremely accurately, i.e., +/- 10-30 m. While
we are not completely sure what the presence or absence of acoustic emissions means in terms of
fluid flow paths or reservoir connectivity, knowledge of the location and intensity of these events is
certainly important. This information helps define targets for future wells. 

If we drill into a zone that has already been stimulated and shows a large number of acoustic
emissions events, it is commonly assumed that the well is connected to the active reservoir. However,
this fact does not always result in a good system for heat extraction. For example, at Soultz, GPK4 was
drilled into an area that was within the volume of mapped acoustic emissions, but it did not produce
a connected fracture system between the production and injection wells, even after repeated
stimulations. Mapping of acoustic emissions has improved, so that we can locate acoustic emissions
and determine the focal mechanism for these events more accurately than in the past. As a result, we
can better understand the stress field away from the wellbore and how our stimulation affects it. 

Methods for mapping fractures in the borehole have been developed, and the upper limit for
temperatures at which they can operate is being extended. Ultrasonic borehole televiewers,
microresistivity fracture imaging, and wellbore stress tests have all proved very useful in
understanding the stress state, nature of existing fractures, and the fluid flow paths (before and after
stimulation). Correlating the image logs with high-resolution temperature surveys and with lithology
from core and cuttings allows a better determination of which fractures might be productive.

• Rock-fluid interactions may have a long-term effect on reservoir operation. While studies of the interaction
of the reservoir rock with the injected fluid have been made at most of the sites where EGS has been
tested, there is still a good deal to learn about how the injected fluid will interact with the rock over
the long term. The most conductive fractures often show evidence of fluid flow in earlier geologic
time such as hydrothermal alteration and mineral deposition. This is encouraging in that it suggests
that the most connected pathways will already have experienced some reaction between water and
the rock fracture surface. Fresh rock surfaces will not have the protection of a layer of deposited
minerals or alteration products. We also do not know how much surface water (which cannot be in
equilibrium with the reservoir rock) we will need to add to the system over the long term. Our
longest field tests have seen some evidence for dissolution of rock leading to development of
preferred pathways and short circuits. Regardless, we will cool the produced fluid through our
surface equipment, possibly resulting in precipitation of scale or corrosion (Vuatarez, 2000).

Although not analyzed in this study, the use of carbon dioxide (CO2) as the circulating heat transfer
fluid in an EGS reservoir has been proposed (Pruess, 2006). Brown (2000) has developed a
conceptual model for such a system, based on the Fenton Hill Hot Dry Rock reservoir. The argument
is made that supercritical CO2 holds certain thermodynamic advantages over water in EGS
applications and could be used to sequester this important greenhouse gas. We also address this
topic in Section 8.3.3. 
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• Pumping the production well to get the high-pressure drops needed for high flow rates without increasing
overall reservoir pressure seems to reduce the risk of short circuiting while producing at high rates. High
pressures on the injection well during long-term circulation can result in short circuits. Circulating
the fluid by injecting at high pressures was found to consume energy while, at the same time,
tending to develop shorter pathways through the system from the injector to the producer. High-
pressure injection during circulation also may cause the reservoir to continue to extend and grow,
which may be useful for a portion of the time the field is operating – but may not create fractures
that are in active heat exchange, given the system of wells that are in place. High-pressure injection
can also result in fluid losses to those parts of the reservoir that are not accessed by the production
wells. However, by pumping the production wells in conjunction with moderate pressurization of
the injection well, the circulating fluid is drawn to the producers from throughout the stimulated
volume of fractured rock, minimizing fluid loss to the far field. 

• The wells needed to access the stimulated volume can be targeted and drilled into the fractures. While
drilling deep wells in hard, crystalline rock may still be fairly expensive, the cost technology has
improved dramatically since the first EGS wells were drilled at Fenton Hill. Drill bits have much
longer life and better performance, typically lasting as long as 50 hours even in deep, high-
temperature environments. The rate of penetration achievable in hard, crystalline rock and in high-
temperature environments is continually increasing, partly due to technology developments with
funding from the U.S. government. As the oil and gas industry drills deeper, and into areas that
previously could not be drilled economically, they will encounter higher temperatures and more
difficult drilling environments. This will increase the petroleum industry’s demand for geothermal-
type drilling. Most geothermal wells need to have fairly large diameters to reduce pressure drop
when flow rates are high. Directional control is now done with mud motors, reducing casing wear
and allowing better control. Although high temperatures are a challenge for the use of
measurement-while-drilling (MWD) tools for controlling well direction, they did not exist when the
first EGS well was drilled at Fenton Hill. Furthermore, the temperature range of these tools has been
extended since they first became available. Mud motors are now being developed that can function
not only at high temperatures, but also with aerated fluids. See Chapter 6 for further discussion. 

• Circulation for extended time periods without temperature drop is possible. Although early stimulated
reservoirs were small, and long-term circulation tests showed measurable temperature drop, later
reservoirs were large enough that no temperature drop could be measured during the extended
circulation tests. It is difficult to predict how long the large reservoirs will last, because there is not
enough measurable temperature change with time to validate the numerical models. Tracer test data
can be used for model verification (see Chapter 5, Figure 5.3), but in cases where extremely large
reservoirs have been created, tracer data may not be adequate for determining the important
parameters of heat-exchange area and swept volume. 

• Models are available for characterizing fractures and for managing the reservoir. Numerical
simulation can model fluid flow in discrete fractures, flow with heat exchange in simple to complex
fractures, in porous media and in fractured, porous media. Changes in permeability, temperature
changes, and pressure changes in fractures can be fit to data to provide predictive methods.
However, because long-term tests have not been carried out in the larger, commercial-sized
reservoirs, it is not yet known whether the models will adequately predict the behavior of such
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reservoirs. Rock-fluid interactions in porous media or fractured, porous media can also be modeled,
but their long-term effects are equally uncertain. Commercial fracture design codes do not take
thermal effects into consideration in determining the fracturing outcome. Geothermal codes for
fracture stimulation design purposes that do consider thermal, as well as hydraulic effects in
fracture growth, are not yet developed (DuTeaux et al., 1996).

• Induced seismicity concerns. In EGS tests at the Soultz site, microseismic events generated in the
reservoir during stimulation and circulation were large enough to be felt on the surface. Efforts to
understand how microearthquakes are produced by stimulation are ongoing, and new practices for
controlling the generation of detectable microseismic events are developing. A predictive model that
connects reservoir properties and operating parameters such as flow rate, volume injected, and
pressure which might affect the generation of detectable microearthquakes is important to realizing
the potential of EGS. Such a model has not been quantitatively established.

4.11 Remaining Needs
Although we can make an EGS reservoir with connected wells in a deep, high-temperature rock
volume, there are still many areas of technology improvement needed that will help make the process
more economical and less risky.

• Reduce pressure drop without decreasing reservoir life – We can stimulate a connected fracture system,
but we have no way of stimulating specific fractures. This increases the risk that one or more high-
permeability fractures will be preferentially stimulated and result in too rapid a temperature decline.

• Prevent or repair short circuits – Short circuiting of flow paths in the connected fracture system is a
concern affecting reservoir lifetime. At Rosemanowes, Hijiori, and Ogachi, only some of the pre-
existing fractures that were stimulated resulted in short circuits. We would like to be able to direct
the stimulation to those fractures that are less open and away from the more conductive fractures.
This would reduce the risk of short circuiting while increasing the effective heat-exchange area of
the system. 

• Better understand the influence of major fractures and faults as subsurface barriers or conduits to flow –
Large-scale features such as faults and major fractures can act as either barriers or conduits to flow
and can alter the planned flow paths, either to create short circuits or to move fluid out of the
circulating reservoir. For instance, at Soultz, an aseismic zone, which could be either a conduit for
flow or a barrier, appears in the acoustic emissions mapping. This feature seems to separate GPK4
from the rest of the wells and prevents this well from being well-connected to the circulating
reservoir. While some of the methods we develop for dealing with short circuits will help us deal
with large-scale faults and fractures, new methods of characterizing these features are still needed.
Improving our understanding of the acoustic emissions patterns associated with these features will
be one step in the process. We would also like to be able to characterize these features from the
surface before we drill, so that we can take them into account during planning. 

• Characterizing rock-fluid interactions – Despite efforts to model rock-fluid interactions, there are still
major questions to be answered. Geochemical data gathered during testing has not led to any
understanding of what happened during each test, let alone an ability to predict how future reservoirs
will react. Several questions remain: 
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1) Will mineral deposition occur over time that will diminish connectivity and increase pressure drop?

2) Is mineral dissolution going to create short circuits or improve pressure drop? 

3) Where will dissolution and deposition occur in the well/reservoir system if they happen?

4) Will long-term circulation result in some equilibrium being reached with the fluid and 
reservoir rocks?

5 ) Can we use rock-fluid interactions to characterize the performance of the reservoir?

6) Can we use chemical methods to stimulate or repair the reservoir?

• Use of oil and gas stimulation methods in geothermal settings – So far, oil and gas hydraulic fracturing
has not been successful, either creating open fractures that lead to short circuiting or having no
connection to the existing natural fractures. Some oilfield methods may be valuable to us, if we find
ways to adapt them to our needs. Use of proppants to improve near wellbore injectivity or
productivity may have very real benefits, particularly if we move to downhole production pumps.
Controlled rheology fluids might be useful in diverting stimulation to the areas that most need it or
in repairing short circuits.

• Use of intermediate strain-rate stimulation – Pressurizing the formation at a rate between explosive
(micro-milliseconds) and hydro-frac (minutes-hours) methods should be explored for EGS
applications, as a potential means of reducing near-wellbore impedance. 
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5.1 Scope and Approach: 
EGS vs. Hydrothermal Reservoirs 
Geothermal electric power and heat production from hydrothermal resources has been
commercialized since 1904, leading to a large body of experience on what constitutes a good hot-
water resource. In terms of thermal energy, a kilogram of hot water at temperatures of 150°C to 300°C
has a low energy content compared to a kilogram of hydrocarbon liquid. This occurs because only the
sensible and latent enthalpy of the geofluid can be used, rather than the stored chemical energy
released during combustion of a hydrocarbon fuel. Therefore, for a producing geothermal well to be
comparable in energy content to an oil well, high mass flow rates of hot water are needed. Typically,
50 to 150 kg/s or more per production well, depending on its temperature, are required to make a
geothermal project economical. Resource temperature and flow per well are the primary factors in
defining the economics of a geothermal resource. The increasing cost of drilling deeper wells trades
off against the increased thermodynamic efficiency of higher temperature. Eventually, an Enhanced
Geothermal System (EGS) will reach an optimum depth after which drilling deeper wells will not be
more economical. However, studies by Tester and Herzog (1991) have shown that the optimal depth
for minimum costs is on a fairly flat cost-versus-depth surface for most geothermal gradients. The
insensitivity of project cost to depth, in the neighborhood of the optimal point, permits a range of
economically acceptable depths.

Hydrothermal projects are based on resources with naturally high well productivity and high
temperatures. They rely on having high flow per well to compensate for the capital cost of drilling and
completing the system at depth, and they need very high permeability to meet required production
and injection flow rates. Typically, in a successful hydrothermal reservoir, wells produce 5 MW or
more of net electric power through a combination of temperature and flow rate (see Chapter 7). For
instance, a well in a shallow hydrothermal reservoir producing water at 150°C would need to flow at
about 125 kg/s (2,000 gpm) to generate about 4.7 MW of net electric power to the grid. Thus, as a
starting target for EGS, we assume that the fluid temperature and production flow-rate ranges will
need to emulate those in existing hydrothermal systems.

5.2 Formation Characteristics – Porosity,
Permeability, Fracture Distribution, Density
and Orientation, and Connectivity
A number of resource-related properties – temperature gradient, natural porosity and permeability of
the rock, rock physical properties, stresses in the rock, water stored in the rock, and susceptibility to
seismicity – control the amount of the heat resource in the earth’s crust that can be extracted. These
factors, taken together, not only control the physical process of extracting the heat, but also ultimately
play a major role in determining the economics of producing energy (see Chapter 9 for details). 

In the example above, to determine the economics of the hydrothermal project, the well depth, the
temperature, and the flow rate need to be defined. While it is clear that the flow rate of the fluid and
its temperature control the rate of energy produced, it is not evident what controls the reservoir
production rate. In a natural system, wells flow due to pressure drop at the well, caused either by
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density changes due to boiling or by downhole pumping. The amount of possible pressure drop is
controlled by the natural permeability and other properties of the rock that make up the reservoir. The
permeability, or ability to conduct water to the well, may result from cracks in the rock or from
connected pore spaces; but, from whatever cause, in a hydrothermal system the permeability is high.
While permeability is a property of the rock only (related to the interconnectedness and size of cracks
or pores), the transmissivity, which includes the cross-sectional area that the fluid flows through on
its way to the well, can be influenced by well design. Measured transmissivities in geothermal systems
are very high (greater than 100 darcy-meters is common), compared to oil and gas reservoirs with
transmissivities often around 100 millidarcy-meters.

In an EGS system, the natural permeability is enhanced – or created when none exists – through
stimulation. Stimulation can be hydraulic, through injecting fluids with or without controlling the
viscosity at higher or lower rates and pressures; or chemical, by injecting acids or other chemicals that
will remove the rock or the material filling the fractures. The stresses on the rocks and the elastic and
thermal properties of the rocks in the potential reservoir, along with the design of the stimulation,
control the extent of the enhanced or created fractures and their ultimate transmissivity. The natural
rock properties and stresses on the rocks then become metrics for the formation of an EGS reservoir.

The economics of hydrothermal systems let us know that we need to target very high flow rates. High
flow rates are only possible if the reservoir has high transmissivity. However, high transmissivity can
come from a single fracture with a large aperture, or from a large number of fractures with small
apertures. We could have both high flow rates and low pressure drop, if a large number of fractures
with small fracture apertures gave high transmissivity.

We need to understand how the type of rocks, the stresses on those rocks, and the design of the
stimulation interact to develop a connected fracture system. Rocks that are critically stressed to the
point where they will fail, shear, and movement during stimulation should produce fractures that will
stay open and allow for fluid circulation. Rocks with at least some connected permeability through
either fractures or pore spaces are more likely to result in a connected circulation system after
stimulation. If there is some significant porosity in the rocks before stimulation, there will be some
water stored in the reservoir for future production. Taken together, all of these metrics define the
outcome of stimulation and, thus, the economics of the project.

The fracture system not only needs to be connected and have high transmissivity, but it also must
allow injected cool water to have sufficient residence time to contact the hot rock, so that it will be
produced from the production wells at or close to the formation temperature. The amount of
temperature drop in the production fluid that can be tolerated by different power plant equipment
then will determine the life of that part of the reservoir for a particular conversion technology. Under
given flow conditions, the longer the life of the reservoir, the better the economics.

At the best sites for developing a reservoir, the rocks will be stressed so that when they are stimulated,
open fractures will be created. However, if there is too much pre-existing permeability or if the
stimulation produces a preferred pathway of very open cracks that the injected fluid can take to the
production wells, the created or enhanced fractures may allow water to move too quickly, or short
circuit, from the injection wells to the production wells without heating up enough to be economic.



While permeability of a fractured reservoir can be improved by increasing the injection pressure,
there are two negative effects of increasing the throughput in this way: (i) fractures at higher
pressures may be “jacked” open, allowing a few paths to dominate and short circuits to occur, and
(ii) the critical pressure beyond which fracture growth occurs may be exceeded, extending the
reservoir, allowing water to be lost to noncirculating parts of the reservoir and reducing the proportion
of effective heat-transfer area.

At Fenton Hill, high-injection pressures were used to maintain open fractures and improve
permeability (Brown, 1988) However, the fractured volume continued to grow, water was lost from
the circulating system, and new fractured volume was created that was not accessed by the wells. At
Rosemanowes, trying to improve fracture permeability by increasing injection pressures resulted in
growth of the fracture system but away from the inter-well region, exacerbating the water loss without
improving the connectivity (see Figure 5.1).

Figure 5.1 Vertical section viewed from the southwest showing downward growth of fractures
(microseismic events) at Rosemanowes (Pine and Batchelor, 1983).

5.3 Rock-Fluid Interactions
One of the big risk areas in the long-term operation of an EGS system is the potential change in the
permeability and connectivity of the stimulated reservoir with time. The fluid injected may be a
combination of water from surface or shallow ground water and water naturally occurring in the
geothermal reservoir. It will be cooled by the energy conversion system. As a result, the circulated
water will not be in equilibrium with the minerals in the rock. With time, these minerals may dissolve
or minerals dissolved in the water may precipitate, changing the permeability of the rock over time.
In enhanced oil-recovery projects, rock-fluid interactions have been of great importance over the life
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of the project in determining the project economics and the ultimate amount of oil that can be
recovered. On the other hand, hydrothermal geothermal projects have dealt with some of the most
severe geochemical conditions on Earth and found economic methods to control scale and corrosion.

Because geothermal companies are trying to operate a complex power-generation plant attached to an
even more complex natural system – while solving ongoing problems – there are few data available
in the literature about their efforts to deal with the geochemistry of geothermal fluids under
production. Furthermore, in the competitive marketplace, solutions to such problems are usually
deemed proprietary.

Government-sponsored research in this area has quickly been absorbed by the private sector and
commercialized. For instance, calcium carbonate scale in geothermal production wells, surface
equipment, and in the injection wells has been controlled very successfully by use of scale inhibitors
such as polymaleic acid in very small quantities. Silica scale has been more difficult to deal with.
Despite research leading to several potential silica-scale inhibitors, the least expensive method of
controlling silica scale has been modification of pH. Acidification of the spent brine has worked to
some extent, but it causes corrosion in surface equipment that then needs to be dealt with. Lowering
pH probably also impacts the subsurface, but there is not much research on how the acidified fluid
reacts with the rock in hydrothermal reservoirs. In some situations, high silica acidified fluids appear
to reduce permeability of sedimentary geothermal reservoirs, perhaps by changing the cementation
of the grains. In other projects using pH lowering to control silica scale, injectivity appears to have
improved over time in wells receiving the acidified fluid.

At Hijiori, during the long-term flow test, boiling in the wellbore and in the reservoir caused high-
pressure drop in the production wells that led to scale deposition and required that the wells be
cleaned. At Rosemanowes, long-term circulation appeared to improve permeability in one fracture
set, but it decreased heat-transfer area and residence time so that a short circuit might have developed.

Circulating fluid that is not in geochemical equilibrium with the rock forming the heat exchange
system will have long-term impacts, both on the properties of the reservoir and on the economics of
the project. Models exist to predict some aspects of rock-fluid interaction. However, no EGS system
has operated long enough yet to test whether the predicted behavior is observed. This is one of the
areas with greatest uncertainty for EGS feasibility. Ongoing laboratory studies should help shed light
on this issue, but long-term testing will be needed in several different real reservoirs to verify
laboratory-scale results.

5.4 Temperature Variation with Depth
The temperature gradient determines the depth of wells needed to reach specific temperatures (see
also Chapter 2). Knowledge of the temperature is essential to determining the amount of heat in place
and the conversion efficiency with which it can be used to generate power. The depth to the resource
is a primary factor in determining the cost of the wells. To some extent, the extra cost of drilling
deeper wells trades off against the benefit of reaching higher temperatures because higher
temperatures result in higher conversion efficiency. Well-field cost in hydrothermal power projects
generally accounts for about 25%-50% of the total project capital cost. EGS projects are associated with



somewhat lower flow rates, lower conversion efficiencies (because of lower temperatures), and greater
depths (required to encounter economic temperatures). These factors often bring the well-field cost
up to more than 50% of the total cost of the project, at least in the early stages of project development.

5.5 Geology
Other factors affecting well cost include lithology, grain or crystal size, and degree of weathering.
These influence the rate of penetration and the life of the drill bit, as well as the mechanical and
thermal properties of the rock and, thus, the results of the stimulation. Other geologic factors
influence hole stability, ease of maintaining directional control, and drilling fluid circulation loss.

However, drilling cost is not the only cost element of the EGS affected by rock properties. Rock, in
general, does not make a very good heat exchanger. While rocks have a high heat capacity and can,
therefore, store a large amount of thermal energy per unit of volume, they do not have very high
thermal conductivities. This means that water we inject into our enhanced or created reservoir must
reside in the fractures or pore spaces long enough to heat up, and that only the rock surface area close
to the fluid flow path will give up its heat to the fluid.

There are two ways to increase the residence time of the water in the rock: (i) increase the path length
and (ii) slow the flow rate. The second method seems in direct contrast to our goal of having very high
flow rates per well. However, we can slow the flow rate in a given fracture or part of the porous system
by exposing the fluid to more fractures or a larger porous matrix contact area. This conforms to our
other option of increasing the path length, because a longer path length will also allow more contact
area. A larger number of fractures in combination with larger well spacing and a more complex
fracture or porous pathway should accomplish the goal of a longer residence time for the fluid, and
should also result in higher transmissivity.

To accomplish the two goals of long residence time and high transmissivity, a large number of
complex fractures – none of them with very large apertures – would work the best. If the natural
fractures in place are closely spaced, stimulating them to produce more connected and more
conductive pathways should yield an ideal EGS reservoir. However, if fractures are fewer and widely
separated, then a much larger well spacing will be needed.

5.6 Water Availability
Creation and operation of an EGS require that water be available at the site for a reasonable cost. In
the absence of a nearby river, major lake, or the sea as a cooling source, the most efficient power-
generation systems require evaporative cooling, which means that an average of about 15% of the
water requirements for the cooling system are lost to evaporation and need to be replaced. During
creation of an extensive and connected fractured system, large quantities of water are needed for
stimulation and growth of the reservoir. While most systems probably can be maintained without
adding much water through management of pressure in the reservoir, some water will need to be
replaced in the reservoir. The size of the reservoir may need to be expanded periodically to maintain
the heat-exchange area, requiring the addition of more water. A site with water available in large
quantities, in close proximity, will improve project economics.
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5.7 Susceptibility to Induced Seismicity 
One of the other aspects of project economics and of project feasibility is the potential of the site for
induced acoustic emissions (Batchelor et al., 1983). At the best potential EGS sites, rocks are critically
stressed for shear failure, so there is always the potential for induced seismicity that may be
sufficiently intense to be felt on the surface. With current technology, it appears feasible that the
number and magnitude of these induced events can be managed. In fact, based on substantial
evidence collected so far, the probability of a damaging seismic event is low, and the issue – though
real – is often one more of public perception. Nonetheless, there is some risk that, particularly in
seismically quiet areas, operation of an EGS reservoir under pressure for sustained periods may
trigger a felt earthquake. As a result, the potential for seismicity becomes an environmental factor for
determining the economics of EGS project development. This and other environmental factors that
would control siting of potential EGS projects are discussed in Chapter 8.

5.8 Remaining Issues for Successful Stimulation
At our current level of understanding and with the technology available for stimulating potential
geothermal reservoirs, pre-existing fractures with some connectivity in the far field are needed to
develop a connected system that can be circulated. The fractures need to be oriented with respect to
the stress field in such a way that they will fail in shear; this is the case over a wide range of geologic
and tectonic conditions. We can stimulate connected fractures and improve permeability.

5.8.1 Site selection
Exploration methods that can effectively tell us the stress field at depth from the surface are not
currently available. We can use GPS and satellite imaging to locate and map more regional stress
regimes, but it is very difficult to predict the downhole stress patterns and how they will vary with
depth. Few wells have been drilled to deep depths in the areas of highest heat flow. Those wells that
have been drilled to deep depths are generally oil and gas wells, and the stress data are proprietary for
the most part. 

The heat flow data we have are limited and not very detailed. Unless an area has been extensively
explored for geothermal energy, the detailed temperature-with-depth information that we need for
siting EGS exploratory wells is not available. While oil and gas wells are often logged for temperature
as part of the normal assessment process, these data are again proprietary and not available. 

5.8.2 Instrumentation
Evaluation of the geothermal system requires drilling, stimulation, mapping of the stimulated area,
and then drilling into the stimulated area. Borehole imaging prior to and post stimulation is a
necessity for understanding and assessing the potential system, and for design of the stimulation.
Once we have drilled a well, if the rock temperature is above 225°C, the use of borehole imaging tools
for characterizing natural fractures and the stress regime will require precooling of the borehole.
Instrumentation for borehole imaging is difficult to protect from borehole temperatures because data
pass-throughs permit too much heat gain from the hot borehole environment. High-temperature
electronics that would extend the temperature range for all kinds of instrumentation for use in
geothermal situations need to be developed and applied to downhole logging tools and drilling



information systems as well as to seismic-monitoring tools. There is a strong need for high-
temperature instrumentation in other technologies such as internal combustion engine monitoring,
generators and power generation systems, nuclear power generation monitoring, and high-
temperature oil and gas well drilling and logging. These industries can support some of the
developments to extend the temperature range for these components. However, geothermal
temperatures can far exceed the highest temperatures in oil and gas wells. So, while we can piggyback
to some extent on the oil and gas industry, there is still a need for a focused geothermal
instrumentation program.

5.8.3 Downhole pumps
Experience has shown that downhole pumping of the production well is essential for long-term
production management of the EGS reservoir system. However, only line-shaft pumps are currently
capable of long-term operation in temperatures above 175°C. Line-shaft pumps are of limited
usefulness for EGS development, because they cannot be set at depths greater than about 600 m. In
principle, there is no limitation on the setting depth of electric submersible pumps; but these are not
widely used in the geothermal industry.

5.8.4 High-temperature packers or other well-interval isolation systems
We know from experience that when we pump from the surface, we preferentially stimulate those
fractures that accepted fluid before the stimulation. If we want to stimulate pre-existing fractures that
do not accept fluid or create fractures where none exist, we would need to isolate sections of the
borehole for separate stimulation. At present, we do not have packers that will accomplish this
reliably. Most packers use elastomer elements that are limited in temperature to about 225°C. All-
metal packers have been developed, but because there is not much demand for packers that function
at high temperatures, these have not been tested widely or made routinely available. There is the
potential for setting cemented strings of expanded casing with sealable sections in the open-hole
section of the well, but this has not been tested either. Inflatable cement packers have been used in
certain oil-field applications. They were tried at Fenton Hill unsuccessfully but later implemented
successfully at Soultz using cement inflatable aluminum packers. In general, they have not yet been
used in hydrothermal wells. 

5.8.5 Short-circuit prevention and repair
Short circuiting, the development of preferred pathways in stimulated reservoirs, is one of the major
problems for EGS economics. Short circuits may develop as part of the initial fracturing process, or
during long-term circulation. Either way, we need a suite of methods to repair the situation, or be
forced to abandon large sections of the stimulated volume. 

5.8.6 Fracture design models
Credible hydraulic-fracturing simulation models capable of addressing the propagation of clusters of
shear fractures in crystalline rock are not available. Developments must include incorporating
dynamic (pressure, time, and temperature) poroelastic and thermoelastic effects in the formations
penetrated by the fractures and in the regions of the fracture perimeter – as well as consideration of
using explosive and intermediate strain rate stimulation methods.
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5.8.7 Rock property quantification
Although some data are available (Batchelor, 1984), and some logging/coring analysis methods and
numerical models have been developed, we still need better methods for quantifying formation
properties pertinent to hydraulic fracturing and post-frac circulation. Methods are needed that include
not just the near-wellbore region, but extend out as far as possible from the wells. The methods
developed need to be cost-effective as well as reliable. We also need to use data, gathered both in the
laboratory and in the field, to validate numerical models for fluid/rock geochemical interaction. The
results from current models can vary immensely. 

5.8.8 Fracturing fluid loss
The behavior of the reservoir during fracturing fluid injection and during circulation – and its
relationship to fluid loss – is not well understood. The nature of dynamic fluid loss, and the effects of
both poroelastic and thermoelastic behavior remain as issues. Specifically, it is largely unknown how
thermal contraction caused by local cooling of the rock at and near fracture channels affects fluid
losses and dynamic fracture propagation.

5.8.9 Fracture mapping methods
While microseismic event monitoring gives us 3-D, time-resolved pictures of event location and
magnitude from which we infer the fractured rock volume, we do not have a quantitative
understanding of how the event map relates to the flow paths that define the extent of the
underground heat exchanger. More credible methods for mapping tensile fracture and shear fracture
cluster geometry resulting from hydraulic stimulation are needed. Also, it may be possible to use the
focal mechanisms for the events to determine which events are correlated with fluid flow.

5.8.10 Reservoir connectivity
While the fractured volume may be mapped using microearthquake data, there are still issues with
ensuring that production wells connect adequately with injectors through the fractured volume.
Some portions of the volume may be isolated from the injector. Boundaries due to pre-existing
faults, fractures, and lithology changes may prevent connection or make too strong a connection
with parts of the reservoir. It may be possible to improve reservoir connectivity through pressure-
management methods such as producing one well while injecting into another or injecting into two
wells simultaneously.

5.8.11 Rock-fluid interactions
Geochemistry at low temperatures can be a benign factor, but as the salinity and temperature
increase, it may pose difficult engineering challenges. Considerable effort is now going into the
numerical modeling of coupled geochemical processes, but generally there is still a lack of data to
support the verification of the models. Dissolution and precipitation problems in very high-
temperature EGS fields are not well understood. Conventional means of overcoming these problems
by controlling pH, pressure, temperature, and the use of additives are widely known from experience
at hydrothermal fields. Some laboratory studies may shed light on the processes involved; however,
solutions to specific geochemical problems will have to be devised when the first commercial fields
come into operation.



5.9 Approach for Targeting EGS Reservoirs
Exploring for hydrothermal geothermal systems is a high-risk proposition. Not only must the
resource have a high temperature at a drillable depth, it must also be very permeable with fluid in
place and sufficient recharge available to sustain long-term operation. With EGS resources, the
exploration effort is not as demanding because, ultimately, only high temperature at drillable depth is
really necessary. The temperature-at-depth maps of Chapter 2 provide us with the basic information
we need to assess a project site. However, the economics of the project can be greatly improved by
selecting a site with the right geological characteristics.

The criteria that make one site more economical to develop than another are fairly obvious. Most will
be discussed in detail in the chapter on economics (Chapter 9). Here, we will address the resource
characteristics that improve the project economics and reduce project risk.

Proximity to load centers. Where possible, sites relatively close to a load center with existing
infrastructure (roads, power lines, water supply, etc.) are preferred.

Temperature gradient. Depth, number of wells, etc., will be set by the required temperature and by
economic optimization. Obviously, higher-temperature gradients allow high-temperature rock to be
reached at shallower depths, which reduces drilling costs.

Structural information. Because EGS reservoir depths are likely to exceed 3,000 m (10,000 ft),
structural information on the target formations is likely to be limited. Geophysical techniques should
be considered with a view to identifying fault zones, major fractures, and possible convection cells.

Regional stress regime. Some regional stress data are available, but we do not have the ability to estimate
stress regimes at depths of interest (see 5.8.1). The type of stress regime is largely unimportant;
successful reservoir stimulation usually can be achieved if there is some existing and/or historical
differential stress of any kind. The first well should be directionally drilled to maximize the
intersection with critically oriented joints in the target region.

Large rock volume. A site with a large volume of fairly homogeneous rock is preferred, which allows
extension of information from the first wells to the rest of the area and reduces risk.

Thick sedimentary cover. A thick sedimentary cover, but without overpressure, above basement rock can
insulate the crystalline rock, resulting in higher average temperature gradients, thereby reducing
drilling cost.

Water availability and storage. Sites in sedimentary rock have the advantage of having water stored in
place and will probably exhibit permeability. The matrix porosity may allow for better heat exchange.
Sedimentary formations, however, may allow leak-off of injected fluids outside the stimulated
reservoir volume.

Microseismic monitoring network wells. For early systems, a microseismic monitoring network will be
required (Cornet, 1997). Its design will depend on the nature of the superficial formations and the
depth and geometry of the target reservoir zone. Wells drilled for exploration, for oil and gas
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production, or for mining, can be used to install microseismic monitoring equipment. Sites that
already have these holes can save money on installing the equipment. A site where such a monitoring
system is already in place would provide baseline background data as well as reduce cost.

Understanding of lithology and pre-existing fractures. Data on lithology from other exploration efforts,
such as oil and gas or an existing well of opportunity, can greatly reduce the risk of the project. The
well should be logged and tested to obtain as much information as possible about the undisturbed
fracture network. Vertical seismic profiling (VSP) or resistivity surveys may be helpful in identifying
major structures.

5.10 Diagnostics for EGS Reservoir
Characterization
Compared to typical oil and gas field data, there is scant information pertinent to geothermal
prospects in crystalline rock. Information collection and diagnostic programs are essential to
enhancing understanding, insight and knowledge of the behavior of geothermal granites. Although
such programs can be costly, the oil and gas industry learned that the cost of ignorance far exceeds
the cost of knowledge when trying to develop low-permeability gas formations. Hence, information
collection and diagnostic programs are strongly recommended to accelerate the economical
development of EGS. Appendix A.5.3 describes, in detail, the tests recommended to be conducted on
the first well to be drilled into a prospective EGS reservoir.

5.11 Reservoir Stimulation Methods 
In developing a methodology for creating EGS reservoirs, the primary goal of R&D in field testing is
to improve the repeatability and reliability of stimulation methods. Because the cost of drilling the
wells and generating the fractured volume is high, correcting problems such as short circuiting and
high near-wellbore pressure drop should be a primary goal of any research efforts.

There are two general methods for creating a geothermal reservoir: (i) hydraulic fracturing through
successive isolation and stimulation of sections of the wellbore (for details see Gidley et al., 1989), and
(ii) stimulation of pre-existing fractures at pressures just high enough to cause shear failure.

The original concept developed in the 1970s of improving the residual permeability of the in situ rock
mass at depth by injecting fluid under high pressure in successive sections of the wellbore has not yet
been tested adequately because of technical difficulties. To overcome the problem of thermal
drawdown, the concept of parallel stimulations evolved to enhance the total stimulated rock volume
(Parker, 1989). Supporting this concept are the following ideas:

i. Stronger planned growth of microseismicity following stimulation of short packed-off zones.

ii. The apparent lack of microseismic overlap and the limited hydraulic connection between
neighboring stimulated segments.



iii. The belief that a large open-hole length improves the chance of good connections to natural
hydraulic features, which could be enhanced further by bulk stimulation with little development
of the rest of the potential EGS reservoir.

iv. Increased engineering confidence in an ability to satisfactorily conduct stimulations of small
zones with near planar spread of stimulated regions. The observed pressure/microseismic
response of each small stimulation might be used to tailor the stimulation for each zone to the
requirements of a uniform reservoir.

For example, at Rosemanowes, U.K., it was found that the impedance to flow between wells was too
high, that the reservoir volume was too low, and that this had resulted in significant thermal
drawdown. The use of gels with varying degrees of viscosity was tested to overcome the impedance
problem by jacking the joints apart farther into the reservoir. However, it is probable that these
methods resulted in the development of some fracture paths with much higher permeability short-
circuiting to the other wells. 

Attempts to fracture successive parts of the wellbore at Fenton Hill ran into problems with setting
packers in deep, high-temperature rocks. Although some packers held, and hydraulic fracturing was
attempted with the packer in place, it is likely that fracturing around the packer occurred. A segment
of casing cemented in place was an effective way to place a seal and isolate the section of the wellbore
for treatment. However, this is costly, decreases the size of the wellbore, and must be planned
carefully to avoid the need to go back in different segments or shut off potentially productive zones.

The multisegment concept is an attractive one; however, it may be difficult to engineer because each
reservoir segment has to be progressively stimulated, circulated, and tested in isolation, without
causing a cross-flow. The concept has not been tried, and achieving hydraulic separation between
reservoir segments may represent a difficult engineering feat. Otherwise, certain paths (short circuits)
could dominate, thus reducing the overall sustainable life of the reservoir. The separate stimulation
of isolated zones at great depth and temperature also may need extensive engineering development
to occur. However, with a drillable inflatable packer now available for high-temperature use, the
concept of successively fracturing different zones should be revisited.

Hydraulic stimulation has been effective in overcoming local difficulties of fulfilling economic
reservoir creation targets. Reservoir development at the current state of the art will need to target rock
with existing fractures and a stress state that promotes fractures to shear. A large volume of rock with
similar conditions should be found for a large-scale project to be possible. Generally speaking, from
experience to-date and in conjunction with previous developments from other projects, the basic steps
for reservoir creation can be described as follows:

1. Drill the first deep well (injection) with the casing set at appropriate depth to give the required
mean reservoir temperature.

2. Obtain basic fundamental properties of the underground such as stress field, joint characteristics,
in situ fluid characteristics, mechanical properties of the rock mass, and the identification of
flowing /open zones where appropriate.

3. Having established the best positions for the sensors of the microseismic sensor array, install an
appropriate instrumentation system to yield the best possible quality of microseismic event locations,
not only during the first stimulations but for all events likely during the reservoir's lifetime.
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4. Conduct stepped flow-rate injections until the pressure for each injection step becomes
steady. The maximum injection pressure should exceed the minimum formation stress at the
point of injection.

5. Maintain high flow-rate injection until the seismicity migrates to the distance necessary for
targeting the second well.

6. Depending on the relationship of the in situ stress and the density of in situ fluid, it may be
possible to influence the vertical direction of reservoir growth by selecting an appropriate density
of the stimulation fluid.

7. Perform a shut-in test to assess the size of the reservoir.

8. Carry out flow logs in the injection well to identify the main flowing zones.

9. Let the reservoir deflate and then make injection tests at lower flow rates to assess the permanent
residual enhancement of permeability i.e., flow against injection pressure.

10. Target the second well (production) into the periphery of the seismically activated structure, with
the separation of the wells appropriate to suit economic targets. At the same time, ensure that the
well has a downhole pumping chamber incorporated in its completion plan.

11. Stimulate the second well in a stepped manner as described above to improve access to the
previous stimulated zone and eventually permit the recovery of the mobile in situ fluid (carry out
diagnostic technique as in steps 3 and 8).

12. Conduct short-circulation tests to assess the connectivity between the injector and the producer.

13. Perform tracer tests to evaluate reservoir flow-through volume, to characterize the residence time
distribution, and to identify any short-circuit paths. 

14. Repeat steps 10 to 14 for the third well, i.e., the second production well, and for a fourth and even
fifth, if the system warrants this.

This process can then be repeated to create a large enough system to support a commercial power
generation or heat and power installation. Although the steps described above are very rudimentary
and perhaps oversimplify the overall approach, the general trend remains and the procedure fits with
our understanding of the reservoir creation process. Each area or region will have its own specific
properties and these will have to be taken into account in the general reservoir stimulation concept
described.

Channeling or short circuiting of circulation fluids has been a nemesis in conductive heat transfer
efforts. The feasibility of altering injection/producing patterns may be worth further investigation.

5.11.1 Geologic case studies
To demonstrate how this process might work in specific areas, and how costs might vary for different
geologic conditions, some specific geologic cases were chosen (Table 5.1). These sites cover a wide
geographical area and represent a diverse set of geological characteristics that are appropriate for a
nationwide deployment of EGS technology.

i. Winnie, Texas

A deep, overpressured sedimentary basin with moderate geothermal gradient on the Gulf of
Mexico. The area is actively producing oil and gas from both shallow and deep depths. The target



formation for an EGS would be the Cotton Valley Formation, a tight sand encountered at between
4.6 km (15,000 ft) and 5.2 km (17,000 ft). In this area, temperature gradients are about 40°C/km,
and the temperature at the completion depth of 5.75 km (18,900 ft) is 200°C. Rates of penetration
(ROP) for this area are high except for soft shales at shallow depths. However, well costs are
affected by overpressure encountered in some formations, so extra casing strings may be needed.

ii. Nampa, Idaho

This location in southwest Idaho is in the Snake River Plain with basalt to a depth of about 1.5 km
and granitic basement below that. Basalt is hard and abrasive with fractures and loss zones. The
temperature gradient is 43°C/km on average, but is higher below the basalt, so that the
completion temperature at the target depth of 5.5 km is 265°C. 

iii. Three Sisters, Oregon

The area immediately around the Three Sisters volcanoes is a national park and is, therefore, off-
limits for drilling. However, a large caldera complex with high heat flow extends to the east toward
Bend. Faults trending northeast-southwest, possibly tensional, pass through the caldera area and
make this a potential target. Volcanics with potentially large lost circulation zones overlie granitic
basement. The target temperature is 250°C at 4.6 km, due to a geothermal gradient of about
50°C/km. However, shallow groundwater circulation may obscure a much higher gradient, and
no deep well data are available to determine this.

iv. Poplar, Montana

Plentiful data and ongoing oil and gas production from the Poplar Dome oil field in the Madison
limestone make this site of interest. There are two targets: (i) the shallow, known-temperature oil
field with temperatures of about 135°C at 2.2 km and (ii) the deep, granitic basement at 250°C at
6.5 km or possibly shallower. There has been little deep exploration in this area because
production in the upper zones has been sufficient. However, as production has declined, deeper
wells have been drilled in neighboring fields. Unfortunately, few temperature data are publicly
available. The example addressed below is completed at shallow depth and low temperature in the
Madison limestone because there are available data on this resource. The area generally is
normally pressured. The location on a Sioux reservation with a casino, development, and
increasing demand for power make this site somewhat more attractive.

v. Kelseyville, California

The Clear Lake volcanic field has very high temperature gradients and a great deal of data from
both mining and geothermal exploration. Although tailings piles from mercury mining drain into
the lake in some areas, making the environmental aspects of this site challenging, the location
was chosen away from old mines but outside the city of Kelseyville. The target temperature is
415°C at a depth of 6 km. The high temperature warrants the deep depth. Altered and potentially
unstable meta-sedimentary rocks overlie granite, which starts at variable depth of around 3-4 km. 

vi. Conway, New Hampshire

This site is in the East, with a somewhat elevated temperature gradient (for the East Coast) of
24°C/km. The completion depth is 7 km to reach 200°C, with drilling through granite to total
depth. The stress regime in this area is not well known, but is likely to be strike slip.
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Table 5.1 Example of site-fracturing information.

The sites with crystalline basement will be similar to many of the EGS sites studied so far for research
purposes. All of these sites have significant stress histories that should have produced pre-existing
fractures. The two sites in sedimentary basins are routinely fractured for oil and gas production and
resemble the situation at Horstberg. Water is available from oil and gas production for fracturing and
for circulation makeup. Water costs for the other sites assumed purchase from the local water utility,
although the New Hampshire site is very close to a river, and there should be ample water available
in the long term for cooling and makeup, as well as fracturing, because the run of the river water law
is followed in the east.

E. Texas
Basin

Nampa Sisters 
Area

Poplar 
Dome

Clear 
Lake

Conway
Granite

Average 
temperature gradient 
to 250°C , °C/km

40 43 50 37 76 24

Depth to 250°C, km 5.75 5.5 4.6 6.5 3 10

Completion 
temperature, °C

200 265 250 135 415 200

Depth to top of 
granite, km

5 4.5 3.5 4 3 0

Completion 
depth, km

5 5 5 2.2 6 7

Stress type Tension Tension Tension Strike slip Tension Strike slip

Completion 
formation (bedrock)

Sandstone,
silicified

Granite Granite Madison
limestone

Granite Granite

Overlying 
formations

Soft grading
to harder
cements

Basalt to
about 1.5km

Tuffs,
andesite/
basaltic
lavas,
andesite

Sandstone/
limestone/
shale

Rhyolite/
hydro-
thermally
altered
meta-
sediments

None
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Cost estimates were based on the assumption that commercial fracturing service companies would
perform the hydraulic-fracture stimulation. Portions (some significant) of the above costs depend on:
(i) equipment mileage from the nearest pumping service company office to the site, and (ii) service
company on-site personnel time charges.

For these cases, the results from two hydraulic-fracturing models, Perkins Kern Nordgren (PKN) and
Geertsama de Klerk (GDK), were used for volume, pumping power, and pumping time requirements.
The PKN and GDK models yield close, but not exact, results for these. Because no direct link between
cost and any property of the reservoir could be found, an average of the results from each was used
in the analysis. 

All cases were for a vertically oriented fracture (or shear fracture cluster), penetrating radially outward
and downward as well as up, (centered at the casing shoe), with a fracture radius of 900 m to provide
5x106 m2 of fracture face exposure. The in situ stresses in the fracture regions were based on a stress
gradient of 0.136 MPa/m. The injection fracturing pipe string was consistent with the drilling-casing
programs for the site for calculating surface injection power requirements.

The effective rock mechanical properties (elastic moduli and Poisson’s ratios), and fluid efficiency
parameters for the designs, were based on relative percentages of granite to non-granite formation
penetrated by the fracture (shear fracture cluster).

The costs for all project wells include tailing (placing) in relatively small, but sufficient, proppant
quantities to mitigate high-pressure drop (skin) effects in the near wellbore vicinity. Table 5.2 shows
the estimated cost for two average injection rates. Detailed step rate injection histories were not used
for this analysis.

It was assumed that each well would need two fracture treatments. Experience would determine
whether this is the best strategy or whether one longer fracture treatment would be more effective, so
that in out years, the cost might be cut in half. These costs can be lowered further for later
stimulations – once the project is determined to be feasible – by using purchased pumps that would
be used for long-term site operations. For large-scale projects, there would be on-site fracturing
pumps, designed for long-term operation, to stimulate new reservoirs without a service company.
This represents a cost benefit in developing a large volume of relatively uniform rock.

Table 5.2 Cost estimates for wells at example sites, for two average injection rates.

Project site Percentage of 
fracture in granite

Hydraulic fracturing costs, $

@ 93 kg/s @ 180 kg/s

Winnie, TX 0% 145,000 171,000

Nampa, ID 39% 260,000 356,000

Sisters, OR 83% 348,000 450,000

Poplar, MT 0% 152,000 179,000

Kelseyville, CA 56% 450,000 491,000

Conway, NH 100% 502,000 580,000



5.12 Long-term Reservoir Management
Because no resource of commercial size has been tested for more than a few months, there are few
data to make conclusions about the long-term management of an EGS resource. Flow rate per
production well, temperature, and pressure drop through the reservoir and wells govern the energy
that can be extracted from a well system. The nature of the fractured reservoir controls the reservoir
life and the amount of heat that can ultimately be recovered from the rock volume. The pressure drop
and wellhead temperature are both controlled by the nature of the fracture system, the surface area
that the fluid is in contact with, and the fracture aperture and path length. While a long path length
is desirable for a long reservoir life, a long path length would be likely to result in higher pressure
drop. On the other hand, if there are many paths for the fluid to take, high flow rates and high fracture
surface area can both be achieved with lower pressure drop, better heat exchange, and higher total
heat recovered from the rock volume.

The amount of temperature drop in the active reservoir that can be tolerated by any given system is
largely a matter of project economics. If there is no temperature decline, then the heat is not being
efficiently removed from the rock. If there is too much temperature decline, either the reservoir must
be replaced by drilling and fracturing new rock volume, or the efficiency of the surface equipment
will be reduced and project economics will suffer. The amount of decline in circulating fluid
temperature that power-generation equipment can tolerate is a matter of economics. While a given
plant may be able to run with temperatures as much as 50% lower than the initial design temperature
(in degrees Celsius), the net power output may fall below zero if there is not enough power to operate
the pumps for the circulation system. With current technology, there are a number of options for
operating the reservoir that might work to manage the reservoir long term. For the purpose of
economics, a 10% drop in temperature means that the system can still operate without too extreme a
reduction in efficiency, while extracting heat from the rock and maintaining some rock temperature
for future heat mining. Sanyal and Butler (2005) use a drop of 15% in their analysis of recoverable
heat from EGS systems, so a 10% drop is probably conservative. The temperature drop at East Mesa
exceeded 10% in some parts of the field, and changes to the wellfield system were able to restore some
of this without huge expense. This amount of temperature drop would be significant enough to
trigger some intervention. 

Long-term reservoir management demands that models predicting long-term temperature, pressure,
and fluid chemistry behavior be validated with data collected from operating the reservoir (for
example, see Dash et al., 1989). These models can be used to predict the reservoir behavior prior to
operation and then make changes in well pressures, flow rates, and in the reservoir fractured volume
to maintain the produced fluid temperature.

The circulation system consists of injection pumps, production pumps, the surface conversion
system, the wells, the fractured reservoir, and the piping to move the fluid around. Each of these
elements involves frictional pressure drop, which needs to be accounted for in the economics of the
project because it represents an energy loss to the system. The wellbore size must be planned to
accommodate the lowest pressure drop, while also controlling the cost of the well. The production
wells most likely will be pumped using downhole pumps and so must be designed to accommodate
the pump diameter needed for the pumps and motors – usually about 24 cm (9.5”) – and maintain a
sufficient-diameter downhole to reduce pressure drop for the high flow rates.
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Buoyancy effects due to the density difference between the hot production and colder injection wells
work to reduce the pumping work required for fluid circulation. Given that many EGS systems will
involve deep reservoirs, this effect can have a significant impact on overall system performance.
Buoyancy causes a pressure gain which, in principle, can be large enough to cause the system to “self-
pump” as a result of a thermal siphon effect. For example, for a 250°C reservoir at 6 km, the net
buoyancy gain could be as large as 10 MPa (1450 psi). Therefore, if the pressure drop in the circulating
system – due to frictional losses in the wells and impedance within the fractured formation – was less
than 10 MPa, the system would self-pump.

The life of the reservoir is largely controlled by the effective surface area and the total volume of rock
that the circulating fluid accesses. However, other factors affecting the lifetime of the system include
the amount of short circuiting of fluid between injection and production wells, the quantity of water
permanently lost to the surrounding rock, and the amount and severity of seismic activity generated
during reservoir operation (if any). The development of preferred pathways in the reservoir through
which fluids can bypass portions of the fracture rock mass (termed “short circuiting”) is one of the
major challenges facing EGS system development. To measure short circuiting, tracer testing with
numerical modeling will probably yield the best metric, but more research work needs to be done in
this area. The metric adopted here is the ratio of the volume of tracer-doped water before breakthrough
to a producer to the total reservoir effective volume. The larger this ratio is, and the closer it is to the
reservoir porosity (usually 1% to 7% for fractured hard rocks), the less the short circuiting.

Loss of fluid to the reservoir determines how much cold fluid must be added as the system is
produced. Because makeup water may be expensive, low fluid loss is desirable. Minimal loss is also
desirable from other considerations. Fluid that has circulated repeatedly through the reservoir will
eventually come to chemical equilibrium with the reservoir rocks, neither dissolving nor depositing
minerals. Also, makeup water will be colder than water injected directly from the surface plant, so
addition of large amounts of makeup water will hasten the cooling of the rock volume.

5.13 Conclusions – Stimulation Technologies
and Estimated Costs 
The analysis presented in Chapter 2 indicates that the heat stored in the earth to depths that are
accessible with today’s technology is truly vast. However, the fraction of this resource base that can be
economically recovered is dependent on increased understanding of reservoir behavior and,
therefore, is directly connected to current research and testing of EGS. Here, we present some of the
pressing needs to advance the state of the art in EGS reservoir technology.

• Assessing the size of the stimulated volume and heat-transfer area. Being able to determine the heat-
exchange area and the volume of the fractured rock in an EGS reservoir is an important part of
stimulation design and operation. Conservative tracers, thermally and chemically reactive tracers,
natural fluid tracers, microseismic monitoring, active seismic measurement, and advanced forms of
reservoir tomography such as muon tomography are areas with potential for determining the size
of the resource accessed, and for targeting and drilling further production and injection wells. 

Chapter 5 Subsurface System Design Issues and Approaches

5-19



• Development of high-temperature downhole tools. While downhole tools have been developed that can
be used to measure temperature, pressure, flow, and natural gamma emissions on a short-term
basis, these instruments cannot be left in the well for long-term monitoring. In addition, tools for
microearthquake monitoring are limited to temperatures below 120°C. New generation downhole
tools need to withstand temperatures of more than 200°C for extended time periods to be useful for
monitoring over the lifetime of the reservoir. 

• Better understanding of rock/water interactions. One important area of ongoing research is prediction
and monitoring of rock/water interactions (for example, see Moller et al., 2006). Although our
understanding of the chemistry of rock/water systems has improved, we are still working on
predictive models of long-term behavior in an EGS operation. Past EGS field experiments have
yielded only scant information on rock/water interaction because of their limited duration. Data are
available from deep petroleum industry wells, but these data have not been collected and analyzed
for their relevance to EGS development. Control of scale formation and rock dissolution in the
reservoir are areas for technology enhancement through research. Whereas scale and corrosion in
wells and surface equipment can be controlled using methods developed by the hydrothermal
industry, this has not been attempted in the reservoir itself.

• Methods for coping with flow short circuits. An important area for engineering research is the
development of methods for dealing with flow short circuits that may develop during operation of
the EGS reservoir. A better understanding of this will allow fluids to be directed to specified parts of
the reservoir, and will prevent excessive water loss. The oil and gas industry uses fluids with
controlled viscosity to accomplish some of this. Currently, the temperature limit for fluid additives
to control rheology is about 175°C (350°F), well below the target temperature of 200°C for high-grade
EGS projects. Increasing oil prices have resulted in renewed interest in extending the temperature
limits for these fluid additives as higher-temperature oil and gas fields become economical to
produce. As a result, maximum temperatures for fluid additives have been increased through
research by the petroleum industry. There may be other areas of research that can result in reduced
risk of short circuiting, or in managing sections of the wellbore to shut off preferred pathways.
Pressure management of the reservoir may be useful for long-term control of both fluid loss and too-
short fluid pathways causing excessive cooling.

• Strategy for dealing with formation temperature decline. The current strategy for coping with
temperature drop in the system is to replace the cooled fracture volume with new fractured rock.
This can be accomplished by drilling new wells into previously unfractured rock or by drilling legs
from existing wells into rock previously fractured but not accessed by circulation. In large-scale,
commercial systems, the well spacing and pattern would be designed to take advantage of as much
of the created or enhanced reservoir as possible, so that no upfront fracturing cost would be wasted.
However, there is bound to be some volume that is not swept on the edges of the system, which
could be accessed either by redrilling wells, or by drilling new wells. The ongoing reservoir
maintenance of a commercial-size system with many well groups and circulation cells would require
adding new reservoir fracture area at regular intervals to maintain temperature and flow rate to the
plant. This becomes part of the cost of maintaining the reservoir.
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• Methods to control growth of fractured volume. It is clear from experiences at Soultz and other EGS
sites that reservoirs can continue to grow during circulation, unless pressures are controlled and
balanced to avoid expansion. Strategies for controlling operating pressures could be developed
empirically by tracking the reservoir growth with seismic monitoring equipment. New wells, or new
legs to existing wells, could then be drilled to access this new portion of the reservoir. This type of
reservoir management would require validated numerical models that accurately predict reservoir
behavior. Thermal hydraulic models currently can handle heat transfer, but they do not
quantitatively predict changes in fracture surface area or permeability with pressure and
temperature. Geochemically induced changes in permeability may be modeled in the future, but
presently are not included in most models.

• Improved reservoir modeling. The future of EGS is extremely dependent on our understanding of the
natural, unstimulated rock fracture system and on our ability to predict how the reservoir will behave
under stimulation and production (for example, see DuTeaux et al., 1996). So far, we have not
operated a commercial-sized EGS reservoir long enough to be able to use the data to validate a
model. Until we do this, it is difficult to estimate the actual operating cost of one of these systems.
At this early stage, we have based estimated EGS stimulation costs on variations of oil and gas field
practice (see Chapter 9 for details). As more data become available, these costs will be refined.

To sum up, a robust R&D program will be needed to realize the ultimate potential of EGS. More
specifically, to extend the predictive capabilities of reservoir performance modeling will require
validation with extensive flow testing at a number of EGS field sites (e.g. see Figure 5.2).
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Appendices
A.5.1 Current State of Technology
A.5.1.1 Logging tools

Temperature, pressure, spinner, and gamma tools are available for use on logging cable for up to
about 300°C. For temperatures exceeding this, the tools should be used as memory tools run on slick
line. Resistivity, sonic, gamma, and density neutron tools are available for use at or above 260°C and
20 MPa pressures (Sarian and Gibson, 2005). Borehole imaging can be done by cooling the hole and
using Formation Micro-imaging (micro resistivity) or by using a high-temperature (225°C limit)
ultrasonic borehole televiewer.

A.5.1.2 Downhole mechanical tools

Downhole mechanical tools (packers, etc.) can be equipped for reliable service up to about 250°C.
However, open-hole packers that can be set and released reliably are not readily available for these
temperatures. Sandia (Mansure and Westmoreland, 2000) has contributed to the development of a
drillable inflatable packer by Weatherford that can be used at high temperatures. Although the packer
is not retrievable, it is drillable after the stimulation is finished. Similar noncommercial packers have
been used successfully at Soultz.

A.5.1.3 Hydraulic-fracturing materials

Propping agents: Manufactured chemically stable proppants can provide acceptable long-term
fracture conductivities at 8,000+ meters and temperatures of 250°C.

Fracturing fluids: Although water is the fluid of choice from an economic standpoint, there are
alternatives that can provide adequate proppant transport rheology for periods of 72 hours at
temperatures of 220°C. However, viscosity begins to decrease at about 175°C for most high-
temperature fluids. Planning for this is necessary, if alternative fluids are to be used.

A.5.1.4 Downhole electric submersible pumps

Downhole electric submersible pumps are available for temperatures up to 175°C. High-volume flow
rates of up to about 125 l/s can be produced at this temperature, but there is little testing at
temperatures higher than this. Line-shaft pumps can produce fluids at higher temperatures, but these
cannot be set at depths greater than about 600 m. They also require the use of oil lubrication of the
rotating driveshaft. This oil leaks to the reservoir and is injected, causing long-term environmental
risk and possible clogging or fouling of the heat exchangers in binary plants.

A.5.1.5 Numerical models

Numerical models are available for flow in fractures with heat exchange and changing pressure.
However, the effect of thermal and pressure changes on permeability in fractures along with heat
exchange has not been adequately modeled in such a way that fracture growth can be predicted. Fully
coupled models that take geochemical effects into account are far from being perfected. Much more
work is needed on the correlations required for these models, if they are to be used successfully.
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A.5.2 Oil and Gas Developments Relevant to EGS
The oil and gas industry continues its pursuit of technology and tools applicable to high-pressure,
high-temperature conditions. The temperatures that are currently being encountered for oil and gas
development generally are on the lower end of the geothermal temperature spectrum. However, as
the price of oil and gas increases, the search for new U.S.-based reserves will extend into deeper
formations with higher temperatures and pressures. 

Capability limits (both temperature and pressure) have increased significantly during the past
decade for oil and gas wire-line logging equipment, downhole mechanical tools, and hydraulic-
fracturing materials. These limits are expected to continue increasing to serve the needs of the oil
and gas explorers and producers as they progress into more severe environments. As a result, the
technology and tools that will emerge in the oil and gas industry also will be useful for developing
geothermal applications.

A.5.3 Tests for the First Well in an EGS Project
The following lists specific tests and logs that are recommended for EGS wells:

1. Collection of full-hole, oriented core samples (one core barrel) at 100 m intervals throughout the
prospective portion of the formation where fracture penetration is expected.

2. Comprehensive laboratory core analysis to ascertain:

• Rock properties (via both mechanical and acoustical tests) for elastic modulii, Poisson’s ratios,
compressive and tensile and shear strengths, directional attributes, point-load behavior,
densities, thermoelastic properties, etc.

• Mineralogical compositions

• Descriptive formation structure – fracture, fissure, joint, fault patterns

3. Comprehensive wire-line log suites, including:

• Radioactive – Gamma ray, neutron

• Acoustic wave train – Compression/shear wave

• Resistivity – micro, intermediate, deep

• Wellbore caliper

• Wellbore image

4. Tests at selected points or intervals in the wellbore, in accordance with analyses of core and log
information:

• Micro-frac in situ stress breakdown

• Mini-frac shut-in/pressure decline (for fluid leak-off)

• Tri-axial borehole seismic in concert with mini-frac tests made during drilling each interval

• Fluid injectivity/pressure fall-off (for both virgin, and induced fracture intervals)
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5. Comprehensive mapping of the fracture or shear fracture cluster during hydraulic fracturing
through monitoring of microearthquakes. This requires installation of a network of three-
component seismometers in boreholes drilled into fairly solid rock and, if possible, into the
basement rock.

Prior to drilling the second well in the prospect, the above collection of information should be
thoroughly analyzed. Tests that obviously do not yield worthwhile information should be discarded.
Test procedures that yield questionable information should be revised. In cases where information
requirements emerge by virtue of the existing test results, additional test procedures should be
developed to obtain such information. A test program should then be developed for the second
prospective well. This process should be repeated for subsequent wells in the project. Once a deep
well is completed, geophysical logs will be required to quantify the temperature profile, joint network
data, in situ stress profile, sonic log, etc. In a high-temperature environment, the well may need to be
circulated and cooled before these logs (except for a temperature log) can be carried out. The only
useful temperature information obtained during drilling, or just after drilling, is the bottom-hole
temperature, as the temperature profile higher in the well will be affected by the cooling caused by
the drilling. Even the bottom-hole temperature may have some cooling if there is permeability on the
bottom. It may take up to three months after the drilling is completed for the temperature to reach
the natural equilibrium.

Following the assessment of the in situ conditions from geophysical logs, small-scale injection tests
(as seen at Cooper Basin in Figure 5.2) will be required to assess undisturbed hydraulic properties of
the open section of the well. The quantity of water and the pressure required will depend on the state
of existing flowing joints and tightness of the formation. Estimation will be made on the requirement
of the water for these tests. The following tests are appropriate for evaluating the natural state of the
reservoir for permeability/transmissivity and other hydrologic properties:

i. Slug test

A slug test involves an impulse excitation, such as a sudden withdrawal/injection of a weighted float,
or a rapid injection of a small volume of water. The response of a well-aquifer to that change in water
level is then measured. The slug test will also give information required to design the subsequent low-
rate injection test. The total amount of water used is negligible i.e., in the range of 2-5 m3.

ii. Production test

Producing formation fluid will yield important information for the future heat exchanger about the
P–T conditions in the reservoir. Furthermore, the fluid chemistry and the gas content are important
parameters in designing the pilot plant to minimize scaling and corrosion. These are two good
reasons to perform a production test at a time when the fluid surrounding the well is not yet disturbed
by a major injection. A well can be produced by using a buoyancy effect or a down-hole pump. It is
preferable to use a down-hole submersible pump where possible. A submersible pump can be
deployed at a depth of about 100-150 m. Depending on the outcome of the slug test, it is probable that
the well could produce nearly 1 m3/hr, which may be sufficient to get several wellbore volumes of fluid
in a reasonable time of a few weeks. Additionally, a down-hole pressure gauge, gas sampling (or gas
trap) at the wellhead, and a surface flow meter, would add further information on the draw-down
characteristic of the well. 
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iii. Low-rate injection tests

The main objective of the low-rate injection test is to determine the hydraulic properties of the
unstimulated open-hole section of the well. The derived values will be used as inputs for numeric
models, planning of the stimulation (pressure required for a stimulation), and subsequently for the
assessment of the stimulation and identification of predominant flowing zones using a temperature
or flow log. 

iv. Pre-stimulation test

This test consists of injecting nearly 400-600 m3 of fluid at a constant flow rate of about 5-7 kg/s.
Fresh water, or saturated brine, can be used. Saturated brine can be very useful in helping stimulation
near the bottom of the well, but this depends on the state of the in situ stress. After the pre-stimulation
test, the wellhead is shut in to see how the pressure declines. This will give some indication of the
natural transmissivity, leak-off, or far-field connectivity.

v. Main stimulation of the first well

During the main stimulation, fresh water is injected in steps with increasing flow rates. Three to four
flow-rate steps are normally used. The flow-rate steps may vary depending on the leak-off, and on
whether it is a closed system or open system. Flow-rate steps of about 30, 40, 50, and maybe 70 kg/s
are not unreasonable. Normally, the selected step of injected flow rate is continued until the wellhead
or downhole pressure reaches an asymptote showing that the far-field leak-off is balanced by the
injected flow. This is feasible in a relatively open system, but most observed EGS systems have poor
far-field connectivity and, therefore, the wellhead pressure is likely to continue increasing. In this
case, injection may be carried out at 30 kg/s for 24-30 hrs, 40 kg/s for 24-30 hrs, 50 kg/s for 24-
30 hrs, and 70 kg/s for 3 days. The injected volume may vary between 28,000 m3 to 31,000 m3,
depending on the flow and the injection period.

vi. Post-stimulation test 

A post-stimulation test is conducted to evaluate the enhancement in the permeability obtained
during the main stimulation of the reservoir. Possible injection flow rates would be around 7, 30, 40
and 50 kg/s for about 12, 12, 24 and 12 hrs. The apparent reduction in the injection pressure,
compared to the injection pressure required pre-stimulation for the same flow rate, will give
quantitative indication of the improvement in the permeability of the stimulated rock mass. The total
volume of water used for this test would be about 7,200 m3.

vii. Drilling of the second well and follow-on testing

Results of the testing of the first well and the stimulated reservoir are used to target the drilling of the
second well. Following drilling of the second well, the same wellbore characterization diagnostics
recommended for the first well should be run on the second well. A suite of flow tests (similar to those
for the first well) also should be carried out, but this time the goal of the testing is to establish the
connection between the first and second well. If the connection is not good or needs improvement,
the second well may need to be stimulated one or more times.

viii.Short-term circulation test between the first and second wells

Once a hydraulic link between the two wells has been established, a small-scale circulation loop
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between the wells will need to be established. Wells with a separation of 600 m and a good hydraulic
link between the wells would show a breakthrough time for a tracer of about 4 to 6 days. The storage
volume of the reservoir may increase to accommodate increased injection rates through the system.
An initial starting step of 20 kg/s is considered reasonable and, if possible, the rate should be
stepped up until the microseismicity suggests reservoir growth is taking place – which would suggest
that about 2,600 m3 will be required to initiate a circulation test. Taking a worst-case scenario of
losing 10% in the formation via leak-off, this will bring the figure up to 3,600 m3 for a three-week
circulation test. A separator, a heat exchanger, a heat load, and water-storage facility will be required
to implement this test. 

ix. Evaluate and refracture or stimulate near wellbore

If the wellbore has skin damage (high-pressure drop near the wellbore), the near-wellbore area is very
susceptible to improvement. Acidizing, emplacing proppants, short high-pressure stimulation, or
other methods can help eliminate near-wellbore pressure drop.

x. Long-term test circulation at or near commercial scale (about 50-100 kg/s)

No one has reached flow rates in the region of 70-100 kg/s. This stage will depend on the result of
the earlier circulation test. Evaluating the reservoir using pressure and temperature response,
tracers, and microseismic data will help analysts understand what is happening in the reservoir and
its surroundings. 

About 4,000 m3 would be required to charge the system. An acceptable worst-case scenario for water
loss during circulation is 10%, which brings the figure up to 13,000 m3 for a three-week test.
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6.1 Scope and Approach 
Exploration, production, and injection well drilling are major cost components of any geothermal
project (Petty et al., 1992; Pierce and Livesay, 1994; Pierce and Livesay, 1993a; Pierce and Livesay,
1993b). Even for high-grade resources, they can account for 30% of the total capital investment; and
with low-grade resources, the percentage increases to 60% or more of the total. Economic forecasting
of thermal energy recovery by Enhanced Geothermal System (EGS) technologies requires reliable
estimates of well drilling and completion costs. For this assessment, a cost model – flexible enough
to accommodate variations in well-design parameters such as depth, production diameter, drilling
angle, etc. – is needed to estimate drilling costs of EGS wells for depths up to 10,000 m (32,800 ft).

Although existing geothermal well-cost data provide guidance useful in predicting these costs, there
are insufficient numbers of geothermal well records, of any kind, to supply the kind of parametric
variation needed for accurate analysis. Currently, there are fewer than 100 geothermal wells drilled
per year in the United States, few or none of which are deep enough to be of interest. Very few
geothermal wells in the United States are deeper than 2,750 m (9,000 ft), making predictions of deep
EGS wells especially difficult. Although there are clear differences between drilling geothermal and
oil and gas wells, many insights can be gained by examining technology and cost trends from the
extensive oil and gas well drilling experience. 

Thousands of oil/gas wells are drilled each year in the United States, and data on the well costs are
readily available (American Petroleum Institute, JAS, 1976-2004). Because the process of drilling oil
and gas wells is very similar to drilling geothermal wells, it can be assumed that trends in the oil and
gas industry also will apply to geothermal wells. Additionally, the similarity between oil and gas wells
and geothermal wells makes it possible to develop a drilling cost index that can be used to normalize
the sparse data on geothermal well costs from the past three decades to current currency values, so that
the wells can be compared on a common dollar basis. Oil and gas trends can then be combined with
existing geothermal well costs to make rough estimates of EGS drilling costs as a function of depth. 

Oil and gas well completion costs were studied to determine general trends in drilling costs. These
trends were used to analyze and update historical geothermal well costs. The historical data were used
to validate a drilling cost model called Wellcost Lite, developed by Bill Livesay and coworkers. The
model estimates the cost of a well of a specific depth, casing design, diameter, and geological
environment. A series of base-case geothermal well designs was generated using the model, and costs
for these wells were compared to costs for both existing geothermal wells and oil and gas wells over
a range of depths. Knowledge of the specific components of drilling costs was also used to determine
how emerging and revolutionary technologies would impact geothermal drilling costs in the future. 
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6.2 Review of Geothermal Drilling Technology
6.2.1 Early geothermal/EGS drilling development
The technology of U.S. geothermal drilling evolved from its beginning in the early 1970s with a flurry
of activity in The Geysers field – a vapor-dominated steam field – in Northern California. Although
international geothermal development began before the 1960s in places such as Italy at Lardarello,
New Zealand, and Iceland, the development of The Geysers field in northern California was the first
big U.S project. Problems encountered during drilling at The Geysers, such as fractured hard and
abrasive formations, extreme lost circulation, and the higher temperatures were overcome by
adaptation and innovation of existing oil and gas technology to the demanding downhole
environment in geothermal wells. The drilling at The Geysers resulted in the reconfiguration of rigs
specially outfitted for drilling in that environment.

These early geothermal wells at The Geysers were perceived to lie in a category somewhere between
“deep, hot, water wells” and “shallow oil/gas wells.” Later, other U.S. geothermal drilling activities started
in the hydrothermal environments of Imperial Valley in California, the Coso field in East Central
California, and Dixie Valley in Northern Nevada. Imperial Valley has a “layer-cake” arrangement of
formations, very similar to a sedimentary oil and gas field. Here, geothermal fluids are produced in the
boundaries of an area that has subsided due to the action of a major fault (San Andreas). The Salton Sea
reservoir is in the Imperial Valley about 25 miles from El Centro, California. Some extremely productive
wells have been drilled and are producing today at this site, including Vonderahe 1, which is the most
productive well in the continental United States. An extension of the same type of resource crosses over
into Northern Mexico near Cierro Prieto. Approximately 300 MWe are generated from the Salton Sea
reservoir and more than 720 MWe from Ciero Prieto. Northern Nevada has numerous power producing
fields. Dixie Valley is a relatively deep field (> 3,000 m or 9,000 ft) near a fault line. 

In parallel with these U.S. efforts, geothermal developments in the Philippines and Indonesia spurred
on the supply and service industries. There was continual feedback from these overseas operations,
because, in many cases, the same companies were involved – notably Unocal Geothermal, Phillips
Petroleum (now part of ConocoPhillips), Chevron, and others.

Similar to conventional geothermal drilling technology, drilling in Enhanced Geothermal Systems
(EGS) – in which adequate rock permeability and/or sufficient naturally occurring fluid for heat
extraction are lacking and must be engineered – originated in the 1970s with the Los Alamos-led hot
dry rock (HDR) project at Fenton Hill. Drilling efforts in EGS continued with the British effort at
Rosemanowes in the 1980s, and the Japanese developments at Hijiori and Ogachi in the 1990s.
Research and development in EGS continues today with an EGS European Union project at Soultz,
France, and an Australian venture at Cooper Basin (see Chapter 4 for details of these and other
projects). First-generation EGS experiments are also ongoing at Desert Peak in Nevada and Coso in
southern California, which is considered to be a young volcanic field. Experience at these sites has
significantly improved EGS drilling technology. For example, rigs used to drill shallow geothermal
wells rarely include a top-drive, which has proven to be beneficial. However, there is still much that
can be improved in terms of reducing EGS drilling costs.

As a result of field experience at conventional hydrothermal and EGS sites, drilling technology has
matured during the past 30 years. To a large degree, geothermal drilling technology has been adapted
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from oil, gas, mining, and water-well drilling practices – and generally has incorporated engineering
expertise, uses, equipment, and materials common to these other forms of drilling. Nonetheless,
some modification of traditional materials and methods was necessary, particularly with regard to
muds and mud coolers, bit design, and bit selection. Initially, there were problems with rapid bit wear,
especially in the heel-row (or gauge) of the bit, corrosion of the drill pipe during the air drilling effort,
and general corrosion problems with well heads and valves. Major problems with wear of the bit
bearing and cutting structure have been almost completely overcome with tougher and more robust,
tungsten carbide roller cone journal bearing bits. Rapid wear of the cutting structure, especially the
heel row, has been overcome by the development of more wear-resistant tungsten carbide cutters, and
the occasional use of polycrystalline surfaced inserts to improve wear-resistance. Alternative designs
were needed for geothermal applications, such as for casing and cementing to accommodate thermal
expansion and to provide corrosion protection. Drilling engineers and rig-site drilling supervisors
used their experience and background to develop these methods to safely drill and complete the
geothermal wells in The Geysers, Imperial Valley, the Philippines, Indonesia, Northern Nevada, and
other hydrothermal resource areas. 

6.2.2 Current EGS drilling technology
The current state of the art in geothermal drilling is essentially that of oil and gas drilling,
incorporating engineering solutions to problems that are associated with geothermal environments,
i.e., temperature effects on instrumentation, thermal expansion of casing strings, drilling hardness,
and lost circulation. The DOE has supported a range of R&D activities in this area at Sandia National
Laboratories and elsewhere. Advances in overcoming the problems encountered in drilling in
geothermal environments have been made on several fronts:

High-temperature instrumentation and seals. Geothermal wells expose drilling fluid and downhole
equipment to higher temperatures than are common in oil and gas drilling. However, as hydrocarbon
reserves are depleted, the oil and gas industry is continually being forced to drill to greater depths,
exposing equipment to temperatures comparable with those in geothermal wells. High-temperature
problems are most frequently associated with the instrumentation used to measure and control the
drilling direction and with logging equipment. Until recently, electronics have had temperature
limitations of about 150°C (300°F). Heat-shielded instruments, which have been in use successfully
for a number of years, are used to protect downhole instrumentation for a period of time. However,
even when heat shields are used, internal temperatures will continue to increase until the threshold
for operation of the electronic components is breached. Batteries are affected in a similar manner
when used in electronic instruments. Recent success with “bare” high-temperature electronics has
been very promising, but more improvements are needed. 

Temperature effects on downhole drilling tools and muds have been largely overcome by refinement
of seals and thermal-expansion processes. Fluid temperatures in excess of 190°C (370°F) may damage
components such as seals and elastomeric insulators. Bit-bearing seals, cable insulations, surface
well-control equipment, and sealing elements are some of the items that must be designed and
manufactured with these temperatures in mind. Elastomeric seals are very common in the tools and
fixtures that are exposed to the downhole temperatures. 

Logging. The use of well logs is an important diagnostic tool that is not yet fully developed in the
geothermal industry. For oil and gas drilling, electric logging provides a great deal of information
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about the formation, even before field testing. Logs that identify key formation characteristics other
than temperature, flow, and fractures are not widely used for geothermal resources. Logging trucks
equipped with high-temperature cables are now more common, but not without additional costs.
Geothermal logging units require wirelines that can withstand much higher temperatures than those
encountered in everyday oil and gas applications. This has encouraged the growth of smaller logging
companies that are dedicated to geothermal applications in California and Nevada. 

Thermal expansion of casing. Thermal expansion can cause buckling of the casing and casing collapse,
which can be costly. Also, thermal contraction due to cooling in injection wells, or thermal cycling in
general, can also lead to damage and eventual tensile failure of casing. It is customary in U.S.
geothermal drilling to provide a complete cement sheath from the shoe to surface on all casing
strings. This provides support and stability to the casing during thermal expansion as the well heats
up during production – and shields against corrosion on the outside of the casing. In contrast,
thermal expansion is much less of an issue in oil and gas completions. Oil and gas casings and liners
are often only tagged at the bottom with 150 to 300 m (500 to 1,000 ft) of cement to “isolate” zones,
and do not require a complete sheath from shoe to the surface. The oil and gas liner laps are also
squeeze-cemented for isolation purposes. Thermal expansion and contraction of casing and liners is
an issue that has been adequately addressed for wells with production temperatures below 260°C
(500°F). Full-sheath cementing and surface-expansion spools can be employed in this temperature
range with confidence. Above operating temperatures of 260°C (500°F), greater care must be taken
to accommodate thermal expansion or contraction effects.

Drilling fluids/“mud” coolers. Surface “mud coolers” are commonly used to reduce the temperature of
the drilling fluid before it is pumped back down the hole. Regulations usually require that mud
coolers be used whenever the return temperature exceeds 75°C (170°F), because the high temperature
of the mud is a burn hazard to rig personnel. The drilling fluid temperature at the bottom of the well
will always be higher than the temperature of the fluid returning to the surface through the annulus,
because it is partly cooled on its way upward by the fluid in the drill pipe. High drilling fluid
temperatures in the well can cause drilling delays after a bit change. “Staging” back into the well may
be required to prevent bringing to the surface fluid that may be above its boiling temperature under
atmospheric conditions.

Drill bits and increased rate of penetration. While many oil and gas wells are in sedimentary column
formations, geothermal operations tend to be in harder, more fractured crystalline or granitic
formations, thus rendering drilling more difficult. In addition to being harder, geothermal formations
are prone to being more fractured and abrasive due to the presence of fractured quartz crystals. Many
EGS resources are in formations that are igneous, influenced by volcanic activity, or that have been
altered by high temperatures and/or hot fluids. Drilling in these formations is generally more
difficult. However, not all geothermal formations are slow to drill. Many are drilled relatively easily
overall, with isolated pockets of hard, crystalline rock. In these conditions, drill bit selection is critical. 

Bits used in geothermal environments are often identical to those used in oil and gas environments,
except that they are more likely to come from the harder end of the specification class range. The oil
and gas industry tends to set the market price of drill bits. Hard tungsten carbide-based roller cone
bits, the most commonly used type for geothermal applications, comprise less than 10% of this
market. Hard formation bits from the oil and gas industry generally do not provide sufficient cutting
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structure hardness or heel row (the outer row of cutters on a rock bit) protection for geothermal
drilling applications. The hard, abrasive rocks encountered in geothermal drilling causes severe wear
on the heel row and the rest of the cutting structure. This sometimes results in problems with
maintenance of the hole diameter and protection of the bearing seals. In some instances, mining
insert bits have been used (especially in air drilling applications) because they were often
manufactured with harder and tougher insert material. 

Problems with drilling through hard formations has been greatly improved by new bearings,
improved design of the heel row, better carbides, and polycrystalline diamond coatings. Bit-
manufacturing companies have made good progress in improving the performance of hard-
formation drill bits through research on the metallurgy of tungsten carbide used in the insert bits and
through innovative design of the bit geometry. Journal bearing roller cone bits are also proving to be
quite effective. However, cutting structure wear-rates in fractured, abrasive formations can still be a
problem, and bit-life in deep geothermal drilling is still limited to less than 50 hours in many
applications. When crystalline rocks (such as granite) are encountered, the rate of advance can be
quite slow, and impregnated diamond bits may be required. 

Polycrystalline diamond compact (PDC) bits have had a major impact on oil and gas drilling since
their introduction in the late 1970s, but did not have a similar effect on geothermal drilling. Although
PDC bits and downhole mud motors, when combined, have made tremendous progress in drilling
sedimentary formations, PDC-based small element drag bits are not used in hard fractured rock.

Lost circulation. Lost circulation is a drilling problem that arises when the circulation of the drilling
fluid is interrupted and it does not return to the surface. The return flow in the annulus is laden with
cuttings cleaned from the well. The sudden loss of fluid return causes the cuttings to be suspended
in the annulus and/or to fall back down the well, clogging the drill pipe. With a total loss of fluid
return, the drilling fluid must be mixed and pumped fast enough to sustain flow and keep the bit
clean, which can be an expensive process. Lost circulation exists in oil and gas drilling, mining, and
in water-well drilling as well, but is much more prevalent in geothermal well drilling. 

Lost circulation can be quite severe in the top 300 to 500 m (1,000 to 1,600 ft) of formations where
sub-hydrostatic conditions exist, leading to standing fluid levels substantially below the surface. Top
sections are often weathered and disturbed and may allow leakage into the formation. Lost circulation
in geothermal projects tends to be near the surface, while lost circulation generally occurs at greater
depths in oil and gas drilling, which can have a greater impact on overall drilling costs. 

Fluid flow from the hole into the loss zone may also remove cement, preventing completion of a
sheath around the casing from the shoe to the surface, or from the shoe to the liner hanger.

Problems with lost circulation during drilling have been reduced somewhat by the greater use of
aerated drilling fluids or air drilling. Air drilling is another technology that has been adapted from the
oil/gas and mining industries. Geothermal reservoirs are quite often under-pressured and prone to
lost circulation, which can make for very difficult casing and cementing procedures. Air or aerated
drilling fluids reduce the effective density of the fluid column and therefore may permit drilling
without loss of circulation. Aerated drilling fluids are most common, but there are various ways in
which air is introduced to affect density reduction. One form of air drilling, utilizing dual-tube
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reverse-circulation drilling (and tremmie tube cementing), is being tested as a solution to severe lost
circulation in the tophole interval of some wells. The dual-tube process provides a path for fluids to
flow down the outer annulus and air to be injected in the annulus between inner tube and the outer
tube. The combined effect is to airlift the cuttings and fluids inside the inner tube. The use of tremmie
tubes to place cement at the shoe of a shallow (or not so shallow) casing shoe is borrowed from water-
well and mining drilling technology. This technique is helpful in cementing tophole zones, where
severe lost circulation has occurred. 

Another solution to cementing problems in the presence of lost circulation is to drill beyond, or
bypass, the loss zone and to cement using a technique that can prevent excessive loss. Lightweight
cement, foamed cement, reverse circulation cement, and lightweight/foamed cement are
developments that enable this approach to be taken. However, only lightweight cement has found
widespread use. Selection of an appropriate cement is critical, because a failed cement job is
extremely difficult to fix.

Directional drilling. Directionally drilled wells reach out in different directions and permit production
from multiple zones that cover a greater portion of the resource and intersect more fractures through
a single casing. An EGS power plant typically requires more than one production well. In terms of the
plant design, and to reduce the overall plant “footprint,” it is preferable to have the wellheads close to
each other. Directional drilling permits this while allowing production well bottom-spacings of 3,000 ft.
(900 m) or more. Selective bottom-hole location of production and injection wells will be critical to
EGS development as highlighted in Chapters 4 and 5.

The tools and technology of directional drilling were developed by the oil and gas industry and
adapted for geothermal use. Since the 1960s, the ability to directionally drill to a target has improved
immensely but still contains some inherent limitations and risks for geothermal applications. In the
1970s, directional equipment was not well-suited to the high-temperature downhole environment.
High temperatures, especially during air drilling, caused problems with directional steering tools and
mud motors, both of which were new to oil and gas directional drilling. However, multilateral
completions using directional drilling are now common practice for both oil and gas and geothermal
applications. The development of a positive displacement downhole motor, combined with a real-time
steering tool, allowed targets to be reached with more confidence and less risk and cost than ever
before. Technology for re-entering the individual laterals for stimulation, repair, and work-overs is
now in place. Directional tools, steering tools, and measurement-while-drilling tools have been
improved for use at higher temperatures and are in everyday use in geothermal drilling; however,
there are still some limitations on temperatures. 

6.3 Historical Well-Cost Data
In order to make comparisons between geothermal well costs and oil and gas well costs, a drilling cost
index is needed to update the costs of drilling hydrothermal and EGS or HDR wells from their
original completion dates to current values. There are insufficient geothermal well-cost data to create
an index based on geothermal wells alone. The oil and gas well drilling industry, however, is a large
and well established industry with thousands of wells drilled each year. Because the drilling process
is essentially the same for oil, gas, and geothermal wells, the Joint Association Survey (JAS) database
provides a good basis for comparison and extrapolation. Therefore, data from the JAS (API, 1976-
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2004) were used to create a drilling index, and this index was used to normalize geothermal well costs
to year 2004 U.S. $. Oil and gas well costs were analyzed based on data from the 2004 JAS for
completed onshore U.S. oil and gas wells. A new, more accurate drilling cost index, called the MIT
Depth Dependent (MITDD) drilling index, which takes into consideration both the depth of a
completed well and the year it was drilled, was developed using the JAS database (1976-2004)
(Augustine et al., 2006). The MITDD index was used to normalize predicted and actual completed
well costs for both HDR or EGS and hydrothermal systems from various sources to year 2004 
U.S. $, and then compare and contrast these costs with oil and gas well costs.

6.3.1 General trends in oil and gas well-completion costs
Tabulated data of average costs for drilling oil and gas wells in the United States from the Joint
Association Survey (JAS) on Drilling Costs (1976-2004) illustrate how drilling costs increase
nonlinearly with depth. Completed well data in the JAS report are broken down by well type, well
location, and the depth interval to which the well was drilled. The wells considered in this study were
limited to onshore oil and gas wells drilled in the United States. The JAS does not publish individual
well costs due to the proprietary nature of the data. The well-cost data are presented in aggregate, and
average values from these data are used to show trends. Ideally, a correlation to determine how well
costs vary with depth would use individual well-cost data. Because this is not possible, average values
from each depth interval were used. However, each depth interval was comprised of data from
between hundreds and thousands of completed wells. Assuming the well costs are normally
distributed, the resulting averages should reflect an accurate value of the typical well depth and cost
for wells from a given interval to be used in the correlation. 

In plotting the JAS data, the average cost per well of oil and gas wells for a given year was calculated
by dividing the total cost of all onshore oil and gas wells in the United States by the total number of
oil and gas wells drilled for each depth interval listed in the JAS report. These average costs are
tabulated in Table A.6.1 (in the Appendices) and shown in Figure 6.1 as the “JAS Oil and Gas Average”
points and trend line. Wells in the 0-1,249 ft (0-380 m) and 20,000+ ft (6100+ m) depth intervals
were not included, because wells under 1,250 ft (380 m) are too shallow to be of importance in this
study, and not enough wells over 20,000 ft (6,100 m) are drilled in a year to give an accurate average
cost per well. 

A cursory analysis quickly shows that well costs are not a linear function of depth. A high order
polynomial, such as: 

(6-1)

where is the completed well cost, is the depth of the well, and ci are fitted parameters, can be
used to express well costs as a function of depth. However, it is not obvious what order polynomial
would best fit the data, and any decent fit will require at least four parameters, if not more. By noting
that an exponential function can be expanded as an infinite series of polynomial terms:

(6-2)
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one might be able to describe the well-cost data as a function of depth using only a few parameters. As
Figure 6.1 shows, the average costs of completed oil and gas wells for the depth intervals from 1,250
feet (380 m) to 19,999 feet (6,100 m) can be described as an exponential function of depth, that is:

(6-3)

where only two fitted parameters, a and b1, are needed. Thus, a plot of log10(well cost) vs. depth results
in a straight line:

(6-4)

Although there is no fundamental economic reason for an exponential dependence, the “Oil and
Gas Average” trend line in Figure 6.1 shows that a two-parameter exponential function adequately
describes year 2004 JAS average completed well costs as a function of depth for the depth intervals
considered. The correlation coefficient (R2) value for the year 2004 JAS data, when fit to Eq. (6-4),
was 0.968. This indicates a high degree of correlation between the log of the completed well costs
and depth. Similar plots for each year of JAS report data from the years 1976-2003 also show high
levels of correlation between the log10 of well costs and depth, with all years having an R2 value of
0.984 or higher.

An insufficient number of ultra-deep wells, with depths of 20,000+ ft (6,100+ m), were drilled in 2004
to give an accurate average. Instead, a number of ultra-deep well costs from 1994-2002 were corrected
to year 2004 U.S. $ using MITDD index values (see Section 6.3.2) for the 17,500-19,999 feet (5,300-
6,100 m) depth interval and plotted in Figure 6.1. Most of the data points represent individual well costs
that happened to be the only reported well drilled in the 20,000+ feet (6,100 m) depth interval in a
region during a given year, while others are an average of several (two or three) ultra-deep wells.
Extrapolation of the average JAS line beyond 20,000 feet (6,100 m), indicated by the dashed line in
Figure 6.1, is generally above the scatter of costs for these individual ultra-deep wells. The ultra-deep well
data demonstrate how much well costs can vary depending on factors other than the depth of the well.
It is easy to assume that all the depth intervals would contain similar scatter in the completed well costs.

Another possible reason for scatter in the drilling cost data is that drilling cost records are often missing
important details, or the reported drilling costs are inaccurate. The available cost data are usually
provided in the form of an authorization for expenditures (AFE), which gives the estimated and actual
expenditures for wells drilled by a company. For example, it is not uncommon for a company to cover
some of the personnel and services required in the drilling of the well in the overhead labor pool, or for
materials purchased for several wells to be listed as expenses on the AFE of only one of the wells. The
lack of records and concern for completeness is an incentive to have a logical method to develop a
model of detailed well drilling-cost expectations. Such a well-cost model attempts to account for all costs
that would relate to the individual well, estimated in a manner similar to a small company’s accounting.
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Figure 6.1 Completed geothermal and oil and gas well costs as a function of depth in year 2004 U.S. $,
including estimated costs from Wellcost Lite model.
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1. JAS = Joint Association Survey on Drilling Costs.

2. Well costs updated to US$ (yr. 2004) using index made from 3-year moving 
average for each depth interval listed in JAS (1976-2004) for onshore, completed 
US oil and gas wells. A 17% inflation rate was assumed for years pre-1976.

3. Ultra deep well data points for depths greater than 6 km are either individual 
wells or averages from a small number of wells listed in JAS (1994-2000).

4. “Other Hydrothermal Actual” data include some non-US wells (Source: Mansure 2004).
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6.3.2 MIT Depth Dependent (MITDD) drilling-cost index
To make comparisons between geothermal well costs and oil and gas well costs, a drilling cost index
is needed to update the costs of drilling hydrothermal and HDR/EGS wells from their original
completion dates to current values. The MIT Depth Dependent (MITDD) drilling cost index
(Augustine et al., 2006) was used to normalize geothermal well costs from the past 30 years to year
2004 U.S. $. The average cost per well at each depth interval in the JAS reports (1976-2004) was used
to create the drilling index, because the drilling process is essentially the same for oil, gas, and
geothermal wells. A 17% inflation rate was assumed for pre-1976 index points. Only onshore,
completed oil and gas wells in the United States were considered, because all hydrothermal and HDR
wells to-date have been drilled onshore. A three-year moving average was used to smooth out short-
term fluctuations in price. The index was referenced to 1977, which is the first year for which a
moving average could be calculated using data reported by JAS from the previous and following years.
Previous indices condense all information from the various depth intervals into a single index
number for each year. This biases the indices toward the cost of shallower wells, which are normally
drilled in much larger numbers each year, and also makes them prone to error in years where a
disproportionate number of either deep or shallow wells are drilled. The MITDD drilling index was
chosen because it avoids these pitfalls by incorporating both depth and year information into the
index. Although this method requires slightly more information and more work, it results in superior
estimates of normalized drilling costs. 

The MIT Depth Dependent drilling cost index is tabulated in Table A.6.2 and shown in Figure 6.2,
which clearly illustrates how widely the drilling indices vary among the different depth intervals.
Before 1986, the drilling cost index rose more quickly for deeper wells than shallower wells. By 1982,
the index for the deepest wells is almost double the index for shallow wells. After 1986, the index for
shallow wells began to rise more quickly than the index for deeper wells. By 2004, the index for wells
in the 1,250-2,499 ft (380-760 m) range is 25%-50% greater than all other intervals. Although it has
the same general trend as the MITDD index, the composite index (MIT Composite) – made by
calculating the average cost per well per year as in previous indices – does not capture these subtleties.
Instead, it incorrectly over- or under-predicts well-cost updates, depending on the year and depth
interval. For example, using the previous method, the index would incorrectly over-predict the cost of
a deep well drilled in 1982 by more than 20% when normalized to year 2004 U.S. $. The MITDD
indices are up to 35% lower for wells over 4 km (13,000 ft) deep in 2004 than the previous index. The
often drastic difference between index values of the MIT Composite index – based on average costs
and the new MITDD index shown in Figure 6.2 from two given years – demonstrates the superiority
of the new MITDD index as a means for more accurately updating well costs.
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Figure 6.2 MITDD drilling cost index made using average cost per well for each depth interval from Joint
Association Survey on Drilling Costs (1976-2004), with data smoothed using a three-year moving average
(1977 = 100 for all depth intervals). Note: 1 ft = 0.3048 m.

Although the drilling cost index correlates how drilling costs vary with depth and time, it does not
provide any insights into the root causes for these variations. An effort was made to determine what
factors influence the drilling cost index and to explain the sometimes erratic changes that occurred in
the index. The large spikes in the drilling index appearing in 1982 can be explained by reviewing the
price of crude oil imports to the United States and wellhead natural gas prices compared to the drilling
cost index, as shown in Figures 6.3 and 6.4. The MIT Composite drilling index was used for simplicity.
Figures 6.3 and 6.4 show a strong correlation between crude oil prices and drilling costs. This correlation
is likely due to the effect of crude oil prices on the average number of rotary drilling rigs in operation in
the United States and worldwide each year, shown in Figure 6.5. Therefore, the drilling cost index
maximum in 1982 was in response to the drastic increase in the price of crude oil, which resulted in
increased oil and gas exploration and drilling activity, and a decrease in drilling rig availability. By simple
supply-and-demand arguments, this led to an increase in the costs of rig rental and drilling equipment.
The increase in drilling costs in recent years, especially for shallow wells, is also due to decreases in rig
availability. This effect is not apparent in Figure 6.5, however, because very few new drilling rigs have
been built since the mid 1980s. Instead, rig availability is dependent, in part, on the ability to salvage
parts from older rigs to keep working rigs operational. As the supply of salvageable parts has decreased,
drilling rig rental rates have increased. Because most new rigs are constructed for intermediate or deep
wells, shallow well costs have increased the most. This line of reasoning is supported by Bloomfield and
Laney (2005), who used similar arguments to relate rig availability to drilling costs. Rig availability, along
with the nonlinearity of well costs with depth, can account for most of the differences between the
previous MIT index and the new depth-dependent indices.
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Figure 6.3 Crude oil and natural gas prices, unadjusted for inflation (Energy Information Administration,
2005) compared to MIT Composite Drilling Index.
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Figure 6.5 Average operating rotary drilling rig count by year, 1975-2004 (Baker Hughes, 2005).

The effect of inflation on drilling costs was also considered. Figure 6.6 shows the gross domestic
product (GDP) deflator index (U.S. Office of Management and Budget, 2006), which is often used to
adjust costs from year to year due to inflation, compared to the MITDD drilling cost index. Figure 6.6
shows that inflation has been steadily increasing, eroding the purchasing power of the dollar. For the
majority of depth intervals, the drilling cost index has only recently increased above the highs of 1982,
despite the significant decrease in average purchasing power. Because the MITDD index does not
account for inflation, this means the actual cost of drilling in terms of present U.S. dollars had
actually decreased in the past two decades until recently. This point is illustrated in Figure 6.7, which
shows the drilling index adjusted for inflation, so that all drilling costs are in year 2004 U.S. $. For
most depth intervals shown in Figure 6.7, the actual cost of drilling in year 2004 U.S. $ has dropped
significantly since 1981. Only shallower wells (1,250-2,499 feet) (380-760 m) do not follow this trend,
possibly due to rig availability issues discussed above. This decrease is likely due to technological
advances in drilling wells – such as better drill bits, more robust bearings, and expandable tubulars –
as well as overall increased experience in drilling wells.
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6.3.3 Updated geothermal well costs
The MITDD drilling cost index was used to update completed well costs to year 2004 U.S. $ for a
number of actual and predicted EGS/HDR and hydrothermal wells. 

Table A.6.3 (see appendix) lists and updates the costs of geothermal wells originally listed in Tester
and Herzog (1990), as well as geothermal wells completed more recently. Actual and predicted costs
for completed EGS and hydrothermal wells were plotted and compared to completed JAS oil and gas
wells for the year 2004 in Figure 6.1. Actual and predicted geothermal well costs vs. depth are clearly
nonlinear. No attempt has been made to add a trend line to this data, due to the inadequate number
of data points.

Similar to oil and gas wells, geothermal well costs appear to increase nonlinearly with depth (Figure
6.1). However, EGS and hydrothermal well costs are considerably higher than oil and gas well costs –
often two to five times greater than oil and gas wells of comparable depth. It should be noted that
several of the deeper geothermal wells approach the JAS Oil and Gas Average. The geothermal well
costs show a lot of scatter in the data, much like the individual ultra-deep JAS wells, but appear to be
generally in good agreement, despite being drilled at various times during the past 30 years. This
indicates that the MITDD index properly normalized the well costs.

Typically, oil and gas wells are completed using a 6 3/4” or 6 1/4” bit, lined or cased with 4 1/2” or 5”
casing that is almost always cemented in place, then shot perforated. Geothermal wells are usually
completed with 10 3/4” or 8 1/2” bits and 9 5/8” or 7” casing or liner, which is generally slotted or
perforated, not cemented. The upper casing strings in geothermal wells are usually cemented all the
way to the surface to prevent undue casing growth during heat up of the well, or shrinkage during
cooling from injection. Oil wells, on the other hand, only have the casing cemented at the bottom and
are allowed to move freely at the surface through slips. The higher costs for larger completion
diameters and cement volumes may explain why, in Figure 6.1, well costs for many of the geothermal
wells considered – especially at depths below 5,000 m – are 2-5 times higher than typical oil and gas
well costs.

Large-diameter production casings are needed to accommodate the greater production fluid flow rates
that characterize geothermal systems. These larger casings lead to larger rig sizes, bits, wellhead, and
bottom-hole assembly equipment, and greater volumes of cement, muds, etc. This results in a well
cost that is higher than a similar-depth oil or gas well where the completed hole diameter will be
much smaller. For example, the final casing in a 4,000 m oil and gas well might be drilled with a 
6 3/4” bit and fitted with 5” casing; while, in a geothermal well, a 10 5/8” bit run might be used into
the bottom-hole production region, passing through a 11 3/4” production casing diameter in a drilled
14 3/4” wellbore. 

This trend of higher costs for geothermal wells vs. oil and gas wells at comparable depths may not
hold for wells beyond 5,000 m in depth. In oil and gas drilling, one of the largest variables related to
cost is well control. Pressures in oil and gas drilling situations are controlled by three methods:
drilling fluid density, well-head pressure control equipment, and well design. The well design change
that is most significant when comparing geothermal costs to oil and gas costs is that extra casing
strings are added to shut off high-pressure zones in oil and gas wells. While over-pressure is common
in oil and gas drilling, geothermal wells are most commonly hydrostatic or under-pressured. The

Chapter 6 Drilling Technology and Costs

6-17



primary well-control issue is temperature. If the pressure in the well is reduced suddenly and very
high temperatures are present, the water in the hole will boil, accelerating the fluid above it upward.
The saturation pressure, along with significant water hammer, can be seen at the wellhead. Thus, the
most common method for controlling pressure in geothermal wells is by cooling through circulation.
The need for extra casing strings in oil wells, as depth and the risk of over-pressure increases, may
cause the crossover between JAS oil and gas well average costs and predicted geothermal well costs
seen in Figure 6.1 at 6,000 m. Because no known geothermal wells have been drilled to this depth,
a cost comparison of actual wells cannot be made.

The completed well-cost data (JAS) show that an exponential fit adequately describes completed oil
and gas well costs as a function of depth over the intervals considered using only two parameters. The
correlation in Figure 6.1 provides a good basis for estimating drilling costs, based on the depth of a
completed well alone. However, as the scatter in the ultra-deep well-cost data shows, there are many
factors affecting well costs that must be taken into consideration to accurately estimate the cost of a
particular well. The correlation shown in Figure 6.1 has been validated using all available EGS drilling
cost data and, as such, serves as a starting point or base case for our economic analysis. Once more
specific design details about a well are known, a more accurate estimate can be made. In any case,
sensitivity analyses were used to explore the effect of variations in drilling costs from this base case
on the levelized cost of energy (see Section 9.10.5). 

6.4 Predicting Geothermal Well Costs with
the Wellcost Lite Model
There is insufficient detailed cost history of geothermal well drilling to develop a statistically based
cost estimate for predicting well costs where parametric variations are needed. Without enough
statistical information, it is very difficult to account for changes in the production interval bit diameter
and the diameter, weight, and grade of the tubulars used in the well, as well as the depths in a given
geological setting. Although the correlation from the JAS data and drilling cost index discussed above
allow one to make a general estimate of drilling costs based on depth, they do not explain what drives
drilling costs or allows one to make an accurate estimate of drilling costs once more information
about a drilling site is known. To do this, a detailed model of drilling costs is necessary. Such a model,
called the Wellcost Lite model, was developed by B. J. Livesay and coworkers (Mansure et al., 2005) to
estimate well costs based on a wide array of factors. This model was used to determine the most
important driving factors behind drilling costs for geothermal wells.

6.4.1 History of the Wellcost Lite model
The development of a well-cost prediction model began at Sandia in 1979 with the first well-cost
analysis being done by hand. This resulted in the Carson-Livesay-Linn SAND 81-2202 report (Carson,
1983). The eight generic wells examined in the model represented geothermal areas of interest at the
time. The hand-calculated models were used to determine well costs for the eight geothermal drilling
areas. This effort developed an early objective look at the major cost categories of well construction. 

The initial effort was followed by a series of efforts in support of DOE well-cost analysis and cost-of-
power supply curves. About 1990, a computer-based program known as IMGEO (Petty, Entingh, and
Livesay, 1988; Entingh and McLarty, 1991), which contained a well-cost predictive model, was
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developed for DOE and was used to evaluate research and development needs. The IMGEO model
included cost components for geological studies, exploration, development drilling, gathering
systems, power facilities, and power-online. IMGEO led to the development of the Wellcost-1996
model. As a part of the Advanced Drilling Study (Pierce et al., 1996), a more comprehensive costing
model was developed, which could be used to evaluate advanced drilling concepts. That model has
been simplified to the current Wellcost Lite model.

6.4.2 Wellcost Lite model description
Wellcost Lite is a sequential event- and direct cost-based model. This means that time and costs are
computed sequentially for all events that occur in the drilling of the well. The well drilling sequence
is divided into intervals, which are usually defined by the casing intervals, but can be used where a
significant change in formation drilling hardness occurs. Current models are for 4, 5, and 6 intervals
– more intervals can be added as required.

The model calculates the cost of drilling by casing intervals. The model is EXCEL spreadsheet-based
and allows the input of a casing design program, rate of penetration, bit life, and trouble map for each
casing interval. The model calculates the time to drill each interval including rotating time, trip time,
mud, and related costs and end-of-interval costs such as casing and cementing and well evaluation.
The cost for materials and the time required to complete each interval is calculated. The time is then
multiplied by the hourly cost for all rig time-related cost elements such as tool rental, blowout
preventers (BOP), supervision, etc. Each interval is then summed to obtain a total cost. The cost
components of the well are presented in a descriptive breakdown and on the typical authorization for
expenditures (AFE) form used by many companies to estimate drilling costs. 

6.5 Drilling-Cost Model Validation
6.5.1 Base-case geothermal wells
The cost of drilling geothermal wells, including enhanced geothermal wells and hot dry rock wells
exclusive of well stimulation costs, was modeled for similar geologic conditions and with the same
completion diameter for depths between 1,500 and 10,000 m. The geology was assumed to be an
interval of sedimentary overburden on top of hard, abrasive granitic rock with a bottom-hole
temperature of 200°C. The rates of penetration and bit life for each well correspond to drilling
through typical poorly lithified basin fill sediments to a depth of 1,000 m above the completion
interval, below which granitic basement conditions are assumed. The completion interval varies from
250 m for a 1,500 m well to 1,000 m for wells 5,000 m and deeper. The casing programs used
assumed hydrostatic conditions typical for geothermal environments. All the well plans for
determining base costs with depth assume a completion interval drilled with a 10 5/8” bit. The wells
are not optimized for production and are largely trouble free. For the base-case wells at each depth,
the assumed contingency is 10%, which includes noncatastrophic costs for troubles during drilling. 

The well costs that are developed for the EGS consideration are for both injectors and producers. The
upper portion of the cased production hole may need to accommodate some form of artificial lift or
pumping. This would mean that the production casing would be run as a liner back up to the point
at which the larger diameter is needed. Current technology for shaft drive pumps limits the setting
depths to about 600 m (2,000 ft). If electric submersible pumps are to be set deeper in the hole, the
required diameter will have to be accommodated by completing the well with liners, leaving greater
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clearance deeper into the hole. The pump cavity can be developed to the necessary depth. The
estimates are for an injection well that has a production casing from the top of the injection zone to
the surface. 

EGS well depths beyond 4,000 m (13,100 ft) may require casing weights and grades that are not
widely available to provide the required collapse and tensile ratings. The larger diameters needed for
high-volume injection and production are also not standard in the oil and gas industry – this will
cause further cost increases. Both threaded and welded connections between casing lengths will be
used for EGS applications and, depending on water chemistry, special corrosion-resistant materials
may be needed.

An appropriately sized drilling rig is selected for each depth using the mast capacity and rig
horsepower as a measure of the needed size. A rig rental rate, as estimated in the third quarter of
2004, is used in determining the daily operating expense. It is assumed that all well-control
equipment is rented for use in the appropriate interval. Freight charges are charged against
mobilization and demobilization of the blowout-preventer equipment. 

The rates of penetration (ROP) selected in the base case are those of medium-hardness sedimentary
formations to the production casing setting depth. An expected reduction in ROP is used through the
production interval. For other lithology columns, it is only necessary to select and insert the price and
performance expectations to derive the well cost. These bit-performance values are slightly
conservative.

The 1,500 m (4,900 ft), 2,500 m (8,200 ft), and 3,000 m (9,800 ft) well-cost estimates from the
model compare favorably with actual geothermal drilling costs for those depths. The deeper wells at
depths of 4,000 m (13,100 ft), 5,000 m (16,400 ft), and 6,000 m (19,700 ft) have been compared to
costs from the JAS oil and gas well database. The length of open hole for the 7,500 m- and 10,000 m-deep
wells was assumed limited to between 2,100 m (6,900 ft) and 2,600km (8,500 ft). 

All wells should have at least one interval with significant directional activity to permit access to varied
targets downhole. This directional interval would be either in the production casing interval or the
interval just above. The amount and type of directional well design can be accommodated in the
model. The well-cost estimates are initially based on drilling hardness, similar to those used in the
Basin and Range geothermal region. It is assumed that the EGS production zone is crystalline. The
well should penetrate into the desired temperature far enough so that any upward fracturing does not
enter into a lower temperature formation. Also, each well is assumed to penetrate some specific depth
into the granitic formation. In the deeper wells, a production interval of 1,000 m (3,300 ft) is
assumed. It is reduced for the shallower wells and is noted in the Wellcost Lite output record

Well costs were estimated for depths ranging from 1,500 m to 10,000 m. The resulting curves
indicate drilling costs that grow nonlinearly with depth. The estimated costs for each of these wells
are given in Table 6.1.
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Shallow EGS wells. For the shallow wells (1,500 m, 2,500 m, and 3,000 m), the well-cost predictions
are supported by actual geothermal drilling costs from the Western U.S. states. Due to the
confidential nature of these actual costs, the level of validation with the model is far from precise,
because only the depth and cost were provided. No specific formation characteristics or well/casing
design information was used in this modeling effort, but it was assumed that bit performance in the
model was similar to current geothermal well experience. 

Mid-range EGS wells. For the mid-range of depths, 4,000 m and 5,000 m, the cost estimates have been
made by extending the same well design and drilling approaches used in the shallow group.

The 5,000 m well is first modeled as a 4-casing interval model (surface casing, intermediate liner,
production casing into the heat, production zone lined with perforated liner). Another 5 km-deep well
has 5 casing intervals (surface casing, intermediate liner, intermediate liner 2, production casing into
the heat, production zone lined with perforated liner). The cost impact of the additional liner is
significant. For the same diameter in the production zone, all casings and liners above that zone are
notably larger in diameter. 

Deep EGS wells. The 6,000 m well is the first in a number of modeled well designs with very large
upper casing sections and higher cost. The 6,000 m well uses 5- and 6-casing interval cost models to
better accommodate the greater casing diameters needed and reduce the length of the intervals. The
change results in an increase in cost, due to the additional casing and cementing charges as well as
the other end-of-interval activities that occur. The cost of a 6-casing, 6,000 m (19,700 ft) geothermal
well compares satisfactorily with a limited number of oil and gas wells from the JAS database. The
estimated cost of the 6,000 km EGS well is $12.28 million vs. an average JAS oil and gas well cost of
$18 million.

For the very deep wells, 7,500 m and 10,000 m (24,600 ft and 32,800 ft), both modeled assuming 6
casing intervals, the developed estimates reflect the extreme size of the surface casing when the
amount of open hole is limited to 2,130 to 2,440 m (7,000 to 8,000 ft). The well designs were based
on oil and gas experience at these depths. Well-cost models have been developed for numerous

Table 6.1 EGS well drilling-cost estimates from the Wellcost Lite model (in 2004 U.S. $)

Shallow Mid Range Deep
Depth, m
(ft)

1,500
(4,900)

2,500
(8,200)

3,000
(9,800)

No. of
Casing
Strings
4

4

4

Cost,
million $

2.3

3.4

4.0

Depth, m
(ft)

4,000
(13,100)

5,000
(16,400)

5,000
(16,400)

No. of
Casing
Strings
4

4

5

Cost,
million $

5.2

7.0

8.3

Depth, m
(ft)

6,000
(19,700)

6,000
(19,700)

7,500
(24,600)

10,000
(32,800)

No. of
Casing
Strings
5

6

6

6

Cost,
million $

9.7

12.3

14.4

20.0
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geothermal fields and other specific examples. They are in reasonable agreement with current well-
drilling practice. For example, costs for wells at The Geysers and in Northern Nevada and the Imperial
Valley are in good agreement with the cost models developed in this study. 

6.5.2 Comparison with geothermal wells
Predicted EGS well costs (from the Wellcost Lite model) are shown in Figure 6.1, alongside JAS
oil/gas well costs and historical geothermal well-cost data. For depths of up to about 4,000 m,
predicted well costs exceed the oil and gas average but agree with the higher geothermal well-cost
data. Beyond depths of 6,000 m, predictions drop below the oil and gas average but agree with costs
for ultra-deep oil and gas wells within uncertainty, given the considerable scatter of the data. The
Wellcost Lite predictions accurately capture a trend of nonlinearly increasing costs with depth,
exhibited by historical well costs. 

Figure 6.8 shows predicted costs for hypothetical wells at completion depths between 1,500 m and
10,000 m. Cost predictions for three actual existing wells are also shown, for which real rates-of-
penetration and casing configurations were used in the analysis. These wells correspond to RH15 at
Rosemanowes, GPK4 at Soultz, and Habanero-2 at Cooper Basin. It should be noted that conventional
U.S. cementing methods were assumed, which does not reflect the actual procedure used at GPK4.
Two cost predictions were made for this particular well: one (shown in Figure 6.8) based on actual
recorded bit run averages, and a second (not shown) that took the best available technology into
consideration. Use of the best available technology resulted in expected savings of 17.6% compared 
to a predicted cost of $6.7 million when the recorded bit run averages were used to calculate 
the estimated well cost. Figure 6.8 also includes the actual trouble-free costs from GPK4 and
Habanero-2, which agree with the model results within uncertainty. For example, the predicted cost
of U.S. $ 5.87 million for Habanero-2 is quite close to the reported actual well cost of U.S. $ 6.3 million
(AUS $8.7 million). Both estimated and actual costs shown in Figure 6.8 are tabulated in Table A.6.3.
The agreement between the Wellcost Lite predictions and the historical records demonstrate that the
model is a useful tool for predicting actual drilling costs with reasonable confidence. 

6.5.3 Comparison with oil and gas wells
Comparisons between cost estimates of the base-case geothermal wells to oil and gas well-cost
averages are inconclusive and are not expected to yield valuable information. Oil and gas well costs
over the various depth intervals range from less expensive to more expensive than the geothermal well
costs developed from Wellcost Lite. However, an example well-cost estimate was developed for a 2,500
m (8,200 ft) oil and gas well with casing diameters that are more representative of those used in oil
and gas drilling (the comparison is shown in Table 6.2). These costs are within the scatter of the JAS
cost information for California. A 2,500 m well is a deep geothermal well but a shallow West Texas
oil or gas well. This comparison shows the effect of well diameter on drilling costs and demonstrates
why geothermal wells at shallow depths tend to be considerably more expensive than oil and gas wells
of comparable depth.
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Figure 6.8 EGS well-cost predictions from the Wellcost Lite model and historical geothermal well costs, at
various depths. 

Table 6.2 Well-cost comparison of EGS with oil and gas. Costs shown are for completed
through/perforated in-place casing.

Well type Depth Production casing size Final bit diameter Cost/days of drilling

EGS 2,500 m (8,200 ft) 11 3/4” 10 5/8” $3,400 m / 43

Oil / Gas average 2,500 m (8,200 ft) 8 5/8” 6 3/4” $1,800 m / 29

Oil / Gas Slim Hole 2,500 m (8,200 ft) 5 1/2” 6 3/4” $1,400 m / 21

6.5.4 Model input parameter sensitivities and drilling-cost breakdown
The Wellcost Lite model was used to perform a parametric study to investigate the sensitivities of
model inputs such as casing configuration, rate-of-penetration, and bit life. Well-drilling costs for oil,
gas, and geothermal wells are subdivided into five elements: (i) pre-spud costs, (ii) casing and
cementing costs, (iii) drilling-rotating costs, (iv) drilling-nonrotating costs, and (v) trouble costs. Pre-
spud costs include move-in and move-out costs, site preparation, and well design. Casing and
cementing costs include those for materials and those for running casing and cementing it in place.
Drilling-rotating costs are incurred when the bit is rotating, including all costs related to the rate-of-
penetration, such as bits and mud costs. Drilling-nonrotating costs are those costs incurred when the
bit is not rotating, and include tripping, well control, waiting, directional control, supervision, and
well evaluation. Unforeseen trouble costs include stuck pipe, twist-offs, fishing, lost circulation, hole-
stability problems, well-control problems, casing and cementing problems, and directional problems. 
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The contribution of each major drilling cost component is shown in Figure 6.9 over a range of depths.
Rotating-drilling costs and casing/cementing costs dominate well costs at all depths. Drilling-rotating,
drilling-nonrotating, and pre-spud expenses show linear growth with depth. Casing/cementing costs
and trouble costs increase considerably at a depth of about 6,000 m, coinciding with the point where
a change from three to four casing strings is required. All of these trends are consistent with the
generally higher risks and more uncertain costs that accompany ultra-deep drilling. 

All costs are heavily affected by the geology of the site, the depth of the well, and to a lesser degree,
the well diameter. Casing and cementing costs also depend on the fluid pressures encountered
during drilling. Well depth and geology are the primary factors that influence drilling nonrotating
costs, because they affect bit life and therefore tripping time. Pre-spud costs are related to the rig
size, which is a function of the well diameter, the length of the longest casing string, and the
completed well depth. 

Geology/Rate-of-Penetration. Rate-of-penetration (ROP), which is controlled by geology and bit
selection, governs rotating-drilling costs. EGS wells will typically be drilled in hard, abrasive, high-
temperature formations that reduce ROP and bit life. This also affects drilling nonrotating costs,
because lower bit life creates an increased need for trips. However, most EGS sites will have at least
some softer sedimentary rock overlying a crystalline basement formation. In the past 15 to 20 years,
dramatic improvements in bit design have led to much faster rates-of-penetration in hard, high-
temperature environments.

The degree to which the formation geology affects total drilling costs was investigated by using the
model to make well-cost predictions under four different assumed geologic settings. Rate-of-
penetration (ROP) and bit-life input values to the model were adjusted to simulate different drilling
environments, which ranged from very fast/nonabrasive to very hard/abrasive. The medium ROP
represents sedimentary basin conditions (e.g., at Dixie Valley), whereas the very low ROP would be
more representative of crystalline formations such as those found at Rosemanowes. In all cases, the
best available bit technology was assumed. A 4,000 m-deep well was modeled to study the impact of
increasing ROP on total well cost. An 83% increase in ROP from “very low” to “medium” values
resulted in a 20% cost savings. 
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Figure 6.9 Breakdown of drilling cost elements as a function of depth from Wellcost Lite model results. 

Number of Casing Strings. A greater number of casing strings results in higher predicted drilling costs.
It is not just the direct cost of additional strings that has an effect; there are also costs that occur
because of well-diameter constraints. For example, to maintain a 9 5/8” completion diameter – which
may be required to achieve flow rates suitable for electric power production – the surface casing in a
10,000 m-deep EGS well must have a diameter of 42”. The ability to handle this large casing size
requires more expensive rigs, tools, pumps, compressors, and wellhead control equipment. 

The relationship between the number of casing strings and completed well costs is shown in Figure
6.10. Increasing the number of casing strings from four to five in the 5,000 m-deep well results in
an 18.5% increase in the total predicted well cost. An increase in the number of casing strings from
five to six in the 6,000 m-deep well results in a 24% increase in total cost. As the number of casing
strings increases, the rate at which drilling costs increase with depth also increases.
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Figure 6.11 Comparison of rotating and tripping hours as a function of well depth from Wellcost Lite model.
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Figure 6.10 Change in Wellcost Lite model predictions as a function of depth and number of casing intervals. 

Figure 6.11 compares rotating time with tripping time for different depths of completion, using the
Wellcost Lite model. Both grow almost linearly with depth, assuming ROP and bit life remain
constant. However, these may not be appropriate assumptions at greater depths.



6.6 Emerging Drilling Technologies 
Given the importance of drilling costs to the economic viability of EGS, particularly for mid- to low-
grade resources where wells deeper than 4 km will be required, it is imperative that new technologies
are developed to maximize drilling capabilities (Petty et al., 1988; Petty et al., 1991; Petty et al., 1992;
Pierce and Livesay, 1994; Pierce and Livesay, 1993a; Pierce and Livesay, 1993b). Two categories of
emerging technologies that would be adaptable to EGS are considered: (i) evolutionary oil and gas
well-drilling technologies available now that are adaptable to drilling EGS wells, and (ii) revolutionary
technologies not yet available commercially. 

6.6.1 Current oil and gas drilling technologies adaptable to EGS
There are a number of approaches that can be taken to reduce the costs of casing and cementing deep
EGS wells: expandable tubular casings, low-clearance well casing designs, casing while drilling,
multilaterals, and improved rates-of-penetration are developments that will dramatically improve the
economics of deep EGS wells. The first three concepts, which relate to casing design, are widely used
in the oil and gas industry and can easily be adapted for EGS needs. The use of multilaterals to reduce
the cost of access to the reservoir has also become common practice for hydrothermal and oil/gas
operations. Adaptation, analysis, and testing of new technologies are required to reduce deep EGS
well costs.

Expandable tubulars casing. Casing and cementing costs are high for deep wells due to the number of
casing strings and the volume of cement required. A commercially available alternative is to use
expandable tubulars to line the well. Further development and testing is still needed to ensure the
reliability of expandable tubular casing in wells where significant thermal expansion is expected.
Efforts are underway to expand the range of available casing sizes and to develop effective tools and
specialized equipment for use with expandable tubulars (Benzie et al., 2000; Dupai et al., 2001;
Fillipov et al., 1999).

The expandable tubing casing process utilizes a product, patented by Shell Development (Lohbeck,
1993), which allows in situ plastic deformation of the tubular casing. The interval is drilled using a bit
just small enough to pass through the deepest casing string. There is an under-reamer behind the
lead bit. The under-reamer is used to widen the bottom of the well and allow cementing of the casing,
after running and expanding. The result is that the inner surfaces of adjacent casings are flush (i.e.,
the inner diameter is constant with depth). This allows two possible approaches to be taken: (i) the
resulting casing may be used as the production string; and (ii) a liner may be run and cemented in
the well after progress through the production interval is completed. Technology improvements are
needed if this approach is to be taken in deep, large-diameter EGS wells. 

Under-reamers. Monobore designs that use expandable tubulars require under-reamers. The use of
under-reamers is common in oil and gas drilling through sediments, and provides cementing
clearance for casing strings that would not otherwise be available. However, high-quality under-
reamers for hard rock environments are not common, with expansion arms often being subject to
failure. Currently, under-reaming in oil and gas operations utilizes bi-center bits and PDC-type
cutters. Unfortunately, the success of PDC cutters in geothermal environments has not yet been
established. More robust under-reamers are required for EGS applications. 
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Low-clearance casing design. An alternative approach to using expandable tubulars is to accept reduced
clearances. A well design using smaller casing and less clearance between casing strings may be
appropriate (Barker, 1997). This may also require the use of an under-reamer to establish clearance
between the casing and the borehole for cementing. Although closer tolerances may cause problems
with cementing operations, this can usually be remedied by the use of under-reamers before cementing. 

Drilling-with-casing is an emerging technology that has the potential to reduce cost. This approach may
permit longer casing intervals, meaning fewer strings – and, therefore, reduced costs (Gill et al.,
1995). Research is needed to improve our understanding of cementing practices that apply to the
drilling-with-casing technique. As with expandable tubulars, the development of reliable under-
reamers is key to the advancement of this technology.

Multilateral completions/stimulating through sidetracks and laterals. Tremendous progress has been
made in multilateral drilling and completions during the past 10 years. However, pressure-based
stimulation of EGS reservoirs may still prove difficult, unless the most sophisticated (Class 5 and
Class 6) completion branch connections are used. The successful development of reliable re-entry
schemes and innovative ways to sequentially stimulate EGS development sets may be necessary, if the
additional cost of such sophisticated completion practices is to be avoided.

Well design variations. Considerable savings are possible if the length of casing intervals is extended.
This will reduce the number of casing strings, and therefore, the diameter of the surface and first
intermediate casings. The success of this approach depends on the ability to maintain wellbore
stability of the drilled interval and to install a good cement sheath. There may be isolated intervals
where this technique will be appropriate. 

6.6.2 Revolutionary drilling technologies
Rate-of-penetration issues can significantly affect drilling costs in crystalline formations. ROP
problems can cause well-cost increases by as much as 15% to 20% above those for more easily drilled
Basin and Range formations. 

Although we have not formally analyzed the potential cost reductions of revolutionary drilling
technologies as a part of this assessment, it is clear that they could have a profound long-term impact
on making the lower-grade EGS resource commercially accessible. New drilling concepts could allow
much higher rates of penetration and longer bit lifetimes, thereby reducing rig rental time, and
lighter, lower-cost rigs that could result in markedly reduced drilling cost. Such techniques include
projectile drilling, spallation drilling, laser drilling, and chemical drilling. Projectile drilling consists
of projecting steel balls at high velocity using pressurized water to fracture and remove the rock
surface. The projectiles are separated and recovered from the drilling mud and rock chips (Geddes
and Curlett, 2006). Spallation drilling uses high-temperature flames to rapidly heat the rock surface,
causing it to fracture or “spall.” Such a system could also be used to melt non-spallable rock (Potter
and Tester, 1998). Laser drilling uses the same mechanism to remove rock, but relies on pulses of
laser to heat the rock surface. Chemical drilling involves the use of strong acids to break down the
rock, and has the potential to be used in conjunction with conventional drilling techniques (Polizzotti
et al., 2003). These drilling techniques are in various stages of development but are not yet
commercially available. However, successful development of any of these technologies could cause a
major change in drilling practices, dramatically lower drilling costs – and, even more important, allow
deeper drilling capabilities to be realized.
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6.7 Conclusions
Wellcost Lite is a detailed accounting code for estimating drilling costs, developed by B. J. Livesay and
Sandia National Laboratories over the past 20 years. Wellcost Lite, which has been used to evaluate
technology impacts and project EGS well costs, was used to estimate costs covering a range of depths
from 1,500 m to 10,000 m. Three depth categories have been examined in some detail in this study:
shallow wells (1,500-3,000 m depths), mid-range wells (4,000-5,000 m depths), and deep wells
(5,000-10,000 m depths). 

The shallow set of wells at depths of 1,500 m (4,900 ft), 2,500 m (8,200 ft), and 3,000 m (9,800 ft)
is representative of current hydrothermal well depths. The predicted costs from the Wellcost Lite
model were compared to actual EGS and hydrothermal shallow well drilling-cost records that were
available. The agreement is satisfactory, although actual cost data are relatively scarce, making a direct
comparison not entirely appropriate.

The same well-design concepts used for the shallow set of wells was also adopted for the mid-range
set, which comprised wells at depths of 4,000 m and 5,000 m (13,120 ft and 16,400 ft). There were
no detailed geothermal or EGS well-cost records at these depths available for comparison with model
results. Nonetheless, we believe our predicted well-cost modeling approach is conservative and, as
such, produces reasonable estimates of the costs of EGS wells for 4 and 5 km drilling depths. 

A similar approach was taken for the deepest set of wells at depths of 6,000 m, 7,500 m, and 10,000 m
(19,700 ft, 24,600 ft, and 32,800 ft). These deeper well designs and costs are naturally more
speculative than estimates for the shallower wells. There have been only two or three wells drilled
close to depths of 10,000 m in the United States, so a conservative well design was used to reflect
higher uncertainty.

The estimated costs for the EGS wells are shown in Table 6.1, which shows that the number of casing
strings is a critical parameter in determining the well costs. Well-drilling costs have been estimated
for 4-, 5-, and 6-casing well designs. For example, Table 6.1 shows that two 5,000 m deep wells were
modeled, one with 4 casing intervals and another with 5 casing intervals. The former requires fewer
casing intervals but increased lengths of individual sections may raise concerns about wellbore
stability. This is less of a problem if more casing strings are used, but costs will be affected by an
increase in the diameter of the upper casing strings, the size of rig required, and a number of other
parameters. The 6,000 m well was modeled with both 5- and 6- casing intervals. Costs for the 7,500
m and 10,000 m wells were estimated using 6 casing intervals.

Figure 6.1 shows the actual costs of geothermal wells, including some for EGS wells. The specific
costs predicted by the Wellcost Lite model are plotted in hollow red diamonds (e). The modeled costs
show reasonable agreement with actual geothermal well costs in the mid- to deep-depth ranges,
within expected ranges of variation. The agreement is not as good for shallow well costs. Also shown
in Figure 6.1 are average costs for completed oil and gas wells drilled onshore in the United States,
where we see an exponential dependence of cost on depth. 

Emerging technologies, which have yet to be demonstrated in geothermal applications and are still
going through development and commercialization, can be expected to significantly reduce the cost
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of these wells, especially those at 4,000 m depths and deeper. The technologies include those that are
focused on increasing overall drill effectiveness and rates, as well as stabilizing the hole with casing,
e.g., expanded tubulars, drilling while casing, enhanced under-reaming, and improved drill bit design
and materials. Revolutionary technologies involving a completely different mechanism of drilling
and/or casing boreholes were also identified, which could ultimately have a large impact on lowering
drilling costs and enabling economic access to low-grade EGS resources.
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Appendices
A.6.1 Well-Cost Data

Table A.6.1 Average costs of oil and gas onshore wells drilled in the United States in 2004, from JAS data
for listed depth intervals.

Drilling Interval (feet) Average Depth Average Depth Average Cost
(meters) (feet) (Year 2004 U.S. M$)

1,250–2,499 549 1,801 0.304

2,500–3,749 965 3,165 0.364

3,750–4,999 1,331 4,367 0.416

5,000–7,499 1,913 6,275 0.868

7,500–9,999 2,636 8,649 1.975

10,000–12,499 3,375 11,074 3.412

12,500–14,999 4,103 13,463 5.527

15,000–17,499 4,842 15,886 7.570

17,500–19,999 5,629 18,468 9.414
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Table A.6.2 Values of MIT Depth Dependent (MITDD) drilling cost index made using average cost per well
for each depth interval from Joint Association Survey on Drilling Costs (1976-2004), with data smoothed
using a three-year moving average. MIT Composite drilling cost index included for comparison.

MITDD Drilling Cost Index

Depth Interval (Feet)

Year MIT Composite 1250- 2500- 3750- 5000- 7500- 10000- 12500- 15000- 17500-
Drilling Cost 2499 3749 4999 7499 9999 12499 14999 17499 19999
Index Depth Interval (Meters)

381- 762- 1143- 1524- 2286- 3048- 3810- 4572- 5334-
761 1142 1523 2285 3047 3809 4571 5333 6096

1972 47.3 49.4 50.3 49.8 50.0 48.5 47.5 49.1 49.5 48.9

1973 55.4 57.8 58.8 58.2 58.5 56.8 55.6 57.4 58.0 57.2

1974 64.8 67.6 68.8 68.1 68.4 66.4 65.0 67.2 67.8 67.0

1975 75.8 79.1 80.5 79.7 80.1 77.7 76.1 78.6 79.3 78.4

1976 88.7 92.5 94.2 93.3 93.7 91.0 89.0 92.0 92.8 91.7

1977 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

1978 119.7 114.3 109.1 110.2 112.9 117.4 117.0 116.9 117.1 119.9

1979 141.2 132.8 126.4 127.0 132.6 139.9 136.0 138.0 140.4 154.4

1980 163.3 152.1 149.3 152.4 161.3 169.7 162.3 171.7 180.6 214.8

1981 205.4 161.7 163.1 167.1 180.1 188.3 183.7 206.3 221.4 269.0

1982 232.2 165.5 165.6 169.0 181.6 190.5 185.5 216.5 236.4 279.1

1983 175.3 158.9 160.7 160.0 168.5 173.6 168.6 203.6 225.5 270.2

1984 154.1 155.1 155.3 150.4 154.9 153.7 144.8 165.1 193.6 216.6

1985 156.8 151.7 155.1 144.8 150.6 148.3 139.0 149.0 176.7 181.3

1986 149.7 150.8 149.1 136.3 140.5 142.3 133.1 138.8 171.4 162.6

1987 128.1 152.3 127.4 125.1 127.4 134.4 131.9 132.4 150.4 146.5

1988 141.5 162.4 129.3 127.8 124.5 136.5 133.5 129.2 146.2 153.4

1989 155.3 177.3 148.0 140.3 132.1 147.6 142.6 135.8 157.2 162.9

1990 165.6 183.7 190.0 152.2 138.6 153.7 145.3 139.3 164.9 174.3

1991 173.6 190.1 199.3 157.0 138.5 145.4 140.5 127.1 153.3 162.5

1992 149.6 198.3 196.6 154.0 133.9 134.9 134.9 118.2 136.3 161.5

1993 152.6 201.7 173.7 147.4 129.8 128.9 132.4 114.5 111.3 150.8

1994 164.1 202.7 169.4 149.9 135.4 131.4 134.7 123.7 110.3 142.7

1995 178.6 198.6 165.8 151.2 144.2 141.0 137.4 136.2 125.2 153.9

1996 186.1 210.0 178.2 160.5 159.3 151.8 133.7 143.7 142.7 167.1

1997 198.1 226.6 191.0 170.0 170.4 163.6 136.3 157.3 165.4 180.9

1998 221.7 238.8 202.7 179.2 177.9 169.8 142.8 161.3 170.8 182.3

1999 227.9 237.1 205.7 186.5 185.0 179.2 157.3 169.1 181.8 190.8

2000 227.9 231.5 200.0 186.0 185.7 182.5 165.6 167.8 189.4 189.9

2001 282.8 287.8 231.4 212.8 224.8 226.6 198.4 203.9 233.7 253.2

2002 310.3 364.6 265.0 228.3 220.3 248.4 229.0 222.4 247.8 307.9

2003 489.4 328.6 268.8 314.6 346.2 328.7 312.2 300.1 334.5 489.4

2004 542.7 354.8 288.9 343.2 382.8 356.5 343.7 314.0 347.2 542.7
1. Depth interval indicates vertical well depth.

2. Index for years prior to 1976 made assuming 17% annual inflation factor.
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Table A.6.3a Actual and predicted geothermal well drilling and completion costs (2004 U.S. $).

Well ID Depth Depth Cost When Year Cost Year Comments
(meters) (feet) Drilled (M$) Drilled 2004 (M$)

GT-1 732 2402 0.060 1972 0.66

GT-2 2932 9619 1.900 1974 10.95 Fenton Hill Site,

EE-1 3064 10052 2.300 1975 10.78 New Mexico, USA. Actual Costs

EE-2 4660 15289 7.300 1980 12.69 (Tester and Herzog, 1990)

EE-3 4250 13944 11.500 1981 19.16

EE-3a 4572 15000 5.160 1988 11.08

RH-11 (low) 2175 7136 1.240 1981 2.36

RH-11 (high) 2175 7136 1.984 1981 3.78 Rosemanowes Site, Cornwall, UK.

RH-12 (low) 2143 7031 1.240 1981 2.36 Actual Costs. (Tester and Herzog, 1990)

RH-12 (high) 2143 7031 1.984 1981 3.78 Low: $1 = 1£ GBP

RH-15 (low) 2652 8701 2.250 1985 5.81 High: $1.6 = 1£ GBP

RH-15 (high) 2652 8701 3.600 1985 9.29

UK (Shock, 1987) 6000 19685 8.424 1985 16.13 Camborne School of Mines($1 = 1£ GBP)

Bechtel (1988) 3657 11998 3.359 1987 9.08 Predict. for Roosevelt Hot Springs, UT

Hori et al. (1986) 3000 9843 6.000 1985 15.49 Predicted Costs

Entingh (1987) I 3000 9843 6.900 1984 17.18 Predicted Costs based on

Entingh (1987) II 3000 9843 3.800 1984 9.46 Heat Mining

Entingh (1987) III 3000 9843 3.000 1984 7.47

Heat Mining 3000 9843 3.000 1984 7.47 Predicted Costs - Armstead & Tester (1987)

The Geysers 1800 5906 0.486 1976 1.78 Actual costs - Milora & Tester (1976)

The Geysers 3048 10000 2.275 1989 5.69 Actual costs - Batchelor (1989)

Imperial Valley 1600 5249 0.165 1976 0.60 Actual costs - Milora & Tester (1976)

IM-GEO IV-FL 1829 6001 1.123 1986 2.74

IM-GEO IV-BI 2743 8999 0.956 1986 2.57

IM-GEO BR-FL 2438 7999 1.217 1986 3.27

IM-GEO BR-BI 914 2999 0.556 1986 1.32 Meridian predictions of hydrothermal

IM-GEO CS-FL 3048 10000 2.032 1986 5.44 wells from IMGEO database (Entingh,

IM-GEO CS-BI 914 2999 0.576 1986 1.37 1989). Only base well costs shown.

IM-GEO YV-FL 1524 5000 0.906 1986 3.76

IM-GEO YV-BI 152 499 0.406 1986 1.46

IM-GEO GY-DS 3048 10000 1.155 1986 3.09
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SNL – Non-US 2317 7603 1.539 1996 3.88

SNL – Non-US 2374 7789 1.729 1997 4.05

SNL – Non-US 2377 7800 1.377 1996 3.47

SNL – Non-US 2739 8986 1.867 1997 4.37

SNL – Non-US 2760 9055 1.320 1997 3.09

SNL – Non-US 2807 9210 2.979 1996 7.51

SNL – Non-US 2819 9249 0.915 1997 2.14 Actual geothermal well costs from

SNL – Non-US 2869 9414 1.030 1996 2.60 Sandia National Laboratories

SNL – Non-US 3021 9912 1.060 1996 2.67 (SNL) (Mansure, 2004)

SNL – Non-US 3077 10096 1.514 1996 4.04

SNL – US 2277 7471 1.186 1985 2.70

SNL – US 2334 7658 0.822 1986 2.21

SNL – US 1703 5588 0.804 1986 1.96

SNL – US 2590 8496 2.220 1991 5.85

SNL – US 2627 8618 1.760 1997 4.12

GPK3 5101 16731 6.571 2003 6.88 Soultz, France. Trouble costs excluded.

GPK4 5100 16728 5.14 2004 5.14 (1 USD = 1.13 EUD) (Baria, 2005)

Cooper Basin, 4725 15498 6.3 2004 6.3 Trouble costs excluded. 
Australia (1 USD = 0.724 AUD) (Wyborn, 2005)
-Habanero 2

1. M$ = millions of U.S. $.

2. A listing and discussion of the origins of many of the actual and predicted well costs is given in Tester and Herzog (1990).

3. Currency conversions based on yearly average of Interbank conversion rate.

Table A.6.3b Predicted geothermal well drilling and completion costs from Wellcost Lite model 
(in year 2004 U.S. $).

Well ID Depth Depth Estimated Comments
(meters) (feet) Cost (2004 M$)

WCL Base Case Well 1500 4921 2.303 Wellcost Lite (WCL) Base

WCL Base Case Well 2500 8202 3.372 Case Wells

WCL Base Case Well 3000 9842 4.022 Assume 10% Contingency

WCL Base Case Well 4000 13123 5.223 Costs

WCL Base Case Well 5000 16404 6.740

WCL Base Case Well 6000 19685 9.172

WCL Base Case Well 7500 24606 14.645

WCL Base Case Well 10000 32808 19.731

Rosemanowes 2800 9200 4.195 Estimates made using

Soultz GPK4 5100 16750 6.705 actual casing program for 

Cooper Basin – Habanero-2 4725 15500 5.872 specific individual wells
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A.6.2 Wellcost Lite Model
A.6.2.1 Background and brief history of the development of Wellcost Lite

A more robust, yet easier-to-use costing model, Wellcost Lite, was developed to more readily
accommodate changes in the drilling system. 

The Wellcost Lite model has been qualified by offering the cost estimate to someone involved in drilling
that area, for their comment, agreement or disagreement. This was especially true of the earlier
models. Well costs were not normally made public by the companies and, to some degree, still are not.
Recently, agreements have been made between Sandia and operators to access some records. Some of
these records had been kept on a RimBase format. RimBase is a cost and time-accounting system for
use on the drill rig. Records that were not initially on RimBase were hand-entered into the RimBase
format. Reasonable agreement has been made from those records to Wellcost Lite model results.

But even with those records, an estimate for a well to be drilled with a different depth, final diameter,
casing design, etc. is still needed. Comparison between Wellcost Lite modeled cost and field-drilling
numbers is an ongoing effort through Sandia.

A.6.2.2 Wellcost Lite – How does the cost model work?

Wellcost Lite is a sequential, event-based and item cost-based estimate for drilling. The model approach
takes into account the time and materials cost for each action relating to the drilling of the well. The
Input field acts as a reminder for each step of drilling and the cost and time involved. The Cost
Information Spreadsheet retains an estimate of the cost and performance of materials and services.

Well design/well planning. Each cost model is constructed by developing a well design profile.
Sequentially, as the well is drilled, details for each interval are entered in the Input Section and
are summed into the Wellcost Section, and subsequently presented on an AFE output format or
other format. 

Well design is the initial step in developing the cost of an EGS well. The well design schematic and
casing information is provided or developed by the modeler. The downhole geology sets (or estimates)
the array of formations to be drilled in a particular well. A performance map for the well is created for
bits and hole openers. With the tectonically jumbled regions, geothermal wells are very likely to vary
even when close to one another. The expected downhole geological conditions are estimated from the
experience of geologists and engineers familiar with the areas in question. 

Well control is considered in well design, especially in the top intervals of the hole. Geothermal well-
control pressures are mostly determined based on the temperatures expected in the well and
occasionally for artesian pressures as well. The fracture tolerance gradient of the formations is used
to determine the safe depths for the surface casing and subsequent casing strings. 

Experience has taught how much “open hole” can be exposed during drilling before it is necessary to
run and cement casing to protect the integrity of the well. Wellbore stability can be a mechanical
problem, where weak and ratty formations exist; or it can be a chemically based problem where the
clays in the shales and other formations are weakened when exposed to the drilling fluid. The amount
of open hole puts limits on how long an interval can be and how long it may be safe to expose the
formations to the drilling fluids.
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Well depth and final drill bit diameter come into play in designing the well schematic. The schematic
is a representation of the selected diameters, weights of the casing, and the grade of material used in
the manufacture of the pipe. The productive interval bit diameter sets the diameters from the bottom
to the surface. Geothermal wells tend to use larger-diameter casing than are used in oil and gas well
completions. For the most part, K-55, L-80, and T-95 casing grades are used in making the estimates.
Available sizes and weights are determined by contacting the casing vendors.

Modeling the well cost also considers the requirements presented by the geologic stratigraphy to be
drilled, the desired depth, and the final production interval bit diameter. Using these requirements,
the well is designed. The traditional, casing-within-a-casing design can be estimated based on the
available sizes, desired clearance for cementing, and accepted risk of the amount of open hole.
Normal wellbore to casing clearances in use in the geothermal drilling industry are applied wherever
possible. There is some leeway in the well design where multiple casing strings are to be run. 

The geothermal industry has to depend on the oil and gas drilling industry to set the available supply of
casing sizes, and weights and grades of steel available for geothermal completions. Geothermal drilling has
little or no impact on the available inventory. Onshore oil and gas wells tend to be smaller in diameter than
geothermal wells. This sometimes puts a limitation of the availability of casing sizes, weights, and grades. 

CIS 3rd Quarter 2004. The Cost Information Spreadsheet (CIS 3rd/2004) is used to set the costs of
goods and services at a particular date (or period of time) and to set guidelines to be used in materials,
equipment and services, time lines, performance, and cost. A file for casing cost is maintained for the
different casing sizes, weights and grades, and connections. The CIS also provides for collapse
calculations and costs for large-diameter welded pipe used in the tophole section of the well 
(20” casing is the largest seamless casing normally manufactured and threaded).

Drilling costs are subjected to considerable volatility. The rig rental rate, material costs, and services
are all subjected to supply-and-demand cycles that are not necessarily tied to the Consumer Price
Index. There is, however, a Drilling Cost Index that reflects changes in drilling cost. But this is an
annualized record and of little help if costing a current well. Unfortunately, the variations occur on a
monthly rather than an annual basis. Because geothermal wells use a slightly larger selection of
casing diameters, weights, and grades, the supply for geothermal may be limited. Each cost
information spreadsheet (for example, CIS 3rd Quarter 2004) has a date stamp. Models have been
used for 1979, 1996, 2000, third quarter 2004, and fourth quarter 2005. 

Information will be entered for all drilling intervals and each subsequent “end of interval time and
cost” and for the initial completion of the well.

Pre-spud. Pre-spud expenses are listed and accounted. These are expenses that are incurred before the
hole is actually started (spudded). Pre-spud cost for the cost of mobilizing and demobilizing the rig,
setting up a water supply, the drill site construction, conductor hole drilling and cementing, the well
cellar, etc. are all estimated and appear in the Pre-spud subsection of the Input Section.

Daily operating expenses. A cost for the daily (and, therefore, hourly) cost of operations is developed by
making daily cost entries for each item listed. The rig daily rental rate and the other running costs
such as insurance, overhead, management, drilling engineering charges, rig supervision, and other
miscellaneous time-based charges (daily or hourly operating cost) are entered for the overall

Chapter 6 Drilling Technology and Costs

6-38



operation. There is an hourly cost for the rig, for fuel for the rig (computed from horsepower rating
of the rig), for a drilling supervisor, a drilling management activity, charges for insurance, power,
water, etc. Some of these categories of costs are often omitted from drilling-cost records. The level of
detail necessary for parametric changes to the well design are often missing.

Table A.6.4 Input section, top page.
Cost Information Field
EGS 5000 m 16400 ft  E  Rev7  10-5/8 12/3/2005
Well Configuration Hole Dia Depths Casing Cost/ft Interval ROP Bit Life

Conductor Pipe/Line Pipe 26”bit/36”HO 80 30”0.375 Wall welded 118lb/ft $90.00 Conductor

Surface CSG 28” 1,250 22”0.625 Wall welded $107.00 1 Casing 25 90

Intermediate CSG 20” 5,000 16”109lb K-55 Premium $70.86 2 Liner 25 80

Intermediate CSG 2 14-3/4” 13,120 11-3/4”73.6lb T-95 Premium $78.24 3 Casing 18 65

Production Zone 10-3/8”special 16,400 8-5/8”36lb K-55 slotted Butt $29.80 4 perf Liner 15 45

Prespud and Mobilization Depths Casing Frac Gradient Mud Shoe
Critical psi psi/ft Pressure

0.8 9.6 Csg String

Activity Cost 80 112 psi 64 40

Mobilization $132,000 1,250 570 psi 1000 624 22”0.625lb

Mobilization Labor $16,500 5,000 3180 psi 4000 2496 16”109lb

Demobilization $66,000 13,120 5920 psi 10496 6550 11-3/4”73.6lb

Demobilization Labor $16,500 16,400 9320 psi 13120 8187 8-5/8”36lb

Waste Disposal & Cleanup $30,000 0 N/A 0

$261,000.00

Location Cost

Site Expense $32,000

Cellar $25,000

Drill Conductor Hole $8,000

Water Supply $10,000

Initial Mud Cost $10,000

Prespud Cost Total $85,000.00

$346,000.00

Description

Daily Operating Cost $1,040.65 $24,975.60

Rig Day Rate $687.50 $16,500.00 2,000 hp 1,200,000 mast

Fuel $1,425.60 0.45 x hp x 0.06 x cost per gal x 24 Cost Per Gallon

Water $400.00 Estimated

Electric Power $50.00 Estimated $1.10

Camp Expense $200.00 Estimated

Drilling Supervision $1,200.00 $1000/day 1 man

DRLG Engr & Management $1,000.00 Estimated

Mud Logging $1,800.00 Current Rate

Hole Insurance $250.00 Estimated

Administrative Overhead $500.00 Estimated

Misc Transportation $500.00 Estimated

Site Maintenance $200.00 Estimated

Waste Disposal and Cleanup $200.00 Estimated

Misc Services $750.00 Estimated
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Table A.6.5 Input section, Interval 3 example.

EGS 5000 m 16400 ft  E  Rev 7  10-5/8

Input Information Interval 3

Production Casing 14-3/4” Casing 11-3/4” 73.6lb T-95 Premium $78.24

Depth of Interval 3 13120 Shoe Depth 13,120 Casing Length

Interval Length 8120 Interval Length

ROP ft/hr Bit Life Hrs No.of Bits

Bit Performance 14-3/4”bit 18.00 65.00 7

Hourly Rates Rig Time Charge Time- Misc. Hourly One Time Explanation of Charges and
Not Rig Time Expense Expenses source of Information

Delta Time Hrs 451.11 Computed Drilling Hours

Technical Changes Hrs & $

Drilling Fluids

Mud Cost $/Hr $100.00 x $45,111.11 $4000.00 Hourly Mud Expense

Mud Treatment Equip $25.00 x 451.11 $11,277.78 $1000.00 Mud Treatment 
Equipment

Mud Cooling Equip $20.00 x 451.11 $9,022.22 $1000.00 Mud Coolers

Air Service Hrs & $ $150.00 20.00 $3,000.00 $2,000.00 Air Drilling Services 

D/H Tools and Times

BHA Changes Hrs 2 14.00 Hours to Change BHA

BIT Trips Hrs 63.42 Total Interval Trip Time

BITS $18,970.00 x $132,790.00 14-3/4”$17,000 each

Stab, Reamers, HO x $26,558.00

DRLG Tools. Jars, Shocks x $19,918.50

D/H Rentals, DP, DC, Motor x $17,000.00

Drill String Inspections x $3,000.00

Small Tools and Supplies x $5,000.00

Reaming Hrs & $ $0.00 12.00 $0.00 $4,000.00 Reaming Hrs &$

Hole Opening Hrs & $ $0.00 0.00 $0.00 $0.00 Hole Opening Hrs & $

Directional

Dir Engr Services Hrs & $ $40.00 10.00 451.11 $18,044.44 $1,200.00 Directional Drilling Expense

Dir Tools Hrs & $ $10.00 x 451.11 $4,511.11 $4,000.00 Directional Drilling Tools

Mud Motors Hrs & $ $200.00 x 451.11 $90,222.22 $1,000.00 Mud Motor Charges

Steering/MWD Equip Hrs & $ $100.00 x 451.11 $45,111.11 $1,000.00 MWD Charges

Trouble

Fishing Hrs & $ $10.00 0.00 0.00 $0.00 $1,000.00 Fishing Standby and 
Expenses

Lost Circulation Hrs & $ 0.00 0.00 0.00 Lost Circulation Estimated

MISC Trouble Hrs & $ 12.00 Misc Trouble Cost
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EGS 5000 m 16400 ft  E  Rev 7  10-5/8

End of interval

Logging Hrs & $ 18.00 $36,000.00 Logging Time and 
Expense

Casing Services $ x $40,350.00 Casing Service, or
Welding, and Mob.

CSG/Liner Hrs & $ 48.00 $1,026,508.80 Casing Time and Cost

Casing Cementing Equipment x $8,000.00

Liner Hanger and Packers 0.00 $0.00 Liner Hanger if used

Cementing Hrs & $ 30% excess 22.00 $40/ft3 $270,000.00 Cementing time, WOC
and expense

End of Interval Hrs & $ 12.00 $20,000.00 End of Interval

Wellhead $ 8.00 $15,000.00 Well Head Cost

Welding and Heat Treat 24.00 Rental 16-3/4” $25,000.00 Welding and Heat Treat

BOPE Hrs & $ $1,212.00 12.00 BOPE $22,781.11 $3,000.00 BOPE Rental, Change
out Time, Testing

Test and Completion Install 11” BOPE

Location Cost x $0.00

Testing Coring Sampling 0.00 $0.00

Well Testing Hrs & $ 0.00 $0.00 Well Testing Expenses

Completion Hrs & $ 12.00 $20,000.00 Valves

Production Tree and Valves 0.00 $84,000.00 Master Valves and exp
Spool

$249,081.11

Total Interval Rig Hours 706.53 Daily Operating $735,251.60

$1,772,325.30 $2,756,658.01

Table A.6.5 (continued)
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Input Section. The Input Section acts as a reminder of each event within each interval to be accounted.
A time and cost for each activity in an interval are entered. For all activities that affect the hours for
the rig, the hourly operating rate is charged and tracked in the interval. All direct costs are also
entered. For charges that do not affect rig hours, a charge time is developed and multiplied by the
number of hours that would be charged for the rental or service. There is a running cost based on the
additional equipment that is on the “clock” during drilling operations. Some of these events and
equipment also require freight charges, mobilization charges (or initiation cost), and demobilization
charges. Each event or equipment selection may also result in a direct cost for materials such as bits
or packers or wellheads. With this degree of detail, the model can be altered to account for changes in
procedures and for differences in service and equipment performances. The model can also be
adapted to develop costs for alternative drilling methods and technologies. The costing process is
adaptable and flexible.

At the end of these interval steps, there are a series of end-of-interval activities that are listed and a
cost and time recorded for each activity. That includes circulating and conditioning drilling fluid,
logging the well, running casing, cementing the casing, and changing out the well-control equipment
to accommodate the new diameter of drilling to occur next. 

The model is developed for a particular well by accounting for each time and each cost during the
drilling of a well. At each step along the way, an account is kept of the amount of time required of the
rig, the amount and cost of materials, and the time and cost of services to develop the well to
completion. 

Wellcost Section. The Wellcost Section sums the costs and times into an account for each interval. The
amount of time and dollars can be determined from the Wellcost Section for each activity in each
interval. It is possible to track the interval costs from beginning to end. At the end of each interval, a
sum of the interval cost is available. 

AFE Section. All of the costs and times are then transferred or summed to an AFE Sheet. The AFE
Sheet was chosen as the primary form of output because most available information is recorded in
that format. The total well cost, the time, and the cost for each major type of expense is listed in the
authorization for expenditures (AFE) spreadsheet.
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EGS 5000 m 16400 ft  E  Rev 7  10-5/8 12/3/2005

BJL AFE Days: 76

Descriptions of Costs

No Entry Point AFE Amount $6,600,809.43

Tangible Drilling Costs

Casing $1,577,155.80

Cond 30”0.375 Wall Welded $7,200.00 80 ft

Int 1 22”0.625 Wall Welded $139,750.00 1250 ft-28”bit

Int 2 16”109lb L80 Premium $287,897.00 5000 ft-20”bit

Int 3 11-3/4”73.6lb K-55 Premium $1,034,508.80 13120 ft-14.75”bit

Int 4 8-5/8”40lb K-55 Slotted $107,800.00 16400 ft-10.375”bit

Other Well Equipment

Wellhead Assembly $35,000.00

Production Tree and Valves $104,000.00

Liner Hangers and Packers $52,000.00

Total of Tangible Drilling Costs $1,768,155.80

Intangible Drilling Costs

ok Drilling Engineering $75,619.70

ok Direct Supervision $90,743.64

ok Mobilization and Demobilization $346,000.00

ok Drilling Contractor $1,247,725.03

Bits, Tools, Stabilizers, Reamers etc

Bit Totals $321,647.50

Int 1 0’ to 1250’ Interval 28” $43,190.00

Int 2 1250’ to 5000’ Interval 20” $53,480.00

Int 3 5000’ to 12000’ Interval 14-3/4” $132,790.00

Int 4 12000’ to 16000’ Interval 10-3/8” $92,187.50

ok Stabilizers, Reamers and Hole Openers $64,329.50

Int 1 0’ to 1250’ Interval 28” $8,638.00

Int 2 1250’ to 5000’ Interval 20” $10,696.00

Int 3 5000’ to 12000’ Interval 14-3/4” $26,558.00

Int 4 12000’ to 16000’ Interval 10-3/8” $18,437.50

EGS 5000 m 16400 ft E Rev 7 10-5/8

Other Drilling Tools, Jars, Shock Subs, etc $48,247.13

Int 1 0’ to 1250’ Interval 28” $6,478.50

Int 2 1250’ to 5000’ Interval 20” $8,022.00

Int 3 5000’ to 12000’ Interval 14-3/4” $19,918.50

Int 4 12000’ to 16000’ Interval 10-3/8” $13,828.13

D/H Rentals DP, DC, Motors etc $72,000.00

Drill String Inspections $12,500.00

Small Tools, Services, Supplies $20,000.00

Reaming $7,500.00

Hole Opening $ –

Table A.6.6 AFE Section, Page 1.

Chapter 6 Drilling Technology and Costs

6-43



Table A.6.7 AFE section, Page 2.

Directional Services and Equipment

Directional $272,975.56

Directional Engineering Service $36,451.11

Directional Tools $23,191.11

Mud Motors $140,222.22

Steering/MWD Equipment $73,111.11

Trouble

Fishing Tools and Services $5,000.00

Lost Circulation $40,000.00

Misc. Trouble Cost $ –

Drilling Fluids Related

Drilling Muds, Additives & Service $104,227.78

Mud Cleaning Equipment $25,744.44

Mud Coolers $19,395.56

Air Drilling Services and Equipment $45,500.00

Casing Cementing and EOI

Casing Tools and Services $127,060.00

Welding and Heat Treat $49,000.00

Cement and Cement Services $554,000.00

Mob/Demob Cementing Equipment $ –

Int 1 0’ to 1250’ Interval 28”x 22” Casing $122,000.00

Int 2 1250’ to 5000’ Interval 20”x 16” Casing $162,000.00

Int 3 5000’ to 12000’ Interval 14-3/4”x 11-3/4” Shoe to Surface $270,000.00

Int 4 No Cement Perforated Liner Perforated Liner $ –

Well Control Equipment

Blow out Preventer Rentals $48,546.67

Int 1 Diverter $3,500.00 26” to 1,000’

Int 2 21-1/4”2000 Stack $10,750.00 20” to 5,000’

Int 3 16-3/4”3000 Stack $25,781.11 14-3/4” to 10,000’

Int 4 13-5/8”3000 Stack $8,515.56 10-3/8” to 15,000’

Int 5 13-5/8”3000 Stack $ – 7-7/8” to 20,000
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Table A.6.8 AFE section, Page 3.

EGS 5000 m 16400 ft  E  Rev 7  10-5/8

Logging and Testing

ok Mud Logging and H2S Monitoring & Equip. $136,115.46

Electrical Logging $94,000.00

Int 1 0’ to 1250’ Interval $ –

Int 2 1250’ to 5000’ Interval $18,000.00

Int 3 5000’ to 12000’ Interval $36,000.00

Int 4 12000’ to 16000’ Interval $40,000.00

Int 5 16000’ to 20000’ Production Interval $ –

Testing, Sampling & Coring $2,000.00

Well Test $130,000.00

Completion Costs $95,000.00

Misc Expenses

ok Transportation and Cranes $37,809.85

ok Fuel $107,803.44

ok Water and System $30,247.88

ok Electric Power $3,780.98

Location Cost

ok Camp Cost and Living Expenses $15,123.94

ok Site Cleanup, Repair, Waste Disposal $15,123.94

Site Maintenance $15,123.94

Location Costs $ –

Misc Administrative and Overhead

Administrative Overhead $37,809.85

Well Insurance $18,904.92

Miscellaneious Services $56,714.77

Total Intangible Drilling Costs $4,393,321.48 75.620 days

Total Tangible Drilling Costs $1,768,155.80

Total Tangible and Intangible Costs $6,161,477.28

Contingencies 10% of Intangibles $439,332.15

Total Drilling Costs $6,600,809.43
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Trouble costs. Time and costs for troubles are entered into the Input Sections as expected. Some
companies do not permit trouble cost expectations to be entered in the originating cost estimate.
Separate costing modules can be created for trouble events such as lost circulation, stuck pipe, failed
cement, etc. The frequency of these occurrences is more difficult to establish, because there are not
enough examples to establish a statistical frequency. When trouble is to be included, interviews with
individuals with knowledge of the area have been used to establish the likelihood of these trouble
events. A “trouble event” time and direct cost can then be entered into Wellcost Lite Input Sheet in
the appropriate interval. In many geothermal areas, for the tophole, it is common to have severe lost
circulation especially above the water table. The number of events in the interval is estimated from
interviews and what records are available. The degree of the trouble is also estimated. Lost
circulation, stuck pipe, twist-offs, and the resulting fishing, instrumentation temperature
limitations, and failed cement jobs can be significant cost items. Failed cementing jobs and
collapsed casing are more complicated and difficult to properly include. For geothermal drilling
records, only the identifiable troubles are listed. Trouble event times and costs can be estimated for
each type and severity of problem.

Output of well costs. The output of the cost model can take a number of useful forms. The information
entered into the Input Section is automatically summed in the Wellcost Section. The cost summary
for each interval is available from the Wellcost Section. At the end of each interval, a total time and
cost are summed and listed.

Because most drilling authorizations are put in an authorization for expenditures (AFE) format, it is
used as one of the output formats for Wellcost Lite. Other formats have evolved for specific uses. The
variations needed for the EGS Cost of Geothermal Power consideration were reduced to a
representative curve, a simplification, for ease of use. There will be a unique curve for different
geological areas. 
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Table A.6.9 Description section, Page 1.

EGS 5000 m 16400 ft  E  Rev 7  10-5/8 12/3/2005

$6,600,809 Total Well Cost w/cont

$6,161,477 Total Well Cost wo/cont

$346,000 Prespud

$2,593,216 Well Construction

$1,768,156 Tangible

$825,060 Non Tangible Well Construction Expenses

$3,222,261 Drilling

$2,508,886 Drilling Hole Making Related

$223,078 Mgmt and Overhead

$83,182 Site Related

$45,000 Trouble Cost

$362,115 Evaluation

$6,161,477 Chk Sum should Equal Total wo/cont

$391 Total w/cont-prespud/depth

$162 Well Construction/depth

$363 Total wo/cont-prespud/depth

$229 Drilling+Contingency/depth

$229 Total w/cont-prespud-construction/depth

1,815 Total Hours

76 Days

870 Rotating Hours 47.9%

179 Tripping Hours 9.9%
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A.6.3 Model Results for Specific Areas and Depths
Wells selected to represent potential U.S. EGS sites have been cost estimated using the Wellcost Lite
modeling technique with the same performance parameters and cost values from earlier work
reported. The variations in depth and bit performance have been an input for each model. The list of
U.S. EGS sites is preliminary, but well cost can be estimated for any site that is chosen. The specific
U.S. EGS sites well costs are as follows:

a. East Texas – NW LA / E Texas Basin

Well cost $7,665,032 / 69 days of drilling

Well design reservoir temperature 200°C

Formations Sandstone grading to harder sediments

Bit performance Sediment to the hot zone, then altered sediments 

Casing shoe 13,350 ft

TD 16,400 ft

Open-hole interval 3,050 ft

b. SE Idaho – N Utah / Ore Ida

Well cost $6,993,136 / 81 days of drilling

Well design reservoir temperature 265°C

Formations Basalt to 1,500 m

Bit performance Crystalline to 4,500 ft (1,500 m), then altered
sediments, followed by crystalline

Casing shoe 14,100 ft

TD 16,400 ft, 5,000-4

Open-hole interval 2,300 ft

The Ore Ida well is estimated using the 5,000-4 well, since it is thought that wellbore stability will not
be a significant problem in that area. If wellbore stability is a perceived problem, then the cost would
be greater.

c. NE Montana / Poplar Dome

Well cost $3,166,027 / 37 days of drilling

Well design reservoir temperature 135°C

Formations Madison limestone, sandstone, limestone and shale

Bit performance Altered sediment throughout

Casing shoe 6,200 ft

TD 7,200 ft

Open-hole interval 1,000 ft
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d. Northern California / Clear Lake 

Well cost $10,670,125 / 115 days of drilling
5 intervals / no stability problems 

Well cost $13,305,073 / 126 days of drilling
6 intervals / concern for stability problems 

Well design reservoir temperature 415°C

Formations Granite, rhyolite, hydrothermally altered metasediments

Bit performance Altered sediment for top 5,000 ft to 9,000 ft, then
granite 

Casing shoe 15,800 ft

TD 19,700 ft

Open-hole interval 3,900 ft 

The Clear Lake prospective site will differ by almost $3 million, depending on the amount of ash or
unstable zones that are encountered. For an unstable geology, the greater cost should be used.

e. SE Oregon / Sisters Area

Well cost $7,243,690 / 87 days of drilling

Well design reservoir temperature 225°C

Formations Granite, tuffs, andesite, andesite/basaltic lavas

Bit performance Use altered sediment and crystalline ROP and hrs

Casing shoe 13,120 ft

TD 16,400 ft 

Open-hole interval 3,280 ft

f. New Hampshire / Conway Granite 

Well cost $15,570,743 / 154 days of drilling

Well design reservoir temperature 200°C

Formations Granite from surface down

Bit performance Use crystalline ROP and hrs

Casing shoe 18,400 ft

TD 23,000 ft

Open-hole interval 4,600 ft

The bit performance values used in the EGS wells have been assumed to be slower and with fewer
hours due to the depth of drilling. The bit performance map used for the New Hampshire well
assumes crystalline formations from the surface down.
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A.6.4 Model Results for Reworked Wells
The least expensive rework will be to extend the depth of the well while the rig is still mobilized over
the hole, and before the perforated liner has been run in the shorter interval. 

A planned multilateral would mean sidetracking out of the well from a zone shallower than the
original leg of the well. If it is necessary to sidetrack from a shallower point in search of promising
fractures, then the cost to cement, pull back, and sidetrack the well will be more significant. This
effort is a remedial operation to enhance the production. This cost would be similar to a multilateral
additional cost. The rig on reworks and remedial operations will be cost-estimated for the 5,000 m
(16,400 ft) wells using the 4- and 5-interval models.

A.6.4.1 Rig on drilling / deepening 460 m (1,500 ft) / rig still on the well

The cost increment for drilling an additional 460 m (1,500 ft) is $375,000 (5,000 m well). This is a
simple extension of the final interval, using the same ROP/hrs performance numbers and addition
length to the perforated liner. The rig is over the hole, so there is no mobilization charge. Procuring
and having the extra length of perforated liner would not be a significant planning issue.

A.6.4.2 Rig on drilling / sidetracked lateral / as a planned part of the well design

To sidetrack the well as a planned part of the well, the kickoff point would be 645 m (2,120 ft) above
the last casing point of 4,000 m (13,120 ft for a 5,000 m /16,400 ft well) at 3,355 m (11,000 ft). With
a build rate of 3°/100 ft of measured depth, 305 m (1,000 ft) of drilling would set the angle at 
30 degrees. Drilling another 1,145 m (3,754 ft) would be the middle of the 1,000 m (3,280 ft) hot zone.
Drilling would proceed to a total measured depth of 5,380 m (17,648 ft). The sidetracked lateral would
have penetrated completely through the hot zone. The Total Vertical Depth at the 5,380 m (17,648 ft)
measured depth would be 5,000 m (16,400 ft). The horizontal departure would be 650 m (2,132 ft).
The planned lateral will be used to develop a second production (or injection) leg to the well.

Using the 5,000-4 model without the sidetrack was $6,989,859, which took 1,960 hours in 82 days.
The total well cost with the additional sidetracked interval would cost $8,972,859, done in 2,827 hours
in 118 days. This is an additional cost of $1,983,000 and 36 days. 

A.6.4.3 Reworks / rig has to be mobilized / add a lateral for production maintenance / a work-over

A well recompletion, which requires a lateral to restore production flow or temperature, would then
require an additional $400,000 for mobilization/demobilization, blowout preventer equipment
(BOPE) rental, and setup. Due to the depth, the rig would need to be of a similar size and
specification. The configuration of the well would be the same as the sidetracked lateral noted above.
There would be an additional cost of $90,000 for a bridge plug and cement. The whipstock is covered
in the above cost model. The total for the lateral, as a remedial operation, would cost $2,473,000 and
take approximately 40 days. It is assumed that the formations being drilled are mostly crystalline.

A.6.4.4 Redrills to enhance production / a work-over / rig to be mobilized

To deepen a 5,000 m (16,400 ft) well by 1,500 ft to 17,900 ft, which requires the mobilization of a rig,
is considerably more expensive. There will be a cost of $500,000 for mobilization/demobilization,
BOPE rental, and setup. The total cost of the deepening by 457 m (1,500 ft) would be $900,000.
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Almost any work-over that requires mobilizing a rig will run between $700,000 and $1 million,
depending on the depth of the well being reworked. The cost of a coiled tubing rig for this operation
is only marginally less expensive, because coiled tubing rigs have gotten quite expensive. 

Maintenance reworks for acidizing, casing scraping, logging, etc. will be in the same range of
$600,000 to $1 million per well event.
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C H A P T E R  7

Energy Conversion Systems –
Options and Issues



7.1 Introduction
This section presents energy conversion (EC) systems appropriate for fluids obtained from Enhanced
Geothermal Systems (EGS). A series of EC systems are given for a variety of EGS fluid conditions;
temperature is the primary variable and pressure is the secondary variable.

The EC systems used here are either directly adapted from conventional hydrothermal geothermal
power plants or involve appropriate modifications. In certain cases, ideas have been borrowed from
the fossil-fuel power industry to cope with special conditions that may be encountered in EGS fluids. 

Several applications are considered. These range from existing “targets-of-opportunity” associated
with the coproduction of hot aqueous fluids from oil and gas wells to very hot, ultra-high-pressure
geofluids produced from very deep EGS reservoirs. Although electricity generation is our principal
goal, we also discuss direct-heat applications and cogeneration systems, which use the available
energy in the EGS fluid for electricity generation and direct heat.

Thermodynamic analyses are carried out, sample plant-flow diagrams and layouts are presented for
typical applications at both actual and hypothetical sites, and estimates are made for the capital cost
of installing the power plants.

7.2 Electric Power Generation
To cover a wide range of EGS fluids, we consider five cases of a geofluid at the following temperatures: 

(1) 100°C; (2) 150°C; (3) 200°C; (4) 250°C; (5) 400°C.

In most – but not all – cases, pressures are assumed sufficient to maintain the geofluid as a
compressed liquid (or dense, supercritical fluid) through the EGS reservoir and well system, and up
to the entry to the power-generating facility.

For each case, we have:
(a) Identified the most appropriate energy conversion system.
(b) Determined the expected net power per unit mass flow in kW/(kg/s).
(c) Determined the mass flow required for 1, 10, and 50 MW plants.
(d) Estimated the installed cost of the power plants.

Table 7.1 summarizes the preferred energy conversion systems for the five cases. Note that the first
two cases are relatively low-temperature applications, which may not apply to a high-temperature EGS
system, but would apply instead to one of the “targets-of-opportunity” – namely, coproduced aqueous
fluids from oil and gas operations. The last case is that of a supercritical dense fluid that could present
engineering and economic challenges owing to the high pressures involved, necessitating expensive
heavy-duty piping and other materials. 
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Although we suggest using a binary cycle with a recuperator for the 150°C resource, we did not
incorporate a regenerator in the cycles we examined. It may be more beneficial to allow the geofluid
to cool to as low a temperature as possible, if the binary plant is to be used with an EGS reservoir. This
will enhance the gravity head through the well-reservoir system and improve the natural circulation.

The 200°C case lies on the border between the binary and flash systems, and we show both as
possibilities. If a binary cycle is chosen, the working fluid should be operated at supercritical pressure
to obtain the optimum performance.

Table 7.1 Summary of energy conversion systems.

7.2.1 Electricity from coproduced oil and gas operations
It has been suggested recently that there is an enormous untapped hydrothermal energy resource
associated with coproduced hot waters from oil and gas operations (McKenna and Blackwell, 2005;
McKenna et al., 2005). Those authors estimated that the resource potential could range from about
985 to 5,300 MWe (depending on the water temperature), using the fluids currently being produced
in seven Gulf Coast states. 

Binary power plants are a well-established technology for utilizing low- to moderate-temperature
geothermal fluids (DiPippo, 2004; DiPippo, 2005). Figure 7.1 shows a typical binary plant in
simplified form. This type of plant is ideally suited for energy recovery from coproduced fluids.

Geofluid
temperature, °C

Energy conversion 
system

Typical 
application

Working 
fluid

Cooling 
system

100 Basic binary O&G waters R-134a Water (evaporative
condenser)

150 Binary
w/recuperator

O&G waters Isobutane Air

200 Binary or 
Single-flash

EGS Isobutane or
Geofluid

Air or water

250
Double-flash

EGS Geofluid Water

400 Single or 
triple expansion

Supercritical 
EGS

Geofluid Water
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Figure 7.1 Basic binary power plant in simplified schematic form (DiPippo, 2005).

For this study, we examined this resource, beginning with a survey of current binary power plant
performance, to determine the effect that geofluid temperature has on the cycle thermal efficiency.
Once we found this dependency, we applied it parametrically to the known coproduced fluids in the
seven Gulf Coast states included in McKenna et al. (2005), plus California. The results are presented
as a function of fluid temperature because the coproduced fluids vary in temperature from field to
field. Once the flow rate and the temperature are known for any site, our analysis allows an easy
calculation of the electric power that can be installed. Thus, for each state, we have calculated the
expected total power potential, in MW, as a function of the fluid temperature. 

This analysis is based on a correlation for the thermal efficiency derived from several actual binary
plants. The thermal efficiency is defined in the standard way as the ratio of the net power output to
the rate of heat input, i.e., input thermal power (Moran and Shapiro, 2004). The plants used in the
correlation are shown in Table 7.2, and the data are plotted in Figure 7.2 with the correlation equation
for thermal efficiency as a function of geofluid temperature. All of the plants are organic Rankine
cycles (ORCs), with the Húsavík plant being a Kalina-type plant using a water-ammonia mixture as
the working fluid. The data used for the efficiencies come from various sources and may be found in
DiPippo (2004).

There is considerable scatter in the efficiency data because of the variety of plant configurations
represented by the data. The pinch-point temperature difference in the brine-working fluid heat
exchangers is an important factor in determining the plant thermal efficiency, and this value is not
reported in the literature. However, for the purposes of this study, the efficiency correlation is considered
accurate enough to show the dependence of binary plant efficiency on the geofluid temperature.
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Table 7.2 Cycle thermal efficiencies for several binary power plants.

The cycle net thermal efficiency is found from the temperature of the coproduced fluid using the
correlation equation shown in Figure 7.2, namely

(7-1)

where T is in °C and the efficiency is in percent. Then, the net power output can be calculated from
the geofluid inlet temperature, the geofluid outlet temperature, and the geofluid mass flow rate. 

Figure 7.2 Correlation of binary plant cycle thermal efficiency with geofluid temperature in degrees
Celsius (°C) 

Plant name Location Brine inlet temperature, °C Efficiency, %

Amedee CA 103 5.8

Wabuska NV 105 8

Brady NV 109 7

Húsavík Iceland 122 10.6

Otake Japan 130 12.9

Nigorikawa Japan 140 9.8

Steamboat SB-2 & SB-3 NV 152 8.2

Ormesa II CA 157 13.5

Heber SIGC CA 165 13.2

Miravalles Unit 5 Costa Rica 166 13.8
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The results are presented in the form shown in Figure 7.3, where T2 is the geofluid temperature
leaving the plant. If one knows the inlet (T1) and outlet (T2) geofluid temperatures, the power output
(in kW) for a unit mass flow rate of one kg/s can be read from the graph. The total power output can
then be obtained simply by multiplying this by the actual mass flow rate in kg/s. For example, a flow
of 20 kg/s of a geofluid at 130°C that is discharged at 35°C can be estimated to yield a power output
of 800 kW (i.e., 40 kW/(kg/s) times 20 kg/s).

Finally, using the data from McKenna and Blackwell (2005) for the flow rates of waste water from
petroleum production wells in the Gulf Coast states, plus the data for California (DOGGR, 2005), we
can estimate the power that might be obtained if all the waste water were used in binary plants. The
results are shown in Table 7.3 for an assumed outlet temperature of 40°C. To correct the power ( )
totals for an outlet temperature other than 40°C, one can use the following equation: 

(7-2)

This equation was obtained from a simple fit to the calculated data and gives the change in the power
output per degree Celsius change in outlet temperature as a function of the inlet temperature. Then
the actual power output can be found from:

(7-3)

As an example, let T1 = 100°C. From Table 7.3, the estimated power from Alabama’s waste water is
16.6 MW at T2 = 40°C. If T2 = 50°C, then from Eq. (7-2), the power gradient is negative 0.29775, and
from Eq. (7-3), the actual power would be reduced to 13.6 MW. If the outlet temperature were 25°C,
the power gradient would be the same, but the actual power would be increased to 21.1 MW.
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Figure 7.3 Specific power output (in kW/(kg/s)) for low- to moderate-temperature geofluids as a function
of inlet (T1) and outlet temperatures (T2) shown in degrees Celsius (°C). 

Adopting the middle of the temperature range, we see that about 6,000 MW might be obtained today
using standard binary-cycle technology from hot waters that are currently being reinjected without
any energy recovery. This estimate could very well be higher because there are several other states
with coproduced fluids, but we do not have sufficiently reliable data that allows us to include them in
our survey.

Finally, another case of combined use of petroleum and geothermal energy resources may be
considered. The use of so-called geopressured geothermal resources was extensively studied
beginning in the 1970s by the U.S. Department of Energy (DOE), the Electric Power Research
Institute (EPRI), and others (see, for example, DiPippo, 2005; Swanson, 1980; and Campbell and
Hatter, 1991). 

A nominal 1 MW pilot plant was installed to exploit the very high-pressure, high-temperature,
methane-saturated fluids that were obtained along the Gulf Coast. The plant ran from 1989-1990, and
generated 3,445 MWh of electricity over 121 days of operation. This came to an average power output
of 1,200 kW. The plant captured the thermal energy in the geofluid using a binary cycle, and the
chemical energy in the dissolved methane by burning it in a gas engine equipped with a waste heat-
recovery system. The hydraulic energy represented by the high-pressure geofluid was not recovered
for power generation.

Chapter 7 Energy Conversion Systems – Options and Issues

7-8

T2 = 25°C

= 45°C

= 35°C

= 55°C

Geofluid temperature, T1, °C

Sp
ec

ifi
c

po
w

er
ou

tp
ut

,k
W

/(
kg

/s
)

90
0

10

20

30

40

50

60

70

80

90

100

100 110 120 130 140 150 160 170 180 190 200



Table 7.3 Estimated power from California and Gulf states coproduced waters; outlet temperature
assumed to be 40°C. 

Although the plant performed well, such plants were not economical at the time. Recently, Griggs
(2004) re-examined this subject and concluded that the time is still not appropriate for this resource
to become economic, but that under the right conditions of prices for competing fuels, geopressured
resources might once again be considered for power production. In 50 years, when conventional
petroleum resources may be close to exhaustion, the economic conditions should be favorable for the
exploitation of geopressured resources.

Coproduction from the Naval Petroleum Reserve No. 3. As an example of a resource that is currently
under production for oil, we consider the case of the Naval Petroleum Reserve (NPR) No. 3, and
develop a binary plant that could operate with the hot water that is now being discharged to the
surface. The flow diagram is represented in Figure 7.1. The plant has been designed to conform to the
resource conditions as given by Myers et al. (2001). The most appropriate cycle working fluid is R134a.
The key state-point parameters for a nominal 1 MW (net) power plant using a 100°C fluid are listed
in Table 7.4. The actual coproduced fluid temperature is not known with certainty but may be as low
as 82-93°C. In such a case, the required flow rate to achieve the nominal 1 MW would be greater than
the 88 kg/s (48,000 bbl/day) shown in the table. We estimate that the flow rate would range from 160
kg/s (87,000 bbl/day) for the 82°C temperature to 103 kg/s (56,000 bbl/day) for the 93°C
temperature. We estimate the installed cost for this plant would range from $2,180/kW (for 100°C)
to $2,326/kW (for 93°C) and $2,540/kW (for 82°C).

State Flow rate, kg/s MW @ 100°C MW @ 140°C MW @ 180°C

Alabama 927 16.6 42.3 79.9

Arkansas 1,204 21.6 54.9 103.7

California 2,120 37.9 96.7 182.5

Florida 753 13.4 34.3 64.8

Louisiana 9,786 175.2 446.3 842.6

Mississippi 2,758 49.4 125.8 237.5

Oklahoma 59,417 1,064 2,709 5,116

Texas 56,315 1,008 2,568 4,849

TOTALS 131,162 2,348 5,981 11,293
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Table 7.4 Cycle parameters for 1 MW binary plant at NPR No. 3 (see Figure 7.1).

Design of 1 MW binary plants for low-to-moderate temperatures. The results of an engineering design
exercise for a series of binary plants operating on low- to moderate-temperature geofluids are
presented in Figure 7.4. Shown are two curves as a function of the geofluid temperature: (1) the
specific installed plant cost in $/kW and (2) the specific power output in kW/(kg/s). All the systems
represented by the points on these curves have been designed as nominal 1 MW power plants, but we
think that the results would apply reasonably well to units up to 5 MW in capacity. The working fluid
is R134a for the three low temperatures, and they are subcritical cycles. Isobutane is the working fluid
for the two higher-temperature cases. The 150°C case is slightly subcritical, while the 200°C case is
supercritical. The geofluid discharge temperature is 60°C for all the cases, except for the 200°C
supercritical case. For the lower-temperature cases, 60°C is necessary to maintain reasonable pinch-
point temperature differences in the heat exchangers. The supercritical case does not experience a
sharp pinch point between the preheater, and the vaporizer and the fluid can be cooled to 50°C. 

Notice that the specific plant cost approaches $1,500/kW at the highest temperatures considered,
and that the specific power or utilization effectiveness increases dramatically as the geofluid
temperature increases.
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State-point (description) Temperature, °C Mass flow rate, kg/s

B1 (brine inlet) 100 88

B2 (brine outlet) 60 88

1 (turbine inlet) 71 77

2 (condenser outlet) 26 77

3 (cooling water outlet) 21 380

4 (cooling water inlet) 13 380

A1 (air wet-bulb) 7.2 ---



Figure 7.4 Cost and performance of 1 MW binary power plants as a function of geofluid temperature in
degrees Celsius (°C).

7.2.2 Electricity from high-temperature EGS resources
It is expected that EGS reservoirs will be created in deep granitic basement rocks where the in situ
temperatures will range from about 250°C to more than 500°C in special circumstances such as near
magma intrusions. The fluids produced from such reservoirs may range in temperature from about
200°C to values well in excess of the critical temperature for pure water, i.e., 374°C.

In this section, we consider energy conversion systems for fluids at the subcritical temperatures of
200°C and 250°C; in the next section, we treat the supercritical case at 400°C. As shown in Table 7.1, we
selected a single-flash plant for the 200°C case and a double-flash plant for the 250°C case. Figures 7.5
and 7.6 show these plants in simplified schematic form (DiPippo, 2005).

Figure 7.5 Single-flash power plant in simplified schematic form (DiPippo, 2005).
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Figure 7.6 Double-flash power plant in simplified schematic form (DiPippo, 2005).

Note that a water cooling tower is shown in Figure 7.5, but that air-cooled condensers could be used in
all of the systems, both flash and binary, allowing 100% reinjection into the EGS reservoir. The latter
option would increase the plant capital cost and reduce the net power, all other factors being the same.

If the EGS fluids are kept in the liquid state by the application of high pressure, these cases are similar
thermodynamically to the typical hydrothermal situations encountered in many fields around the
world. The fluid pressures may be higher than normally found in natural reservoirs, but the systems
analysis is the same. Whether the geofluids are allowed to flash into two-phase liquid-vapor flow in
the production wells, or at the surface separator, it makes no difference in the thermodynamic
analysis, but may have practical importance from a chemical scaling standpoint.

The two plants were analyzed to determine the thermodynamic optimum conditions, i.e., the highest
specific power output for each geofluid temperature, for a fixed condensing temperature of 50°C.
Turbine efficiency was downgraded to account for moisture in the lowest-pressure stages using the
Baumann rule (DiPippo, 2005). The parasitic power requirements have been assumed to be 5% of the
gross turbine power. That is, in arriving at the mass flow rates needed for a specified MW power
output, the specific turbine power was first multiplied by 0.95. 

The final optimized performance results are shown in Table 7.5. The utilization efficiency, i.e., the
ratio of the power output to the rate of exergy supplied by the geofluid, is 31.2% for the 200°C single-
flash case, and 45.8% for the 250°C double-flash case.

Chapter 7 Energy Conversion Systems – Options and Issues

7-12

IW

CCS
SP

WV
S

CP

SE/C

MR

T/G
CSV

CW

SP

TV

F

PW
WP WPBCV



Table 7.5 Results for thermodynamically optimized single- and double-flash plants.

It should be recognized that the maximum reasonably sustainable mass flow rates from EGS
reservoirs to-date have been in the neighborhood of 20-22 kg/s. This would be sufficient to generate
1 MW from a 200°C fluid, and about 2.4 MW from a 250°C fluid.

Estimated power plant costs for 1- and 2-flash systems. In this section, we estimate the cost to install plants
of the 1- and 2-flash type for use at EGS resources. The costs are based on the work of Sanyal (2005).
He postulated that the cost of a power plant (including the cost of the initial wells and associated
piping gathering system, but not replacement wells) would follow an exponentially declining curve as
the capacity of the power unit increases. His cost equation is:

(7-4)

where C is in $/kW and is the unit capacity in MW. This formula was calibrated at $2,500/kW for
a 5 MW plant and $1,618/kW for a 150 MW plant, the largest size considered in Sanyal’s study.

Our purpose is somewhat different in that we want to estimate the cost of power units when several
of them will be constructed in a large EGS field. Thus, we need to account for both economy of scale
(i.e., larger-size plants will be less expensive, per kW, than smaller ones) and a learning curve (i.e., the
unit cost of many units of identical design will be less than a one-off designed plant). We expect that
a lower cost limit will be reached, for which the cost of a plant will remain constant no matter the size
of a given unit or the number of common units constructed.

One other important difference exists in our case: We need the cost of the power plant alone because
the well and field costs to create an EGS reservoir will be estimated separately in this report. To this
end, we have assumed that 75% of the total cost from Eq. (7-4) is for the plant itself. Given the current
uncertainty in estimating the cost to create an EGS reservoir, we believe this percentage is a
reasonable estimate for the present purpose.

Geofluid
temp., 
°C

Energy
conversion

system

Separator
temp., °C

Flash
temp., °C

Specific turbine
power, kW/(kg/s) Mass flow rate in kg/s needed for

1
MW

10
MW

50
MW

200 Single-flash 121 N.A. 53.9 19.5 195.2 975.9

250 Double-flash 185 122 123.5 8.52 85.2 426.2
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Thus, we adapted Sanyal’s equation to suit the present needs and used the following formulation:

(7-5)

or

(7-6)

This equation gives $1,875/kW for the plant cost, exclusive of initial wells, for a 5 MW plant; and
$1,213/kW for a 150 MW plant (the same as Sanyal’s equation), but includes an asymptotic plant cost
of $750/kW for large units or for very large numbers of common units. This limit cost is our
judgment, based on experience with actual, recently constructed plants.

We want to show how the temperature of the EGS resource affects the cost of the plant. For this
purpose, we calculated the exergy of the geofluid coming from the EGS reservoir at any temperature.
This value was multiplied by the utilization efficiency for optimized 1- and 2-flash plants to obtain the
power output that should be attainable from the geofluid. This power was then used in Eq. (7-6) to
obtain the estimated cost of the power unit. 

The results are shown in Figures 7.7 to 7.10, which cover the range of temperatures expected from
EGS systems. Figures 7.7 and 7.9 show the optimized power output, and Figures 7.8 and 7.10 show
the plant costs, for 1-and 2-flash plants, respectively. The dramatic reductions in cost per kW for the
higher flow rates are evident, which, of course, mean higher power ratings. 

A nominal 50 MW plant can be obtained from 1,000 kg/s at 200°C using a 1-flash plant at an
estimated cost of $1,600/kW. The same power output can be obtained from a 2-flash plant using
1,000 kg/s at 180°C for $1,650/kW.

Chapter 7 Energy Conversion Systems – Options and Issues

7-14



Figure 7.7 Optimized power output for a 1-flash plant as a function of geofluid temperature in degrees
Celsius (°C) for geofluid flow rates of 100 and 1,000 kg/s.

Figure 7.8 Estimated plant cost ($/kW) for a 1-flash plant as a function of geofluid temperature in degrees
Celsius (°C) for geofluid flow rates of 100 and 1,000 kg/s.
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Figure 7.9 Optimized power output for a 2-flash plant as a function of geofluid temperature in degrees
Celsius (°C) for geofluid flow rates of 100 and 1,000 kg/s.

Figure 7.10 Estimated plant cost ($/kW) for a 2-flash plant as a function of geofluid temperature in
degrees Celsius (°C) for geofluid flow rates of 100 and 1,000 kg/s.
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7.2.3 Electricity from EGS resources at supercritical conditions
A novel energy conversion system was developed to handle the cases when the EGS geofluid arrives
at the plant at supercritical conditions, i.e., at a temperature greater than 374°C and a pressure greater
than 22 MPa. For all situations studied, the temperature was taken as constant at 400°C. The plant is
called the “triple-expansion” system; it is shown in simplified schematic form in Figure 7.11, and the
thermodynamic processes are shown in the temperature-entropy diagram in Figure 7.12.

The triple-expansion system is a variation on the conventional double-flash system, with the
addition of a “topping” dense-fluid, back-pressure turbine, shown as item SPT in Figure 7.11. The
turbine is designed to handle the very high pressures postulated for the EGS geofluid, in much the
same manner as a “superpressure” turbine in a fossil-fueled supercritical double-reheat power plant
(El Wakil, 1984). However, in this case, we impose a limit on the steam quality leaving the SPT to
avoid excessive moisture and blade erosion.

The analysis was based on the following assumptions:

• Geofluid inlet temperature, T1 = 400°C.
• Geofluid pressure, P1 > 22 MPa.
• Condenser temperature and pressure: T10 = 50°C and P10 = 0.123 bar = 0.0123 MPa.
• All turbine and pump isentropic efficiencies are 80%.
• Steam quality at SPT exit, state 2 = 0.90.
• HPT- and LPT-turbine outlet steam qualities (states 8 and 10) are unconstrained.

To determine the “optimum” performance, we selected the temperature at the outlet of the flash vessel
(state-point 5) as the average between the temperature at the SPT outlet (state 2) and the condenser
(state 10), in accordance with the approximate rule-of-thumb for optimizing geothermal double-flash
plants (DiPippo, 2005). No claim is made, however, that this will yield the true optimum triple-
expansion design, but it should not be far off.

Figure 7.11 Triple-expansion power plant for supercritical EGS fluids.
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Figure 7.12 Processes for triple-expansion power plant (see Figure 7.11 for location of state points).

The results for the triple-expansion system are shown in Tables 7.6 and 7.7. It is evident that this is a
very efficient means of generating electricity. The utilization efficiency is about 67%, and the thermal
efficiency is about 31%. Given the high specific net power, it would take only about 15 kg/s of EGS
fluid flow to produce 10 MW in either case. Such flow rates have already been demonstrated at EGS
reservoirs in Europe. For inlet pressures above 27 MPa, there are no solutions that satisfy our
constraints with the triple-expansion system. Even the solution at 27 MPa requires the cyclone
separator to operate close to the critical point, thereby diminishing its effectiveness. The density
difference between the liquid and vapor phases is not as pronounced as at separator conditions found
in a typical geothermal flash plant: Here, the liquid-to-vapor density ratio is only 3.5 as compared with
172.5 in a 1 MPa separator.

Table 7.6 Results of triple-expansion analysis for an inlet temperature of 400°C.

P1

MPa
P2

MPa
T2

°C
SwT

kJ/kg
SwP

kJ/kg

wnet

kW/(kg/s)
qIN

kW/(kg/s)
ηth
%

25 14.6 340.0 759.1 31.8 727.3 2301.3 31.6

27 19.05 361.6 699.3 34.3 665.0 2149.0 30.9
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Table 7.7 Further results for triple-expansion analysis at 400°C.

Thus, for very high inlet pressures – greater than about 28 MPa – a different form of energy
conversion system must be found. A binary plant might be considered which allows the EGS fluid to
be sent directly to the heat exchangers, but the extremely high pressures would necessitate very thick-
walled piping and tubes in the heat exchangers. The cost of such elements would be prohibitively
high, and the overall heat-transfer coefficients would be quite low. These two factors taken together
would seem to rule out a simple binary plant, in spite of its inherent simplicity.

An alternative system would simply eliminate the superpressure turbine shown in Figure 7.11, and
incorporate a flash-separation process that would reduce the EGS fluid pressure while generating
steam for use in a conventional steam turbine. The residual liquid from the separator might then be
used in a binary plant because the fluid pressure would then be manageable, or it might be flashed a
second time, or most simply reinjected. The first option is what is called a flash-binary plant; the
second option would be equivalent to using a double-flash plant, albeit with a very high pressure at
the throttle inlet; and the last option would result in a single-flash plant or what we call a “single-
expansion” plant.

We examined the last case in detail. Figures 7.13 and 7.14 show the plant in schematic form and the
processes in temperature-entropy coordinates. 

Figure 7.13 Supercritical single-expansion plant with ultra-high inlet pressures.
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Figure 7.14 Fluid processes for supercritical single-expansion plant with ultra-high inlet pressures (see
Figure 7.13 for location of state points).

The analysis was based on the following assumptions:

• Geofluid inlet temperature, T1 = 400°C.
• Geofluid pressure, P1 $ 28 MPa.
• Condenser temperature and pressure: T10 = 50°C and P10 = 0.123 bar = 0.0123 MPa.
• Turbine efficiency found from Baumann rule with 85% dry expansion efficiency.
• All pump isentropic efficiencies are 80%.

Tables 7.8 and 7.9 show the results for optimized single-expansion plants. By comparing these results
with those in Tables 7.6 and 7.7, it is clear that this system produces far less output than the triple-
expansion system. This plant, however, is much simpler, and should be significantly less expensive to
install and operate.
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Table 7.8 Results of thermodynamically optimized single-expansion plants with supercritical EGS fluids at
400°C and various pressures greater than 27 MPa.

Table 7.9 Efficiencies of optimized single-expansion plants (see Table 7.7).

The optimum separator temperature and the best specific power output are plotted in Figure 7.15 as
a function of the inlet EGS fluid pressure. Figure 7.16 gives the thermal and utilization efficiencies.
The optimization process maximized the net power (and, therefore, the utilization efficiency) so that
the thermal efficiency is not necessarily at its peak value for the conditions shown.

P1

MPa
Exergy, e1

kW/(kg/s)
wnet

kW/(kg/s)
qIN

kW/(kg/s)
ηth
%

ηu
%

28 941.4 453.8 1,754.3 25.9 48.2

29 886.7 406.7 1,632.7 24.9 45.9

30 842.9 371.5 1,538.0 24.2 44.1

31 812.4 347.6 1,472.8 23.6 42.8

32 791.3 331.0 1,427.1 23.2 41.8

35 755.7 301.2 1,349.4 22.3 39.9

Chapter 7 Energy Conversion Systems – Options and Issues

7-21

Inlet
pressure
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Separator
pressure
MPa

Separator
temperature
°C

Specific 
turbine 
power 
kW/(kg/s)

Specific net
power 
kW/(kg/s)

Mass flow rate in kg/s 
needed for

1
MW

10
MW

50
MW

28 8.22 297 488.89 453.8 2.20 22.0 110.2

29 5.94 275 443.82 406.7 2.46 24.6 122.9

30 4.84 262 410.35 371.5 2.69 26.9 134.6

31 4.25 254 388.02 347.6 2.88 28.8 143.9

32 3.91 249 372.93 331.0 3.02 30.2 151.1

35 3.34 240 347.46 301.2 3.32 33.2 166.0



Figure 7.15 Optimum single-expansion plant performance for EGS fluid inlet temperature of 400°C and
pressures greater than 27 MPa.

Figure 7.16 Thermal and utilization efficiencies for the supercritical single-expansion plant shown in
Figure 7.13 and for the conditions shown in Figure 7.14.

It might be noted that the power needed to pump the geofluid back into the reservoir is significant,
ranging from about 9%-13% of the turbine gross power. Also, the currently achievable EGS flow
rates of about 20 kg/s could generate roughly 10-15 MW with this type of power plant under the
fluid conditions postulated.
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Thus, for supercritical geofluids from EGS reservoirs, we conclude that for those cases where the
geofluid is supplied to the plant at a temperature of 400°C, and at pressures greater than 22 MPa but
less than 28 MPa, the preferred energy conversion system is a relatively complex, triple-expansion
system. Cycle thermal efficiencies of about 31% and utilization efficiencies of 67% can be expected.

For cases where the geofluid is supplied to the plant at a temperature of 400°C and at pressures
greater than 28 MPa, the preferred energy conversion system is a single-expansion system. Cycle
thermal efficiencies of about 24% and utilization efficiencies of 40%-45% can be expected.

The analysis presented here does not account for pressure losses through any piping or heat
exchangers, including the manufactured one in the underground reservoir. Once the reservoir
performance has been determined in the field, this can easily be taken into account by adjusting the
required pump work. 

We are left to speculate what geofluid pressures are reasonable for the EGS environment. For the
simpler energy conversion system (i.e., the single-expansion cycle), the higher the pressure, the
poorer the performance of the power cycle. The best performance occurs at pressures that may be too
low to provide sufficient throughput of geofluid. For the more complex, triple-expansion system, it is
not known whether the very high pressures postulated, requiring expensive thick-walled piping and
vessels, may render this system uneconomic. Finally, at this stage of our understanding, we have no
idea what geofluid flow rates will accompany any particular geofluid pressure because of the great
uncertainty regarding the flow in the manufactured underground reservoir. More fieldwork is needed
to shed light on this issue. 

7.3 Cogeneration of Electricity and Thermal
Energy
One of the possible uses of EGS-produced fluids is to provide both electricity and heat to residential,
commercial, industrial, or institutional users. In this section, we consider the case of the MIT
cogeneration system (MIT-COGEN) as a typical application. 

Our tasks for the cogeneration case are:
(a) Identify the most appropriate energy conversion system using hot geofluid from an EGS

resource that will supply all the required energy flows of the current system, i.e., electricity,
heating, and air conditioning.

(b) Calculate the required flow rate of the geofluid.

MIT-COGEN employs a gas turbine with a waste heat-recovery steam generator (HRSG) to meet
nearly all of the electrical and heating/cooling needs of the campus – Tables 7.10 and 7.11 give HRSG
a snapshot of the energy outputs for November 18, 2005. Also, on November 18, 2005, the steam
generated from the HRSG was at 1.46 MPa and 227°C, with 30°C of superheat. Figure 7.17 shows the
energy flow diagram for the plant (Cooper, 2005), and Figure 7.18 is a highly simplified flow diagram
for the main components of the system. It is important to note that the chiller plant is powered mainly
by steam turbines that drive the compressors, the steam being raised in the HRSG of the gas turbine
plant. Two of the chillers have electric motor-driven compressors.
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The actual performance data for the MIT-COGEN plant were obtained from the plant engineers
(Cooper, 2005). Table 7.12 shows the minimum, maximum, and average monthly demands for
electricity, chiller cooling, and steam. Table 7.13 gives the annual amounts for these quantities, and
Table 7.14 converts these values to instantaneous power requirements based on monthly averages.

Table 7.10 Electrical demand and supply at MIT – November 18, 2005.

Table 7.11 Steam demand and supply at MIT – November 18, 2005.

Figure 7.17 Energy-flow diagram for MIT-COGEN system.

Demand load, lbm/h HRSG output, lbm/h Demand load, kg/s HRSG output, kg/s

135,059 135,059 17.017 17.017

Demand load, kWe Cogen power, kWe NSTAR power, kWe

24,087 22,100 2,060
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Figure 7.18 Highly simplified flow diagram for MIT-COGEN system.

Table 7.12 Monthly requirements for MIT-COGEN system, June 2004-May 2005.

Table 7.13 Annual requirements for MIT-COGEN system, June 2004-May 2005.

Item Amount

Electricity demand, kWh 197,500,000

Steam production, lbm 1,440,000,000

Chiller cooling, ton·h 43,000,000

Item Minimum Maximum Average

Electricity demand, kWh 14,300,000 (Jan.) 19,600,000 (May) 16,500,000

Steam production, lbm 93,400,000 (Sep.) 169,400,000 (Jan.) 120,000,000

Chiller cooling, ton·h 2,000,000 (Feb.) 7,200,000 (Aug.) 3,600,000
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Table 7.14 Average power needs for MIT-COGEN system, June 2004-May 2005.

Figure 7.19 is a flow diagram in which an EGS wellfield replaces the fossil energy input to the existing
MIT-COGEN plant and supplies all of the current energy requirements. 

The current gas turbine generator set is rated at 20 MW but usually puts out more than that, typically
22 MW; the remainder of the electrical load must be supplied by the local utility. The power
requirements will have to be produced by a new steam turbine driven by EGS-produced steam. We
have selected a single-flash system with a back-pressure steam turbine. The exhaust steam from the
turbine will be condensed against part of the heating load, thereby providing a portion of the total load
for the moderate- to lower-temperature applications. The separated liquid from the cyclone separators
may also be used to supply some of the needs of the heating system. 

If the EGS system were to replicate the existing chiller plant, a side stream of the separated steam
generated in the cyclone separator would be needed to drive the steam turbine-compressor sets.
However, we think it is more practical for the EGS system to provide sufficient electricity from its
steam turbine-generator to supply electric motors to power the chiller compressors. 

Another innovation that fits the new EGS system is to retrofit the campus to meet the heating and
space cooling needs with ground-source heat pumps (GSHP). In the long-range view of this
assessment, it will be beneficial to use GSHPs for space conditioning and to use electricity to drive
the compressors.

Item Amount

Electricity demand, kW 22,900

Steam production, lbm/h 167,000

Steam production, kg/s 21

Chiller cooling, ton 5,000

Chiller cooling, Btu/h 60,000,000

Chiller cooling, kWth 17,500
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Figure 7.19 EGS system to supply MIT-COGEN energy requirements.

Switzerland, a non-hydrothermal country that is using GSHPs very extensively and effectively, is an
example of what can be done with this technology. In 2004, Switzerland had 585 MWth of direct
geothermal heating and cooling installed. Most of this, 91.1%, is in GSHPs, either earth- or water-
coupled and geostructures, e.g., building foundation piles. The country produced 1,190 GWh of
energy from their geothermal energy, enough to displace 100,000 toe (tonnes of oil equivalent) and
300,000 tonnes of carbon dioxide (Rybach and Gorhan, 2005). With more than 25,000 GSHP units
installed and an annual growth of about 15% (Curtis et al., 2005), it is evident that GSHPs are an
attractive and economic method of providing indoor climate control in a country not endowed with
conventional high-temperature hydrothermal resources. 

In the case of the MIT campus, the EGS system may be used in conjunction with ground-source heat
pumps to provide all the heating and cooling needs (see Figure 7.20). The EGS system shown still
allows for some direct heating using the back-pressure exhaust steam from the main turbine for those
applications where steam is essential. In practice, these heating needs might be taken care of using
steam bled from an appropriate stage of the turbine. Furthermore, because it is highly desirable to
return the spent geofluid to the injection wells as cold as possible (to enhance the gravity-head flow
effect), we still will use the liquid from the cyclone separator to meet some campus heating needs.
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Figure 7.20 EGS system to supply MIT-COGEN energy requirements using ground-source heat pumps. 

The EGS version of the COGEN plant will be as flexible as possible to accommodate varying electrical,
heating, and cooling loads. However, for this analysis, it is assumed that the electrical load is a
nominal 22 MW – the total heating load requires 21 kg/s of steam at 1.48 MPa and 227°C, and the
cooling load is 5,000 tons of refrigeration or 17,500 kWth. The steam condensate returns saturated at
about 109°C; thus, the heating load is roughly 50,700 kWth. 

To find the electricity needed to drive the compressors of the GSHPs, we assumed that the COP is 5.0
in the heating mode and 7.3 in the cooling mode (U.S. DOE, 2005). Thus, on these bases, the
electrical input would be 10,140 kWe to power the GSHP heating system, and 2,400 kWe to power
the cooling plant. The base electric power requirement of 22 MW must be added to these, giving a
total electrical output from the EGS-driven turbine-generator of 32.1 MW. This would require a mass
flow rate of about 470 kg/s from an EGS reservoir having a temperature of 250°C, assuming a back-
pressure turbine is used with a double-flash system. The required fluid flow rate might be somewhat
lower if a condensing, extraction turbine is used, but we did not perform the engineering analysis to
assess this possibility. 

The type of system described here for the MIT situation can be used as a model for other similar
applications. It can accommodate other direct-heat uses such as the processing of agricultural products
such as foodstuffs and biomass, or in aquaculture, because only low- to moderate-temperature fluids
are needed. Applications of this kind are common at existing hydrothermal plants around the world
(Lund, 2005), and would make sense for power plants operating on EGS-derived fluids.
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7.4 Plant Operational Parameters
Power plants operating on EGS-derived geofluids will be subject to the same kind of operating and
performance metrics as those at conventional hydrothermal resources. However, because the EGS
fluids are “pure” water to start with at the injection wells, and are recirculated after production, it is
expected that they will be far less aggressive than typical hydrothermal fluids. This should minimize
the problems often seen regarding chemical scaling, corrosion, and noncondensable gases found in
some natural hydrothermal power plants where methods already exist for coping with all of these
potential problems. Nevertheless, the EGS fluids may have much higher pressures than those seen at
hydrothermal plants, even supercritical pressures, which already have been discussed. These
conditions, when combined with very high temperatures, will need to be accounted for in the field
piping and plant design.

The analysis presented here presumes that the properties of the EGS circulating fluid remain
constant. Because this is unlikely to be true over the expected lifetime of a plant, it may be necessary
to modify the plant components to maintain the power output, unless replacement wells are able to
restore the initial fluid conditions. This problem is routinely encountered in current geothermal
plants, both flash-steam and binary, and the methods used would apply to the EGS plants. 

The general finding is that no insurmountable difficulties are expected on the power-generation side
of an EGS operation. 

7.5 Summary and Conclusions
In this section, we have shown that:

• Energy conversion systems exist for use with fluids derived from EGS reservoirs.

• Conventional geothermal power plant techniques are available to cope with changing properties
of the fluids derived from EGS reservoirs.

• It is possible to generate roughly 6,000 MW of electricity from fluids that are currently being
coproduced from oil and gas operations in the United States by using standard binary-cycle
technology.

• Power plant capital costs for coproduced fluids range from about $1,500-2,300/kW, depending on
the temperature of the coproduced fluids.

• If a mass flow rate of 20 kg/s can be sustained from a 200°C EGS reservoir, approximately 1 MW
of power can be produced; the same power can be achieved from a 250°C EGS reservoir, with only
about 8.5 kg/s.

• Supercritical fluids from an EGS reservoir can be used in a triple-expansion power plant. About
15 kg/s will yield about 10 MW of power from fluids at 400°C and pressures in the range of 25-
27 MPa; power plant thermal efficiencies will be about 31%.

• Supercritical fluids from an EGS reservoir at very high pressures up to 35 MPa and 400°C can be
used in a single-expansion power plant to generate 10 MW of power from flow rates of 21-30 kg/s,
depending on the fluid pressure.
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• Fluids derived from EGS reservoirs can be used in innovative cogeneration systems to provide
electricity, heating, and cooling in conjunction with ground-source heat pumps. For example, the
current MIT energy needs could be met with an EGS power plant with a 32 MW rating; this could
be achieved with a flow rate of 1,760 kg/s from a 200°C EGS reservoir using a single-flash system
– or a 470 kg/s flow rate from a 250°C EGS reservoir using a double-flash system – and back-
pressure turbines.

• The installed specific cost ($/kW) for either a conventional 1- or 2-flash power plant at EGS
reservoirs is inversely dependent on the fluid temperature and mass flow rate. Over the range
from 150-340°C: For a mass flow rate of 100 kg/s, the specific cost varies from $1,894-1,773/kW
(1-flash) and from $1,889-1,737/kW (2-flash); for a flow rate of 1,000 kg/s, the cost varies from
$1,760-1,080/kW (1-flash) and from $1,718-981/kW (2-flash).

• The total plant cost, exclusive of wells, for a 2-flash plant receiving 1,000 kg/s from an EGS
reservoir would vary from $50 million to $260 million, with a fluid temperature ranging from
150-340°C; the corresponding power rating would vary from about 30-265 MW. If the reservoir
were able to supply only 100 kg/s, the plant cost would vary from $5.6 million to $45.8 million
over the same temperature range; the corresponding power rating would vary from 3-26.4 MW.

It should be noted that the possibility of using supercritical-pressure carbon dioxide as the circulating
fluid in the EGS reservoir, alluded to in other parts of this report, has not been analyzed in this
chapter. The use of CO2 as the heat-transfer medium raises a number of complex questions, the
resolution of which lies beyond the scope of this report. The reader may consult Brown (2000) for an
excellent discussion of this concept.
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Nomenclature (as used in figures)
B Boiler
BCV Ball check valve
C Condenser; compressor (Fig. 7.18); Celsius (throughout)
CC Combustion chamber
CP Condensate pump
CS Cyclone separator
CSV Control and stop valves
CT Cooling tower
CW Cooling water
CWP Cooling water pump
E Evaporator
EC Economizer
F Flash vessel
FF Final filter
G Generator
HPP High-pressure pump
HPT High-pressure turbine
HRSG Heat-recovery steam generator
IP Injection pump
IW Injection well
LPP Low-pressure pump
LPT Low-pressure turbine
M Make-up water
MR Moisture remover
P Pump
PH Preheater
PW Production well
S Silencer
SE/C Steam ejector/condenser
SH Superheater
SP Steam piping
SPT Super-pressure turbine
SR Sand remover
T Turbine
T/G Turbine/generator
TV Throttle valve
WP Water piping
WV Wellhead valve
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8.1 Scope and Approach to Geothermal
Environmental Effects 
In the United States, the environmental impact of any type of power project is subject to many forms
of regulation. All of the following laws and regulations play a role before any geothermal development
project can be brought to fruition (Kagel et al., 2005): 

• Clean Air Act 

• National Environmental Policy Act

• National Pollutant Discharge Elimination System Permitting Program

• Safe Drinking Water Act

• Resource Conservation and Recovery Act

• Toxic Substance Control Act

• Noise Control Act

• Endangered Species Act

• Archaeological Resources Protection Act

• Hazardous Waste and Materials Regulations 

• Occupational Health and Safety Act

• Indian Religious Freedom Act. 

Thus, it is highly unlikely that any geothermal power plant will be a threat to the environment
anywhere in the United States, given the comprehensive spectrum of regulations that must be satisfied.

The potential environmental impacts of conventional hydrothermal power generation are widely known.
Several articles and reports have documented the various potential impacts from geothermal dry-steam,
flash-steam, and binary energy conversion systems. The general conclusion from all studies is that
emissions and other impacts from geothermal plants are dramatically lower than other forms of
electrical generation. The following references, chosen from among many possible ones, provide
detailed discussions: Armstead, 1983; Armstead and Tester, 1987; Burnham et al., 1993; DiPippo,
1991a; DiPippo, 1991b; Kagel et al., 2005; Mock et al., 1997; Pasqualetti, 1980; and Tester et al., 2005. 

Thus, the lessons learned from the hundreds of existing geothermal power plants can be used to
ensure that future EGS systems will have similar or even lower environmental impacts. 

Our focus in this report is on systems to generate electricity. Ground-source heat pumps are another
means of utilizing geothermal energy on a distributed basis for space heating and cooling of buildings
(see Section 7.3). The environmental impact of such systems is quite limited because they are usually
installed during building construction and normally utilize a subsurface heat exchanger, buried well
below the frost line. The environmental impacts of geothermal heat pumps are not addressed further,
because they are beyond the scope of this study (see Mock et al., 1997.)
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There are several potential environmental impacts from any geothermal power development. These
include:

• Gaseous emissions

• Water pollution

• Solids emissions

• Noise pollution

• Land use

• Land subsidence

• Induced seismicity 

• Induced landslides

• Water use

• Disturbance of natural hydrothermal manifestations

• Disturbance of wildlife habitat and vegetation

• Altering natural vistas 

• Catastrophic events. 

Despite this long list, current and near-term geothermal energy technologies generally present much
lower overall environmental impact than do conventional fossil-fueled and nuclear power plants. For
example, the power plant is located above the geothermal energy resource eliminating the need (a) to
physically mine the energy source (the “fuel”) in the conventional sense and, in the process, to disturb
the Earth’s surface, and (b) to process the fuel and then use additional energy to transport the fuel
over great distances while incurring additional environmental impacts. Furthermore, the geothermal
energy conversion equipment is relatively compact, making the overall footprint of the entire system
small. With geothermal energy, there are no atmospheric discharges of nitrogen oxides or particulate
matter, and no need to dispose of radioactive waste materials. 

There are, however, certain impacts that must be considered and managed if geothermal energy,
including EGS, is to be developed as a larger part of a more environmentally sound, sustainable
energy portfolio for the future. Most of the potentially important environmental impacts of
geothermal power plant development are associated with ground water use and contamination, and
with related concerns about land subsidence and induced seismicity as a result of water injection and
production into and out of a fractured reservoir formation. Issues of air pollution, noise, safety, and
land use also merit consideration. 

The next section presents a comprehensive overview of environmental issues, summarizes the body
of experience from hydrothermal plants, contrasts geothermal operations with alternative systems,
and estimates the impact from EGS operations. 
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8.2 Potential Environmental Impacts from
Geothermal Development
8.2.1 Gaseous emissions
Gaseous emissions result from the discharge of noncondensable gases (NCGs) that are carried in the
source stream to the power plant. For hydrothermal installations, the most common NCGs are carbon
dioxide (CO2) and hydrogen sulfide (H2S), although species such as methane, hydrogen, sulfur
dioxide, and ammonia are often encountered in low concentrations. In the United States, emissions
of H2S – distinguished by its “rotten egg” odor and detectable at 30 parts per billion – are strictly
regulated by the Environmental Protection Agency (EPA) to avoid adverse impacts on plant and
human life. We expect that for most EGS installations, there will be lower amounts of dissolved gases
than are commonly found in hydrothermal fluids. Consequently, impacts would be lower and may not
even require active treatment and control. Nonetheless, for completeness, we review here the
situation encountered today for managing gaseous emissions from hydrothermal plants. 

Emissions are managed through process design. In steam and flash plants, naturally occurring NCGs
in the production fluid must be removed to avoid the buildup of pressure in the condenser and the
resultant loss in power from the steam turbine (see Figures 7.5 and 7.6). The vent stream of NCGs
can be chemically treated and/or scrubbed to remove H2S, or the NCGs can be recompressed and
injected back into the subsurface with the spent liquid stream from the power plant. Both of these
solutions require power, thereby increasing the parasitic load and reducing the plant output and
efficiency. Binary plants avoid this problem because such plants only recover heat from the source
fluid stream by means of a secondary working fluid stream. The source geofluid stream is reinjected
without releasing any of the noncondensables. 

The selection of a particular H2S cleanup process from many commercially available ones will depend
on the specific amounts of contaminants in the geofluid stream and on the established gaseous
emissions standards at the plant site.

So far in the United States, there are no standards to be met for the emission of CO2 because the
United States has not signed the Kyoto agreement. Nevertheless, geothermal steam and flash plants
emit much less CO2 on an electrical generation basis (per megawatt-hour) than fossil-fueled power
plants, and binary plants emit essentially none. The concentrations of regulated pollutants – nitrogen
oxide (NOx) and sulfur dioxide (SO2 ) – in the gaseous discharge streams from geothermal steam and
flash plants are extremely minute. Table 8.1 shows a comparison of typical geothermal plants with
other types of power plants (Kagel et al., 2005). 

The data indicate that geothermal plants are far more environmentally benign than the other
conventional plants. It should be noted that the NOx at The Geysers comes from the combustion
process used to abate H2S in some of the plants; most geothermal steam plants do not rely on
combustion for H2S abatement and therefore emit no NOx at all.
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Table 8.1 Gaseous emissions from various power plants.

Plant type CO2 SO2 NOx Particulates
kg/MWh kg/MWh kg/MWh kg/MWh

Coal-fired 994 4.71 1.955 1.012

Oil-fired 758 5.44 1.814 N.A.

Gas-fired 550 0.0998 1.343 0.0635

Hydrothermal – flash-steam, 27.2 0.1588 0 0
liquid dominated

Hydrothermal – The Geysers dry 40.3 0.000098 0.000458 negligible
steam field

Hydrothermal – closed-loop binary 0 0 0 negligible

EPA average, all U.S. plants 631.6 2.734 1.343 N.A.

N.A. = not available

8.2.2 Water pollution
Liquid streams from well drilling, stimulation, and production may contain a variety of dissolved
minerals, especially for high-temperature reservoirs (>230°C). The amount of dissolved solids
increases significantly with temperature. Some of these dissolved minerals (e.g., boron and arsenic)
could poison surface or ground waters and also harm local vegetation. Liquid streams may enter the
environment through surface runoff or through breaks in the well casing. Surface runoff is controlled
by directing fluids to impermeable holding ponds and by injection of all waste streams deep
underground. To guard against fluids leaking into shallow fresh-water aquifers, well casings are
designed with multiple strings to provide redundant barriers between the inside of the well and the
adjacent formation. Nevertheless, it is important to monitor wells during drilling and subsequent
operation, so that any leakage through casing failures can be rapidly detected and managed. 

In principle, EGS operations are subject to the same possibility for subsurface contamination through
casing defects, but there is little chance for surface contamination during plant operation because all
the produced fluid is reinjected. Of course, a catastrophic failure of a surface pipeline could lead to
contamination of a limited area until isolation valves are activated and seal off the affected pipeline. 

8.2.3 Solids emissions
There is practically no chance for contamination of surface facilities or the surrounding area by the
discharge of solids per se from the geofluid. The only conceivable situation would be an accident
associated with a fluid treatment or minerals recovery system that somehow failed in a catastrophic
manner and spewed removed solids onto the area. There are no functioning mineral recovery
facilities of this type at any geothermal plant – although one was piloted for a short time near the
Salton Sea in southern California – and it is not envisioned that any such facility would be associated
with an EGS plant. Precautions, however, would need to be in place should the EGS circulating fluid
require chemical treatment to remove dissolved solids, which could be toxic and subject to regulated
disposal and could plug pathways in the reservoir.
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8.2.4 Noise pollution
Noise from geothermal operations is typical of many industrial activities (DiPippo, 1991a). The
highest noise levels are usually produced during the well drilling, stimulation, and testing phases
when noise levels ranging from about 80 to 115 decibels A-weighted (dBA) may occur at the plant
fence boundary. During normal operations of a geothermal power plant, noise levels are in the 71 to
83 decibel range at a distance of 900 m (DiPippo, 2005). Noise levels drop rapidly with distance from
the source, so that if a plant is sited within a large geothermal reservoir area, boundary noise should
not be objectionable. If necessary, noise levels could be reduced further by the addition of mufflers or
other soundproofing means but at added cost. For comparison, congested urban areas typically have
noise levels of about 70 to 85 decibels, and noise levels next to a major freeway are around 90
decibels. A jet plane just after takeoff produces noise levels of about 120 to 130 decibels.

During normal operations, there are three main sources of noise: the transformer, the power house,
and the cooling tower. Because the latter is a relatively tall structure and the noise emanates from the
fans that are located at the top, these can be the primary source of noise during routine operation. Air-
cooled condensers employ numerous cells, each fitted with a fan, and are worse from a noise
perspective than water cooling towers, which are smaller and use far fewer cells for a given plant rating.

Because EGS plants will likely be located in regions where water may be in short supply, they may
require air-cooling, and proper attention may be needed to muffle the sound from their air-cooled
condensers.

8.2.5 Land use
Land footprints for hydrothermal power plants vary considerably by site because the properties of the
geothermal reservoir fluid and the best options for waste stream discharge (usually reinjection) are
highly site-specific. Typically, the power plant is built at or near the geothermal reservoir because long
transmission lines degrade the pressure and temperature of the geofluid. Although well fields can
cover a considerable area, typically 5 to 10 km2 or more, the well pads themselves will only cover about
2% of the area. With directional-drilling techniques, multiple wells can be drilled from a single pad
to minimize the total wellhead area. 

Gathering pipelines are usually mounted on stanchions, so that most of the area could be used for
farming, pasture, or other compatible use (see Figure 8.1). The footprint of the power plant, cooling
towers, and auxiliary buildings and substation is relatively modest. Holding ponds for temporary
discharges (during drilling or well stimulation) can be sizeable but represent only a small fraction of
the total well field. 
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Figure 8.1 Typical pipeline at Miravalles geothermal power plant, Costa Rica (photo by R. DiPippo).

A comparison of land uses for typical geothermal flash and binary plants with those of coal and solar
photovoltaic plants is presented in Table 8.2 using data from DiPippo (1991b). 

Table 8.2 Comparison of land requirements for typical power generation options.

Technology Land use Land use
m2/MW m2/GWh

110 MW geothermal flash plant (excluding wells) 1,260 160

20 MW geothermal binary plant (excluding wells) 1,415 170

49 MW geothermal FC-RC plant (1) (excluding wells) 2,290 290

56 MW geothermal flash plant (including wells, (2) pipes, etc.) 7,460 900

2,258 MW coal plant (including strip mining) 40,000 5,700

670 MW nuclear plant (plant site only) 10,000 1,200

47 MW (avg) solar thermal plant (Mojave Desert, CA) 28,000 3,200

10 MW (avg) solar PV plant(3) (Southwestern US) 66,000 7,500

(1) Typical Flash-Crystallizer/Reactor-Clarifier plant at Salton Sea, Calif.

(2) Wells are directionally drilled from a few well pads. 

(3) New land would not be needed if, for example, rooftop panels were deployed in an urban setting.

These data incorporate realistic capacity factors for each technology. Note that average power outputs,
not rated values, were used for the solar plants. A solar-thermal plant requires about 20 times more
area than a geothermal flash or binary plant; and a solar photovoltaic plant (in the best insolation area
in the United States) requires about 50 times more area than a flash or binary plant per MW. The
ratios are similar on a per MWh basis. The coal plant, including 30 years of strip mining, requires
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between 30-35 times the surface area for a flash or binary plant, on either a per MW or MWh basis.
The nuclear plant occupies about seven times the area of a flash or binary plant. The land use for
geothermal plants having hypersaline brines is about 75% greater than either simple flash or binary
because of the large vessels needed to process the brine. 

EGS plants are expected to conform more closely to the conventional geothermal flash and binary
plants because of the relatively benign chemical nature of the circulating fluids. See Section 8.2.11 for
further discussion of land use.

8.2.6 Land subsidence
If geothermal fluid production rates are much greater than recharge rates, the formation may
experience consolidation, which will manifest itself as a lowering of the surface elevation, i.e., this
may lead to surface subsidence. This was observed early in the history of geothermal power at the
Wairakei field in New Zealand where reinjection was not used. Subsidence rates in one part of the
field were as high as 0.45 m per year (Allis, 1990). Wairakei used shallow wells in a sedimentary
basin. Subsidence in this case is very similar to mining activities at shallow depths where raw
minerals are extracted, leaving a void that can manifest itself as subsidence on the surface. After this
experience, other geothermal developments adopted actively planned reservoir management to avoid
this risk.

Most of EGS geothermal developments are likely to be in granitic-type rock formations at great depth,
which may contain some water-filled fractures within the local stress regime at this depth. After a
geothermal well is drilled, the reservoir is stimulated by pumping high-pressure water down the well
to open up existing fractures (joints) and keep them open by relying on the rough surface of the
fractures. Because the reservoir is kept under pressure continuously, and the amount of fluid in the
formation is maintained essentially constant during the operation of the plant, the usual mechanism
causing subsidence in hydrothermal systems is absent and, therefore, subsidence impacts are not
expected for EGS systems.

8.2.7 Induced seismicity
Induced seismicity in normal hydrothermal settings has not been a problem because the injection of
waste fluids does not require very high pressures. However, the situation in the case of many EGS
reservoirs will be different and requires serious attention. Induced seismicity continues to be under
active review and evaluation by researchers worldwide. Annual workshops have been held recently to
discuss current results (see, e.g., Majer and Baria, 2006).

The process of opening fractures can occur in a sliding manner by shear failure or in extensional
manner by tensile failure. In either case, acoustic noise is generated during this process. This acoustic
noise is referred to as microseismic noise or events. The acoustic noise is monitored during the
stimulation process as an EGS reservoir management tool to see how far the stimulation has opened
the reservoir in three dimensions (Batchelor et al., 1983; Baria et al., 1985; Baria and Green, 1989;
Baria et al., 1995; Baria, 1990; Baria et al., 2005; Baria et al., 2006). This is analogous to tracking a
submarine through acoustic noise patterns. The microseismic monitoring pinpoints how the
pressure waves are migrating in the rock mass during the reservoir creation process. In the EGS
systems studied to date (see Chapter 4) shear failure has been the dominant mechanism.
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Signatures of the microseismic events also can be used to quantify the energy radiated from the
shearing of fractures, the size of the fractures, the orientation of fractures, dilation and slip of
fractures, etc. This is a unique method and serves as a remote sensing technique to observe changes
in the reservoir properties (stress), not just during the development of the reservoir but also during
the long-term energy-extraction phase. 

Typically, natural fractures vary in length on a scale of 1 to 10 meters. Seismic energy radiated during
the shearing process depends on the length of the fracture or the stress release from the constraining
natural forces. A majority of the observed data from existing EGS projects suggest that the higher
energy radiated from the shearing is caused by a high stress release from relatively small joint lengths
(Michelet et al., 2004). This would suggest that if there were some perceived events on the surface,
the frequency content would be too high to generate any seismic risk, but minor events may still raise
concerns among local inhabitants. 

Experience to-date suggests that an appropriate infrastructure needs to be set up to inform local
residents about the program prior to the implementation of an EGS project. Planning needs to
include a system where local residents are briefed on the project and are encouraged to contact a
specified person on the program whose duties include answering questions and dealing responsively
and sympathetically to any concerns of the local residents. Regular public meetings and arranged
visits to the site from schools and interested parties are a way of enhancing acceptance of the program
by local residents.

The collection of baseline data at the selected site prior to the onset of drilling is useful in separating
natural from induced events. Additionally, it is prudent to instrument the site for any unexpected
natural or induced felt microseismic events. A procedure also needs to be in effect to assess any
effects on the public and local infrastructure. Lastly, sound geological and tectonic investigations must
be carried out prior to the selection of the site to avoid the inadvertent lubrication of a major fault that
could cause a significant seismic event.

8.2.8 Induced landslides
There have been instances of landslides at geothermal fields. The cause of the landslides is often
unclear. Many geothermal fields are in rugged terrain that is prone to natural landslides, and some
fields actually have been developed atop ancient landslides. Some landslides can be triggered by large
earthquakes, but it is highly unlikely that geothermal production and injection could lead to such a
massive event. Badly sited wells, particularly shallow injection wells, may interact with faults and
cause slippage similar to what has been described in the preceding section. 

Under these circumstances, it is possible for a section of a slope to give way initiating a landslide.
However, such events at hydrothermal fields are rare, and proper geological characterization of the
field should eliminate the possibility of such a catastrophe. EGS reservoir development should avoid
areas of high landslide risk even though the chance of a catastrophic event is extremely low.

8.2.9 Water use
Geothermal projects, in general, require access to water during several stages of development and
operation. Water use can be managed in most cases to minimize environmental impacts. Various
aspects of water use in EGS projects are described below.
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Well drilling, reservoir stimulation, and circulation. Water is required during well drilling to provide bit
cooling and rock chip removal. This water (actually a mixture of water and chemicals) is recirculated
after being cooled and strained. Makeup water is required to compensate for evaporation losses
during cooling. 

It is expected that in most advanced EGS applications, surface water will be needed to both stimulate
and operate the reservoir (i.e., the underground heat exchanger) and produce the circulation patterns
needed. The quantity of hydrothermal fluids naturally contained in the formation is likely to be very
limited, particularly in formations with low natural permeability and porosity. In the western part of
the United States, where water resources are in high demand, water use for geothermal applications
will require careful management and conservation practice. The water may be taken from a nearby
high-flow stream or river, if available, or collected in a temporary surface reservoir during the rainy
season. Sometimes, local streams may be dammed and diverted. In some EGS resource areas, water
treatment will be needed to ensure sufficient quality for reinjection and reuse or to remove potentially
hazardous contaminants that might be dissolved or suspended in the circulating geofluid or cooling
water. It is necessary to coordinate water use during field development with other local water demands
for agricultural or other purposes.

Fluids produced from the reservoir. Production of geofluids from a hydrothermal reservoir for use in
power or thermal energy generation can lower the water table, adversely affect nearby geothermal
natural features (e.g., geysers, springs, and spas), create hydrothermal (phreatic) eruptions, increase
the steam zone, allow saline intrusions, or cause subsidence. EGS systems are designed to avoid these
impacts by balancing fluid production with recharge. In principle, EGS systems may be approximated
as “closed-loop” systems whereby energy is extracted from the hot fluid produced by production wells
(namely, a heat exchanger for binary plants) and cooled fluid is reinjected through injection wells.
However, the circulation system is not exactly closed because water is lost to the formation; this lost
water must be made up from surface water supplies.

Cooling water for heat rejection. Cooling water is generally used for condensation of the plant working
fluid. The waste heat can be dissipated to the atmosphere through cooling towers if makeup water is
available. Water from a nearby river or other water supply can also serve as a heat sink. There are
opportunities for recovering heat from these waste fluids (and possibly from the brine stream) in
associated activities such as fish farms or greenhouses. 

An alternative to water-cooling is the technique of air-cooling using electric motor-driven fans and
heat exchangers. This approach is particularly useful where the supply of fresh water is limited, and
is currently used mainly for binary power plants (see Chapter 7). While air-cooled condensers
eliminate the need for fresh makeup water that would be required for wet cooling towers, they occupy
large tracts of land owing to the poor heat transfer properties of air vs. water. This greatly increases
the land area needed for heat rejection compared to a plant of the same power rating that uses a wet
cooling tower. For example, in the case of the 15.5 MW bottoming binary plant at the Miravalles field
in Costa Rica, a design comparison between a water-cooling tower and an air-cooled condenser
showed that the air-cooled condenser would cost more than three times as much, weigh more than
two-and-a-half times as much, cover about three times as much surface area, and consume about
three times more fan power than a water-cooling tower (Moya and DiPippo, 2006). 
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The environmental impacts of waste heat rejection into the atmosphere or water bodies can be
minimized through intelligent design and the use of well-developed technologies; but the amount of
heat that must be dissipated is controlled by the laws of thermodynamics.

8.2.10 Disturbance of natural hydrothermal manifestations
Although numerous cases can be cited of the compromising or total destruction of natural
hydrothermal manifestations such as geysers, hot springs, mud pots, etc. by geothermal
developments (Jones, 2006; Keam et al., 2005), EGS projects will generally be sited in non-
hydrothermal areas and will not have the opportunity to interfere with such manifestations. For EGS
facilities sited at the margins of existing hydrothermal plants where manifestations might be present,
reservoir simulations should be performed to gauge the possible effects on those surface thermal
features of drilling new wells and operating the EGS plant. However, because there is no “drawdown”
in the traditional sense of an existing water table for an EGS system, it is unlikely that normal
operations will have a significant effect on them.

8.2.11 Disturbance of wildlife habitat, vegetation, and scenic vistas
Problems related to loss of habitat or disturbance of vegetation are relatively minor or nonexistent at
hydrothermal projects in the United States. Given the relatively small area taken out of the
environment for geothermal operations, these potential impacts can be minimized with proper
planning and engineering. It is difficult to imagine an EGS development causing more of an impact
on wildlife and vegetation than a hydrothermal project. Furthermore, an Environmental Impact
Statement must be filed before any permits can be granted for a geothermal project, and any potential
impact in this area would have to be addressed. 

It is undeniable that any power generation facility constructed where none previously existed will alter
the view of the landscape. Urban plants, while objectionable to many for other reasons, do not stand
out as abruptly as a plant in a flat agricultural region or one on the flank of a volcano. Many
geothermal plants are in these types of areas, but with care and creativity can be designed to blend
into the surroundings. Avoiding locations of particular natural beauty is also important, whether or
not the land is nationally or locally protected. EGS developments will be no different than
conventional hydrothermal plant developments, in that the design of the facility must comply with all
local siting requirements. 

The development of a geothermal field can involve the removal of trees and brush to facilitate the
installation of the power house, substation, well pads, piping, emergency holding ponds, etc.
However, once a geothermal plant is built, reforestation and plantings can restore the area to a
semblance of its original natural appearance, and can serve to mask the presence of buildings and
other structures. For example, Figures 8.2 and 8.3 show the Ahuachapán geothermal facility in El
Salvador, soon after commissioning around 1977 (DiPippo, 1978), and then after regrowth of trees
and vegetation in 2005 (LaGeo, 2005). 
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Figure 8.2 Ahuachapan geothermal facility after commissioning around 1977 (DiPippo, 1978).

Figure 8.3 Ahuachapan geothermal facility after revegetation, circa 2005 (LaGeo, 2005).

Geothermal plants generally have a low profile and are much less conspicuous than, for example,
wind turbines, solar power towers, or coal plants with chimneys as tall as 150-200 m. Buildings and
pipelines can be painted appropriate colors to help conceal them from a distance. While it is
impossible to conceal steam being vented from flash plants – a periodic occurrence during normal
operation – most people do not object to the sight of white steam clouds in the distance. Binary plants
during normal operation have no emissions whatsoever.



There are several geothermal power plants in the Imperial Valley of California that coexist
harmoniously with various agricultural activities. Figure 8.4 shows an aerial view of the 40 MW SIGC
Heber binary plant amid fields of alfalfa in California’s Imperial Valley (Google Earth, 2006). Notice
that the plant site, including the main production well pad, covers about 0.12 km2 or about 
3,000 m2/MW. The power plant proper, excluding the wells, covers only 0.041 km2 or about 
1,020 m2/MW. The barren land to the south of the plant site was the location of an older experimental
binary plant that has been decommissioned (DiPippo, 2005). 

Chapter 8 Environmental Impacts, Attributes, and Feasibility Criteria

8-14

Figure 8.4 Aerial view of the SIGC binary plant near Heber, Calif. (Google Earth, 2006).

Figure 8.5 is a view of the 47 MW Heber Double-Flash plant that is located just to the east of the SIGC
plant. The area occupied by this plant and all well pads and holding ponds is about 0.095 km2 or about
2,000 m2/MW. Both of these plants illustrate how geothermal plants, flash and binary, can operate
compatibly within an agricultural environment and be economical of land space.

With regard to the construction of an EGS facility, it can be expected that similar impacts will take
place on the land surface and result in a facility having a central power plant with a network of above-
ground pipelines connecting the power station to a set of production and injection wells. However,
the land can be at least partially restored to its natural condition through the same reclamation
techniques practiced at hydrothermal plants. 



Figure 8.5 Aerial view of the Heber Double-Flash plant, Calif. (Google Earth, 2006).

8.2.12 Catastrophic events
Accidents can occur during various phases of geothermal activity including well blowouts, ruptured
steam pipes, turbine failures, fires, etc. This is no different from any other power generation facility
where industrial accidents unfortunately can and do happen. The ones that are unique to
geothermal power plants involve well drilling and testing. In the early days of geothermal energy
exploitation, well blowouts were a fairly common occurrence; but, nowadays, the use of
sophisticated and fast-acting blowout preventers have practically eliminated this potentially life-
threatening problem. Furthermore, geothermal prospects are now more carefully studied using
modern geoscientific methods before well drilling commences.

In the case of EGS projects, it will be critical to study and characterize the nature of any potential site
before any development begins. This will minimize the chances for a catastrophic event related to the
drilling phase. Proper engineering and adherence to standard design codes should also minimize, if
not completely eliminate, any chance of a mechanical or electrical failure that could cause serious
injury to plant personnel or local inhabitants.

8.2.13 Thermal pollution
Although thermal pollution is currently not a specifically regulated quantity, it does represent an
environmental impact for all power plants that rely on a heat source for their motive force. Heat
rejection from geothermal plants is higher per unit of electricity production than for fossil fuel plants
or nuclear plants, because the temperature of the geothermal stream that supplies the input thermal
energy is much lower for geothermal power plants. Considering only thermal discharges at the plant
site, a geothermal plant is two to three times worse than a nuclear power plant with respect to thermal
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pollution, and the size of the waste heat rejection system for a 100 MW geothermal plant will be about
the same as for a 500 MW gas turbine combined cycle (DiPippo, 1991a). Therefore, cooling towers or
air-cooled condensers are much larger than those in conventional power plants of the same electric
power rating. The power conversion systems for EGS plants will be subject to the same laws of
thermodynamics as other geothermal plants, but if higher temperature fluids can be generated, this
waste heat problem will be proportionally mitigated.

8.3 Environmental Attributes of EGS
Power Projects
8.3.1 No greenhouse gas emissions during operations
Geothermal power plants built on EGS reservoirs and using “closed-loop” cycles will emit no carbon
dioxide (CO2), one of the principal greenhouse gases (GHGs) implicated in global warming. Although
not currently a signatory to the Kyoto agreement, the United States may find itself forced to address
this problem soon. A decision by the U.S. Supreme Court is expected by June 2007, which could lead
to a new posture by the government on CO2 emissions. If a “carbon tax” were to be implemented, the
cost to generate a kilowatt-hour of electricity from fossil-fueled plants would increase relative to other
less-polluting technologies. EGS plants would not be penalized and could gain an economic
advantage over all plants using carbon-based fuels. If a program of “carbon credits” were to be
established, EGS plants would gain an additional revenue stream by selling such credits on the
carbon-credit trading market. 

8.3.2 Modest use of land
In comparison with fossil-fueled, nuclear, or solar-electric power plants, EGS plants require much
less land area per MW installed or per MWh delivered. In fact, the land required is not completely
occupied by the plant and the wells, and can be used, for example, for farming and cattle-raising.
The practice of directionally drilling multiple wells from a few well pads will keep the land use to
a minimum. Furthermore, because EGS plants are not necessarily tied to hydrothermal areas, it
may be possible to site them within populated and industrial districts, a clear advantage over fossil
or nuclear plants.

8.3.3 Possible sequestration of carbon dioxide
Although not analyzed in this assessment, a proposal has been put forth to use CO2 as the EGS
reservoir heat-transfer fluid. Brown (2000) has developed a conceptual model for such a system based
on the Fenton Hill Hot Dry Rock reservoir. The argument is made that CO2 holds certain
thermodynamic advantages over water in EGS applications. Based on the case study in his paper, a
single EGS reservoir having a pore space of 0.5 km3 could hold in circulation some 260 x 109 kg of
CO2, the equivalent of 70 years of CO2 emissions from a 500 MW coal power plant having a capacity
factor of 85%. EGS plants then could conceivably play a valuable symbiotic role in controlling CO2

emissions while allowing the exploitation of the abundant supply of coal in the United States without
contributing CO2 to the atmosphere.
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8.3.4 Low overall environment impact
In all aspects, with the exception of possible effects caused by induced seismicity, geothermal plants
are the most environmentally benign means of generating base-load electricity. Overall, EGS plants
would have comparable impact to hydrothermal binary plants operating with closed-loop circulation.
The only potential area of concern, induced seismicity (which is somewhat unique to EGS), can be
mitigated, if not overcome, using modern geoscientific methods to thoroughly characterize potential
reservoir target areas before drilling and stimulation begin. Continuous monitoring of microseismic
noise will serve not only as a vital tool for estimating the extent of the reservoir, but also as a warning
system to alert scientists and engineers of the possible onset of a significant seismic event. On
balance, considering all the technologies available for generating large amounts of electric power and
their associated environmental impacts, EGS is clearly the best choice. 

8.4 Environmental Criteria for 
Project Feasibility
In determining the feasibility of an EGS project at a particular location, there are a number of
technical criteria that carry direct or indirect environmental implications:

• Electricity and/or heat demand in the region 

• Proximity to transmission and distribution infrastructure

• Volume and surface expression of a high-quality EGS reservoir

• Reservoir life and replacement wells

• Circulating fluid chemistry

• Flash vs. binary technology

• Cost/installed MWe and cost/MWh delivered to a local or regional market

• Load-following vs. base-load capability

• Plant reliability and safety.

In addition, as with any energy supply system, there are environmental criteria that need to be
considered before moving forward with a commercial EGS project. These include:

• Geologic formations that are not prone to large seismic events, devastating landslides, or excessive
subsidence

• Compatible land use 

• Drinking water and aquatic life protection

• Air quality standards

• Noise standards

• GHG emissions/MWh

• Solid waste disposal standards

• Reuse of spent fluid and waste heat
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• Acceptable local effects of heat rejection

• Compliance with all applicable federal, state, and local laws. 

All of these will influence the acceptability and the cost of a project, and, ultimately, whether or not 
a project will go forward.

8.5 Concluding Remarks
Although there certainly are environmental impacts associated with EGS developments, they are
generally more benign than those associated with other power generation technologies, particularly
fossil and nuclear. 

With more than 100 years of worldwide experience in geothermal operations including

• the design and operation of hydrothermal power plants, especially flash-steam and binary plants –
the likely systems of choice for EGS power projects,

• geothermal well drilling, 

• reservoir engineering and management, and 

• abatement systems to mitigate environmental impacts, 

future EGS power plant facilities can be designed and operated to have relatively small impacts on the
local and regional environment. In fact, because EGS plants have a small footprint and can operate
essentially emissions-free, the overall environmental impact of EGS power facilities is likely to be
positive, reducing the growth of greenhouse gas emissions while providing a reliable and safe source
of electricity.
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9.1 EGS in the Energy Sector 
Geothermal operations have been in place with varying degrees of complexity and use of technology
since the turn of the previous century. These operations occupy a range of technologies from
geothermal heat pumps through advanced binary and flash plant facilities that produce electric power.
Costs of operation for existing plants are well-documented (see references) and reflect the conditions
of drilling and operation for primarily hydrothermal wells at depths that do not exceed 4 km for
typically electric utilities that are commercially operated.

High-grade hydrothermal systems exist because natural permeability allows naturally present water
to circulate to shallow depths. The circulating hot water heats surrounding rock to some distance away
from the permeability anomaly, according to the length of time the system has been in existence.
These systems rely primarily on convective heating rather than the conductive heating from the
resource base. In hydrothermal systems, the thermal energy accessible for recovery is limited to the
thermodynamic availability of the fluids in the natural system consisting of the convective cell. Such
systems require (1) abnormally high heat flow, (2) significant permeability to compensate for the low
thermal conductivity of rock, (3) the presence of significant storage porosity for containing the fluid,
and (4) the fluid itself. The exploitation of hydrothermal systems requires the fortuitous collocation
of these four conditions. 

Enhanced Geothermal Systems (EGS) differ fundamentally from these hydrothermal systems. EGS
engineering technology provides means for mining heat from a portion of the universally present
stored thermal energy contained in rock at depths of interest, by designing and stimulating a
reservoir whose production characteristics would be similar to a commercial hydrothermal system.
For high-grade EGS resources, the high heat flow requirement (1) is met, while lower EGS grades are
also generally accessible using EGS technology, albeit at higher cost. EGS provides engineering
options for satisfying the remaining requirements – (2)-(4). Consequently, the number of potential
sites suitable for EGS is significantly greater than for hydrothermal. Ultimately, the EGS approach
may be universally applicable, assuming continued, longer-term R&D support for advanced
exploration, reservoir stimulation and drilling, and technologies.

Electric utilities are defined as either privately owned companies or publicly owned agencies that
engage in the supply (including generation, transmission, and/or distribution) of electric power.
Nonutilities are privately owned companies that generate power for their own use and/or for sale to
utilities and others.

The generating units operated by an electric utility vary by intended use, that is, by the three major
types of load requirements the utility must meet, generally categorized as base, intermediate, and
peak. A base-load generating unit is normally used to satisfy all or part of the minimum or base
demand of the system and, as a consequence, produces electricity essentially at a constant rate and
runs continuously. Base-load units are generally the largest of the three types of units, but they cannot
be brought online or taken off-line quickly. Peak-load generating units can be brought online quickly
and are used to meet requirements during the periods of greatest load on the system. They are
normally smaller plants using gas turbines, and/or combined cycle steam and gas turbines.
Intermediate-load generating units meet system requirements that are greater than base load but less
than peak load. Intermediate-load units are used during the transition between base-load and peak-
load requirements (EIA, 2005; Stoft, 2002).
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The history of electricity generation in the United States and projections to 2020 are shown in Figure
9.1 for all resources. It is important to note that the projected demand for electricity assumes that
there are no major policy initiatives to offset current demand growth trends. Even if policies were put
in place to reduce demand by improving efficiency in all forms of energy use, a growing U.S.
population will eventually lead to some growth in demand that could be met by further development
of renewables, including new forms such as environmentally friendly EGS. 

A key characteristic of renewable hydrothermal geothermal power is the long-term stability of the
resource and characteristic power curve. This power curve is valued by utility or grid operators for
base-load conditions where load following or rapidly changing load operations do not need to be met.
Geothermal plants run at all times through the year except in the case of repairs or scheduled
maintenance. 

A base-load power plant is one that provides a steady flow of power regardless of total power demand
by the grid.1* Power generation units are designated base-load according to their efficiency and safety
at set designed outputs. Base-load power plants do not change production to match power
consumption demands. Generally, these plants are massive enough, usually greater than 250 MWe,
to provide a significant portion of the power used by a grid in everyday operations with consequent
long ramp-up and ramp-down times. Capacity factors are typically in excess of 90%. Fluctuations in
power supply demand, the peak power demand, or spikes in customer demand are handled by
smaller and more responsive types of power plants.

Figure 9.1 U.S. electricity generation by energy source, 1970-2020 (million megawatt-hours) (EIA, 2004).
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9.2 Base-load Electricity Options
Steam-electric (thermal) generating units are the typical source of base-load power. A significant
fraction of North American base-load power is provided by fossil fuels such as coal, which are burned
in a boiler to produce steam. Nuclear plants use nuclear fission as the heat source to make steam.
Geothermal or solar-thermal energy can also be used to produce steam. The expected thermal
efficiency of fossil-fueled steam-electric plants is about 33% to 35%. In the case of fossil-fired plants,
waste heat is emitted from the plant either directly into the atmosphere, through a cooling tower, or
into water bodies for cooling where a pump brings the residual water from the condenser back to the
boiler. In the case of geothermal power, condensed geofluid is used for cooling water makeup and the
residual water is reinjected into the well system.

Because geothermal power plants are usually operated as base-load units, we include a detailed
assessment of the state of U.S. electrical supply and demand to illustrate how EGS plants would
complement the existing and projected supply system. This discussion is found in Appendix A.9.1.

9.3 Transmission Access
Access to the electricity grid and, ultimately, the market is a key cost consideration for geothermal
projects.9 The necessary power transmission system involves the transportation of large blocks of
power over relatively long distances from a central generating station to main substations close to
major load centers, or from one central station to another for load sharing. 

High-voltage transmission lines are used because they require less surface area for a given carrying
power capacity, and result in less line loss. According to the Energy Information Administration
(EIA), in the United States, investor-owned utilities (IOUs) own 73% of the transmission lines,
federally owned utilities own 13%, and public utilities and cooperative utilities own 14%. Not all
utilities own transmission lines (i.e., they are not vertically integrated), and no independent power
producers or power marketers own transmission lines. Over the years, these transmission lines have
evolved into three major networks (power grids), which include smaller groupings or power pools.
The major networks consist of extra-high-voltage connections between individual utilities, designed
to permit the transfer of electrical energy from one part of the network to another. These transfers are
restricted, on occasion, because of a lack of contractual arrangements or because of inadequate
transmission capability.

Power generated from geothermal plants of all kinds is delivered as alternating current (AC) power,10

which is suitable for dispatch by grid operators or for wheeling to other demand locations. Bulk
transmission is also an option when costs of power are low enough, to distant markets via direct
current11 (DC) transmission facilities. Distances of more than 1,000 miles combined with a threshold
of 1,000 MWe are typically necessary to justify the costs of service obtained by using DC lines.

9.4 Forecasting Base-load Needs
Forecasting demand for an electric utility is critical for delivering reliable power, for estimating
future costs, and for encouraging new investment. In the past, power system operators relied on
straight-line extrapolations of historical energy consumption trends. However, given inflation with
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rapidly rising energy prices, emergence of alternative fuels and technologies, demographics, and
industrial technologies, more sophisticated demand models have been employed by utilities and
government agencies.

Penalties for underestimation have been overcome in the past, typically by resorting to rapid
construction of plants such as simple or combined-cycle gas turbines12 to meet emerging short-term
demand. This technique was successful in large measure because of the relatively low price and easy
access to fuels such as natural gas.

Historically, overestimates were eventually corrected by growth in demand, with the assumption that
excess capacity could be sustained by the rate base and would be absorbed by naturally occurring
increases. In the current market climate, an underestimate is likely to lead to under capacity, resulting
in diminished quality of service including localized brownouts, blackouts, and distortion in capacity
investment needs. Overestimates could lead to the authorization of excess capacity, which might not
be sustainable in the rate base. Given the interest in deregulation, with associated unbundling of
electricity supply services, tariff reforms, and increasing reliance on private-sector providers such as
energy service providers (ESPs), accurate demand forecasting is of ever-greater importance. 

Power plant construction periods, including needs assessments, financing, approvals, and physical
construction, may vary from four to 12 years for thermal and fossil plants. Shorter construction
periods occur for gas-fired generation, which may be needed for peak demand and load following. In
the case of geothermal plants, the time to build and install the power plant can be less than two years,
once the well field has been developed. As a result, utilities typically forecast demand and load profiles
for 20 years into the future, adjusting annually.

For the industrial and manufacturing sectors, including public utilities, many factors such as available
technologies, market share, and location will drive their long-term forecast. Forecasts, in turn, will
further influence investment plans for industry and associated industries as well as demand-
management plans for regulators and utilities. The system load shape is important for organizing
future construction planning and tariff design. For instance, demand forecasting models can provide
an assessment of the impact of new technology on overall energy consumption, a fact that may allow
technologies such as geothermal power to seek rent in the form of attribute values, which could trade
on a separate market13 and increase returns on the base investment. For instance, demand forecasts
are often done for each consumer category and voltage level. Charging the commercial, industrial,
and large consumers a higher charge, which is then used to subsidize social reform programs,
optimizes revenues while keeping social objectives in mind. The forecast may also indicate a relative
category of higher willingness or ability to pay vs. those needing subsidy.

9.5 Forecast Demand and Supply Calculations
In electricity markets, electricity demand forecasts are of interest to suppliers (responsible for
meeting demand), grid operators (responsible for dispatch and system security), and generators.
Generators use forecasts to estimate delivered power prices and to calculate imbalance charges, which
are particularly important for volatile fuel costs and some renewable technologies. Energy and peak
demand growth rates generally hover around 2% a year.
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New demand for base-load power is determined by a wide variety of factors including growth in
overall demand for power by sector, retirement of existing generation units, operator costs, and cost
of transmission access. Competitive access to the grid will always be a function of location,
competitive power prices, reliability of delivered power supplies, and the ongoing demand structure
of the region into which the power is delivered.

Demand is generally a function of population growth, housing demand, and energy intensity of
operations in both the industrial and commercial sectors of the economy. In the case of electricity
demand, changes in overall demand generally reflect the ability of individuals or businesses in a
particular sector to monitor and adjust activities in response to changes in delivered energy prices.
Thus, applications of energy-saving or energy efficiency technologies will have an immediate impact
on lowering demand, and may reduce the overall slope of the demand for the future. This demand
will be driven by growth in population and more reliance on electric-intensive appliances, devices,
computers, and, eventually, electric or hybrid vehicles.

Base-load power is competitively acquired by system operators, generally in long-term contracts. As a
consequence, price for delivered energy does not vary significantly over time, although the price may
vary between regions. The growth in energy services reflects an increase in population and economic
activity, tempered by improved efficiency of equipment and buildings.

However, the present coincidence of domestic petroleum reserve issues and international politics, the
failure to keep up with energy infrastructure requirements, the slow rebirth of the nuclear option due
to continued public resistance and nonsupportive regulatory/permitting policies, growing pressure to
limit the environmental costs of coal production and utilization, and the pervasive pressure for
reduction of CO2 emissions all will work against the traditional ability of technology to match demand
growth. As current energy contracts expire and societal/cultural impediments affect expanded use of
nuclear and coal, upward price trends for electricity should result over the near to long term. 

9.6 Risk
The level of risk for the project must account for all potential sources of risk: technology, scheduling,
finances, politics, and exchange rate. The level of risk generally will define whether or not a project
can be financed and at what rates of return.

Current hydrothermal projects or future EGS projects will, in the near term, carry considerable risk
as viewed in the power generation and financial community. Risk can be expressed in a variety of ways
including cost of construction, construction delays, or drilling cost and/or reservoir production
uncertainty. In terms of “fuel” supply (i.e., the reliable supply of produced geofluids with specified
flow rates and heat content, or enthalpy), a critical variable in geothermal power delivery, risks initially
are high but become very low once the resource has been identified and developed to some degree,
reflecting the attraction of this as a dependable base-load resource.

Table 9.1 lists the costs and risks associated with the stages of geothermal power development. The
risks are qualitative assessments, based on our understanding of the facets of each of the diverse
project activities.
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Table 9.1 Stages of EGS development: costs and risk

Geologic assessment and permits

Category Duration Cost Risk

Define areas of potential development 1-2 years Moderate Low

Exclude areas of public protection, high environmental 
impact, or protected zones

1-2 years Moderate Low

Determine regional high- to low-heat gradient zones 1-2 years Moderate Low

Correlate with areas of forecast demand growth or 
base-load retirement

1 year Low Moderate

Determine regional variations in drilling costs, labor costs,
grid integration

< 1 year Low Moderate

Determine need for voltage and VARS14 support < 1 year Low Moderate

Determine regulation constraints < 1 year Low Moderate

Determine taxation policies < 1 year Low Moderate

Estimate market or government subsidies < 1 year Low Moderate

Estimate costs 1 year Low Moderate

File for permit and mitigate environmental externalities 3+ years High High

Apply for transmission interconnect < 1 year Moderate High

Acquire permit and begin drilling 1 month Moderate Low

Exploratory drilling

Category Duration Cost Risk

Site improvement 1 month Moderate Moderate

Determine reservoir characteristics (rock type, gradient,
stimulation properties, etc.)

6 months High High

Performance/productivity (flow rate, temperature, fluid
quality, etc.)

6 months High High

Apply and test advances in drilling and fracturing 
technology

6 months High High

Achieve cost reductions as function of recent research and
past learning curve

6 months High High

Production drilling and reservoir stimulation

Category Duration Cost Risk

Apply best practices and further develop site 1 year High Moderate

Construct transmission interconnection 2 months Moderate Moderate

Construct power transmission facility 2 months High Moderate

Construct power conversion system 2 years High Low
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Table 9.1 continued

9.7 Economics and Cost of Energy
Geothermal energy – which is transformed into delivered energy (electricity or direct heat) – is an
extremely capital-intensive and technology-dependent industry. The capital investment may be
characterized in three distinct phases:

a) Exploration and drilling of test and production wells 
b) Construction of power conversion facilities
c) Discounted future redrilling and well stimulation.

Previous estimates of capital cost by the California Energy Commission (CEC, 2006), showed that
capital reimbursement and interest charges accounted for 65% of the total cost of geothermal power.
The remainder covers fuel (water), parasitic pumping loads, labor and access charges, and variable
costs. By way of contrast, the capital costs of combined-cycle natural gas plants are estimated to
represent only about 22% of the levelized cost of energy produced, with fuel accounting for up to 75%
of the delivered cost of energy.

Given the high initial capital cost, most EGS facilities will deliver base-load power to grid operations
under a long-term power purchase agreement (typically greater than 10 years) in order to acquire
funding for the capital investment. We have assumed that loan life will typically be 30 years, and that
the life span of surface capital facilities will be 70 years with incremental improvements or repairs to
the installed technology during that period. We assume that the life of the well field will be 30 years
with periodic (approximately seven to 10 years) redrilling, fracturing, and hydraulic stimulation
during that period. At the end of a 30-year cycle, the well complex is assumed to be abandoned, but
the surface facilities can service new well complexes through extension of piping and delivery systems
with no appreciable loss. Delivered cost of energy is, thus, a function of this stream of capital
investment and refurbishment, and ongoing operations and delivery costs. 

The upshot of this analytical technique is to allow comparison with existing fossil and other renewable
technologies such as wind and hydroelectric, where similar capital facility life span can be expected.

9.8 Using Levelized Costs for Comparison
The delivered cost of electricity is the primary criterion for any electric power generation technology.
The levelized cost of energy (or levelized electricity cost, LEC) is the most common approach used for
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Power production and market performance

Category Duration Cost Risk

Bid long based on expected delivery costs
Routine and
recurring

Low High

Estimate competitive fuel and delivery costs for existing
base-load power

Routine and
recurring

Low High

Enter power purchase agreement Infrequent Moderate High



comparing the cost of power from competing technologies. The levelized cost of energy is found from
the present value of the total cost of building and operating a generating plant over its expected
economic life. Costs are levelized in real dollars, i.e., adjusted to remove the impact of inflation. 

There are two common approaches for calculating the LEC. The first, a simplified approach, calculates
a total annualized cost using a fixed charge rate applied to invested capital, adds an annualized
operating cost, and divides the sum by the annual electric generation. The second approach uses a full
financial cash-flow model to perform a similar calculation. The latter approach is usually preferred
because it takes into account a wide range of cost parameters that any project must face. As pointed
out by the EIA, the cost of power must be competitive with other power generation options after
taking into account any special incentives available to the technology. This could include green-pricing
production incentives, grants (such as those from the California Energy Commission to improve
drilling techniques), subsidies or required purchases through renewable energy portfolio standards,
or special tax incentives.

9.8.1 Fixed costs
Any power production facility is subject to a range of fixed and variable costs. Comparing power
development opportunities requires like units of measure, typically capitalized costs of fixed assets
and the levelized costs of operation. 

The capitalized construction cost takes into account both drilling and construction activities as well as
accumulated interest during construction. We assume that construction (other than in test facilities,
which will involve research and/or grant funds) is financed by a mixture of debt and equity, and that
the ratio of debt to equity remains constant during the construction period. Under these
circumstances, the rate of return (ROR) for both debt and equity is constant. If the rate of return on
debt is rb, the rate of return on equity is re, and the ratio of debt to total capital is f, then the capitalized
cost of debt at the start of plant operation is:

(9-1)

where M is the time period in months and Cm is the overnight capital cost. The capitalized cost of
equity investment is:

(9-2)

Revenue, R(n), received by the owners of the generating plant in time period n will be equal to the
amount of electricity, Q(n), produced in that period, times the price of the electricity, p(n):

(9-3)
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where 

(9-4)

We assume K is the rated capacity (in MWe) of the plant15 and CF(n) is the capacity factor of the plant
in time period n. The capacity factor will gradually decline over time, but for the assumed period of
this analysis, is taken as constant. Thus, 

(9-5)

9.8.2 Variable costs of operation
Costs of operation consist of fuels (water for injection, electricity for parasitic power pumping
load), operations and maintenance (excluding the cost of redrilling or stimulation, which are
assumed in capital cost calculations), interest and principal repayments, taxes, and depreciation. In
addition, shareholder returns on equity, re, are counted when a project is commercial, as opposed
to experimental.

(9-6)

where: 

TVc = Total annual variable cost
Tx = Tax payment on income and property
F = Annual fuel cost

(9-7)

where: 

cfuel(n) = the fuel cost expressed in $/kWh in year n
Om = Annual Operations and Maintenance 

(9-8)

where: 

cO&M(n) = the unit O&M cost expressed in $/kWh. The fixed cost component of O&M is ignored.
Dq = combined debt and equity service in equal annual installments over a term of N years.

The term Dq reflects not only market cost but risk (for example, the higher risk of equity versus
borrowed capital) when re > rb. This places a relative premium on payments over the project lifetime.
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9.8.3 Levelized cost projections
The EIA has estimated the cost of future energy supplies out to 2020 in the latest Annual Energy
Outlook (EIA, 2005). As shown in Figure 9.2, the base-load cost of coal is projected to fall due to
decreases led by savings in capital costs, and nuclear energy costs are also projected to decrease
during the same period. However, historically, the costs of both technologies have been showing a
tendency to increase when technology improvements to meet air quality standards and mitigate other
environmental externalities or safety issues are taken into account. Also, fuel costs for both
technologies are increasing in commodity markets: coal due to the transportation costs for “clean”
varieties, and nuclear because of increases in the costs due to a decrease in supply of uranium.

Figure 9.2 Projected levelized electricity generating costs, 2005 and 2020.
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9.8.4 Supply and capacity
The supply or stock of energy-generating capacity is fixed over short periods of time, while the
capacity called on or utilized may vary widely in that same period, depending on competitive energy
prices, maintenance schedules, fuel prices, transportation costs, or line charges. Capital expenditures
on new supply are not continuous and require, in addition to market signals, regulatory and siting
approvals as well as investor interest before proceeding. The length of time for capital investment
from inception to generation varies by region and jurisdiction. It can be described, generally, as
shown in Table 9.2.

These constraints suggest, in the current quasi-deregulated market, that obtaining surplus capacity is
difficult without specific authorization by the regulator. As a result, the capital supply curve typically
lags demand; and once new capacity is brought online, it can be expected to be used up to its
maximum capacity factor (allowing for maintenance outages). For existing technologies, this
translates to a relatively elastic supply curve matched to a time-sensitive series of relatively inelastic
demand curves.

For base-load power, new additions to existing supplies can be added at relatively high cost in the short
term. Generation and consequent fuel substitution is usually available to accomplish this (i.e., the
substitution of gas-fired combined-cycle plants usually reserved for load following can be brought in
to satisfy base-load needs but at higher cost). This can represent a significant opportunity cost when
the technology is more expensive at the margin.

As shown in Figure 9.3, for the installed base, the supply curve is elastic to the point where the
operating capacity is fully utilized. Meeting additional demand will force new generation to come
online. Where the new generation operates with base-load characteristics, it establishes a new elastic
supply curve (slope b). Where the replacement is higher-cost load-following technology, the supply
curve is likely to assume normal market coefficients (slope b’).

Table 9.2 Permitting, siting, and construction relationships.

Generation Type Permitting, years Construction, years

Gas turbine 1-2 1-2

Renewable energy (wind, solar) 1-2 1-2

Renewable (biomass, MSW) 2-4 1-2

Renewable (geothermal) 1-2 2-3

Coal 2-3 2-3

Hydroelectric 5-6 6-10

Nuclear 4-10 2-10
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Figure 9.3 Price trends for meeting base-load electricity demand.

9.8.5 The aggregate industry supply curve
Generally, supply to meet base-load power requirements is available at different price levels
depending on region, available installed capacity, and fuel cost. When looked at from the standpoint
of delivered energy in $/MWh, and operating characteristics that match the system operations
demand (i.e., for base load, peak load following, etc.), the substitution from conventional pulverized
coal to supercritical generation will reflect continuously higher-cost options (assuming all operators
bid marginal cost).

In addition, each technology has a replacement technology supply curve that is a proxy for efficiency
or equivalent substitution in grid operations. The best example of this replacement supply curve is in
the area of coal plants (see Figure 9.4). With it, we also have a rough approximation of time of
installation and potential capacity factor, each increasing over time and adding to the aggregate supply.

Geothermal plants also exhibit a replacement substitution based on technology of surface conversion,
depth to resource, and resource recovery.
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Figure 9.4 Schematic of replacement technology supply curve for coal plants.

9.8.6 Geothermal supply curve characteristics
By definition, the supply curve is a relation between each possible price of a given good and the
quantity of that good that would be supplied for market sale at that price. This is typically represented
as a graph showing the hypothetical supply of a product or service that would be available at different
price points. The supply curve usually exhibits a positive slope, reflecting that higher prices give
producers an incentive to supply more, in the hope of making greater revenue.

The supply of a “good” such as energy, either in the form of direct heat output or electricity, is
dependent on the quality and quantity of the resource available, the technology used to extract it, and
the cost of transforming it into a consumable product.  Thus, the delivered cost of energy becomes a
combination of capital (fixed) and fuel (variable) costs. When levelized over a period assumed to cover
fixed costs and increased costs of operation, these technologies vary in terms of characteristics and
delivered cost of energy as shown in Table 9.3.

Geothermal energy provides critical value to overall grid operations. While initial capital costs are
high, reliability and capacity factors are correspondingly high, with minimal downtime for
maintenance and minimal fuel cost through replenishment of lost water in operations. The supply
curve for energy from a geothermal system represents a combined range of production that is not
traditional from the point of view of a normal economic good, where a price continuum represents
the available supplies offered to the market. In this case, a single-well complex represents a “system”
of heat delivery and energy transformation. Essentially, the complex is “tuned” to “mine” a given heat
resource through a range of depth represented by the well system, the fractured rock strata, and the
amount of water that can be injected into the system to extract an optimal level of heat without
degradation of the reservoir.
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Base-load needs are typically met by procuring the most inexpensive, nonvolatile, high-capacity-factor
energy available. While this can vary by region or by time of day, in general, the most competitive
fuel/technology combinations available to satisfy this demand include coal, hydroelectric, nuclear,
and geothermal power. Dispatchability means that power can be generated when it is needed to meet
peak-system power loads. The primary metrics for dispatchability are the time when the peak load
occurs, the length of the peak-load period, and the capacity factor the system must maintain during
these periods, exclusive of maintenance periods. 

The use of geothermal energy in grid operations adds capacity to existing stock. In terms of capacity
available for dispatch, the capacity factor is high. The primary responsibility of hydrothermal
geothermal power is in base-load power delivery with very limited load-following capability. However,
power plants operating on EGS reservoirs should be much more flexible in following load because the
circulation of the fluid through the hot rocks is controlled by pumping.
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Table 9.3 Energy technology characteristics.

a Assumes a binary-cycle power plant with 10.6% net thermal efficiency; flash plants cannot be characterized by a
heat rate.

b Capacity and availability factors are adjusted for these technologies by each systems operator, reducing available
output.
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Technology Overnight
cost, 

$/kW

Total
overnight 

(w/ variable
O&M) costs,

$/kW

Variable 
costs, 

$/MWh

Fixed
costs,

$/MWh

2001
Heat
rate,

Btu/kWh

2010
Heat
rate, 

Btu/kWh

Conventional
Pulverized Coal

1,046 1,119 3.38 23.41 9,386 9,087

Integrated Coal
Gasification

1,250 1,338 0.8 32.67 7,869 6,968

Conventional Gas/Oil
CC

435 456 0.52 15.61 7,618 7,000

Advanced Gas/Oil CC 546 590 0.52 14.46 6,870 6,350

Conventional Gas
Turbine

323 339 0.1 6.45 11,380 10,600

Advanced Gas Turbine 451 474 0.1 9.16 9,020 8,000

Fuel Oil 1,810 2,091 2.08 14.98 5,744 5,361

Advanced Nuclear 1,772 2,144 0.42 57.23 10,400 10,400

Biomass 1,536 1,725 2.9 44.95 8,911 8,911

MSW-Landfill Gas 1,336 1,429 0.01 96.31 13,648 13,648

Geothermal 1,663 1,746 0 70.07 32,173a 32,173a

Windb 918 962 0 25.54 N.A. N.A.

Solar Thermalb 2,157 2,539 0 47.87 N.A. N.A.

Solar PVb 3,317 3,831 0 9.85 N.A. N.A.



9.9 EGS Economic Models
9.9.1 GETEM model description
The Geothermal Electric Technology Evaluation Model (GETEM) is a macro-model that estimates
levelized cost of geothermal electric power in a commercial context. This model and its
documentation were prepared as required work under a subcontract from the National Renewable
Energy Laboratory (Golden, Colo.) to Princeton Energy Resources International (Rockville, Md.).
Developed for the U.S. DOE Geothermal Technology Program, GETEM is coded in an Excel
spreadsheet and simulates the economics of major components of geothermal systems and
commercial-development projects. The model uses a matrix of about 80 user-defined input variables
to assign values to technical and economic parameters of a geothermal power project. In general
categories, the variables account for geothermal resource characteristics, drilling and well-field
construction, power plant technologies, and development of geothermal power projects.

A key feature of the model is that GETEM uses a subset of the input matrix to apply change factors
to model components. These factors are targeted to enable a user to investigate the impacts of diverse
combinations of changes – ostensibly, improvements – in the performance and unit costs of a project.
The impacts are quantified as net levelized energy costs.

GETEM accounts for the gamut of factors that comprise electric power costs – not prices – commonly
referred to as “bus-bar costs.” GETEM applies documented and expert-interpreted conditions such as
reservoir performance, drilling and construction costs, energy conversion factors, and competitive
financial frameworks. It uses empirical, industry-based reference data. It is a good tool for evaluating
case-specific costs, technology trends, cost sensitivities, and probabilistic values of technology goals.
Thus, GETEM enables DOE to quantify the effectiveness of research program elements, using
measures that reflect power industry practices.

9.9.2 Updated MIT EGS model
“EGS Modeling for Windows” is a tool for economic analysis of geothermal systems. The software was
based on work by Tester and Herzog (Tester et al., 1990; Tester and Herzog, 1991; Herzog et al., 1997)
as enhanced by the MIT Energy Laboratory as part of its research into EGS systems sponsored by the
Geothermal Technologies Office of the U.S. Department of Energy and further modified by Anderson
(2006) as part of the assessment. 

This model has been updated using the results of this study with regard to the cost of drilling, plant
costs, stimulation costs, and the learning-curve analysis. 

9.9.3 Base case and sensitivity
Table 9.4 lists the base-case parameters used in the evaluation of the levelized cost of electricity
(LCOE) for three different stages of EGS technology: initial (today’s technology), midterm, and
commercially mature. The plant capital costs, the well drilling and completion costs, and the
stimulation costs are based on the results of the earlier chapters on those individual topics. 
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Due to the uncertainty of the various rock drawdown models and the variations in rock characteristics
across the United States, a drawdown parameter model (Armstead and Tester, 1987) was chosen to
simulate the drawdown of the reservoir. The impedance per well is based on results from the
Rosemanowes, Hijiori, and Soultz circulation tests. The debt and equity rates of return are based on
the 1997 EERE Renewable Energy Technology Characterizations report (DOE, 1997). 

Table 9.5 shows the base case and optimized LCOE for the six sites selected in Chapter 4. The
optimization was performed on the completion depth only, and the resulting electricity costs are at
base-case conditions. Figures 9.5 and 9.6 illustrate the sensitivity of the levelized electricity costs to
eight important reservoir, capital cost, and financial parameters in the MIT EGS model. Figure 9.6
depicts a high-grade prospect, whereas Figure 9.5 shows a low-grade one. As one can discern from
the sensitivity analysis, the cost of electricity is most sensitive to the geofluid flow rate, the drilling
and completion costs, the thermal drawdown rate, as well as the economic parameters, debt/equity
ratio, and the equity rate of return. The nonlinearity of the sensitivity of costs to drawdown rate is a
result of the fixed plant lifetime of 30 years and the variability of the interval for reservoir
rework/redrilling. Because a small fraction of the total capital cost is in the surface plant (in relation
to the drilling cost), the LCOE is relatively insensitive to the surface plant costs for lower-grade
resources (Figure 9.5), but the sensitivity increases for higher-grade resources. Although sensitivity
plots are shown here for the two extremes in geothermal gradient, the sensitivity at all six sites is
shown in Appendix A.9.3.
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Table 9.4 Parameter values for the base case EGS economic models.
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Parameter description Initial Values 
(today’s technology,

years 1-5)

Midterm Values
(years 5-11)

Commercially
Mature Values

(years 20+)

Geofluid flow rate per producer 20 kg/s 40 kg/s 80 kg/s

Thermal drawdown rate 3 %/yr 3 %/yr 3 %/yr

Number of production wells per
injection well

2 2-3 3

Maximum allowable bottom hole
temperature

350°C 350°C 400°C

Average surface temperature 15°C 15°C 15°C

Impedance per well 0.15 MPa s/L 0.15 MPa s/L <0.15 MPa s/L 

Temperature loss in production well 15°C 15°C 15°C

Water loss/total injected 2 % 2 % 1 %

Drawdown parameter 
(Armstead and Tester, 1987)

0.000119 kg/s.m2 0.000119 kg/s.m2 0.000119 kg/s.m2

Well deviation from vertical 0° 0° 0°

Well separation 500 m 500 m 500 m 

Geofluid pump efficiency 80 % 80 % 80 %

Capacity factor 95 % 95 % 95 %

Fluid thermal availability drawdown
threshold before rework

20 % 20 % 20 %

Injection temperature 40°C 40°C 40°C

Well casing inner diameter 7” 7” 7”

Inflation rate 3 % 3 % 3 %

Debt rate of return 5.5 % 6.4 % 8.0 %

Equity rate of return N/A 17 % 17 %

Fraction of debt/equity 100/0 80/20 60/40

Plant lifetime 30 years 30 years 30 years

Property tax rate 2 % 2 % 2 %

Sales tax 6.5 % 6.5 % 6.5 %

Drilling contingency factor 20 % 20 % 20 %



Table 9.5 Levelized cost of electricity (LCOE) for six selected sites for development.

*10 km limit put on drilling depth – MITEGS LCOE reaches 7.3 ¢/kWh at 12.7 km and 350°C geofluid temperature.

We have created a series of sensitivity graphs to illustrate the sensitivity of the levelized electricity
costs to eight important reservoir, capital cost, and financial parameters in the MIT EGS model. The
first graph illustrates the base case itself, and the following tables illustrate the range of difference
both by location and by changes in the key characteristic of flow rates.
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Site 
Name

∂T/∂z
(°C/km)

Depth to
Granite

(km)

Completion
Depth 
|(km)

Fracture Costs
($K)

LCOE Using Initial
Values for Base Case

(¢/kWh)

Optimized LCOE Using
Commercially Mature

Values (¢/kWh)

@
93 l/s

@
180 l/s

MIT EGS GETEM MIT EGS GETEM 
Depth
(km)

East 
Texas
Basin

40 5 5 145 171 29.5 21.7 6.2 5.8 7.1

Nampa 43 4.5 5 260 356 24.5 19.5 5.9 5.5 6.6

Three
Sisters
Area

50 3.5 5 348 450 17.5 15.7 5.2 4.9 5.1

Poplar
Dome a

55 4 2.2 152 179 74.7 104.9 5.9 4.1 4.0

Poplar
Dome b

37 4 6.5 152 179 26.9 22.3 5.9 4.1 4.0

Clear
Lake

67 3 5 450 491 10.3 12.7 3.6 4.1 5.1

Conway
Granite

26 0 7 502 580 68.0 34.0 9.2 8.3 10*



Initial Base-Case Values (see Table 9.4)

Commercially Mature Values (see Table 9.4)

Figure 9.5 Sensitivity of EGS LCOE for the Clear Lake (Kelseyville, Calif.) scenario using: 
(a) initial base-case values, and (b) commercially mature values.
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Initial Base-Case Values (see Table 9.4)

Commercially Mature Values (see Table 9.4)

Figure 9.6 Sensitivity of EGS LCOE for the Conway, N.H., scenario using: (a) initial base-case values, and
(b) commercially mature values.
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9.10 Supply Curves and Model Results
Today, geothermal power is considered base-load capacity because it is fully available year-round, 24
hours a day. A utility could use a base-load supply curve for planning purposes in one of two ways.
They can determine how much renewable base-load capacity they might buy for a certain price, and
they can see what they would have to pay for capacity equal to their needs. 

The supply of power available from current and future generating facilities is, by definition, a
reflection of access to heat reserves. The heat reserves, in turn, are accessible only as drilling and
fracturing techniques are improved and demonstrated to be economically competitive.

The North American continent and, by definition, the United States, is underlain by a vast heat
resource varying in heat and consequent power potential as a function of depth and transmissivity.
The supply of energy available can be portrayed in a variety of ways, each reflecting technology and
access over time.

The ultimate resource is virtually infinite, but inaccessible. That is, if it were possible to drill to depths
where >350°C heat stores were available, fracture the rock at that depth, and gain access to reservoirs
created as a result, then all basement rock on the continent would be a source of EGS. As a practical
matter, this is not likely to occur within the next 50 years, so we have arbitrarily limited the estimates
of available energy by assuming aggressive, but historically proven, learning and technology
application scenarios.

Modeling a resource with infinite capacity requires arbitrary assumptions on the resource recovery.
We can access relatively shallow resources with hydrothermal electric technologies and drilling
techniques, which effectively defines current technology. Expansion and exploration into new land
areas with these technologies offers the first example of a long-term supply curve, which expands to
satisfy demand as a function of applying new capital with existing technology and expands the supply
curve outward.

As technology and drilling techniques improve, access to deeper and more productive reserves
become available.16 This can be described by dividing the total resource available at depths shallower
than 3 km for near-term development and the remaining much-larger resource at depths greater than
3 km for long-term development. 

Technically, it is impossible to know how large the unidentified EGS resource might be. Muffler and
Guffanti (1979) and Renner et al. (1975) speculate that this unidentified hydrothermal resource could
be anything from twice to five times the identified resource. An ongoing study by Petty and others
(Petty and Porro, 2006) also estimates the EGS portion of the geothermal supply.

The result can be illustrated by a set of supply curves that describe the available resource over time.
These curves demonstrate how the available EGS resource is being utilized with incremental access
to it, starting as an expansion of existing, high-grade hydrothermal resources and ending with low-
grade conduction-dominated basement rock EGS resources at depths greater than 3 km.
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The cumulative or ultimate supply of EGS available represents the resource as a function of expected
and competitive advances in technology over the time horizon of approximately 50 years. Here, we
assume that technology is employed in increments to satisfy increased demand for base-load power,
and price is not a limiting factor. That is to say, in this scenario, technology is available as needed and
only the supply of the resource matters; the result is a traditional supply curve as shown in Figure 9.7.
We also assume that in this period, a conservative estimate of the available resource is accessed. This
figure is limited to 2% of the total resource available and yields in excess of 70,000 GWe in the
planning horizon.

This type of supply curve illustrates how much power from a particular resource is available at or
below a certain price. This curve suggests that access to available power is solely a function of price
and effectively assumes that capacity is, thus, available for economic dispatch as needed. This type of
curve, which is used by the electric power industry for long-term resource planning, is developed for
a fixed point in time based on the cost of generating that power and the amount of power available at
that time at that price. 

For emerging technologies such as concentrating solar power, integrated coal gasification, residual
cellulosic biomass to ethanol, and EGS, there are no data available on how large-scale commercial
systems will perform, how many of these there might be, and how the price will change with time.
The supply curves must be developed based on the future improvement in technology that is likely to
occur, as well as the cost of constructing the plant and ancillary systems. 

Figure 9.7 Traditional form of an electricity supply curve.
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9.10.1 Supply of EGS power on the edges of existing hydrothermal systems
As geothermal developers drill outward away from the best and most permeable parts of current high-
grade hydrothermal fields, they often encounter rock that has high temperatures at similar or deeper
depths than the main field, but with lower natural permeability. It is becoming routine for geothermal
developers to stimulate these lower permeability wells to increase fluid production rates up to
commercial levels. Pumping large volumes of cold water at high rates over a short period, treating
with acid, or injecting cold water at lower rates for a long period all are regularly used to try to improve
well productivity on the edges of hydrothermal systems. However, this is most successful when the
stimulated wells are in hydrologic connection with the wells in the main part of the reservoir. When
the lower permeability well is not connected to the main reservoir, it and the associated high-
temperature rock reservoir can be treated as a separate EGS project. For instance, Well 23-1 at Desert
Peak in Nevada is of this type and is currently part of a U.S. DOE-sponsored EGS research study. It
may be possible to stimulate the Desert Peak well, drill production wells around it, and create a viable
EGS reservoir.

In other areas, a hydrothermal resource has been identified, but it is not permeable enough to be
commercial, and so is not being developed. The EGS resources in these low-permeability
hydrothermal areas and on the edges of identified hydrothermal systems could be considered
“identified” EGS systems. They are likely to be developed earlier than the deeper EGS systems
because they tend to be associated with high conductive gradients instead of convective temperature
anomalies. Because the hydrothermal sites have been identified in USGS Circular 790 (Muffler and
Guffanti, 1979) with updates by Petty et al., (1991), the associated EGS resource could be calculated
by subtracting the fraction of the hydrothermal resource deemed commercial in the near term from
the totals found as part of these earlier studies. It is assumed that these noncommercial resources will
require stimulation to produce at commercial rates before they can be considered EGS resources. 

While the reserves of recoverable energy in these identified EGS resources can be assessed in the
same way that a hydrothermal system is assessed – by a volumetric heat calculation – there is
probably an equal or greater “unidentified” EGS resource associated with convective temperature
anomalies that have not been discovered yet. Because the resource-base estimates in our study start
at a depth of 3 km, the identified and unidentified EGS resource associated with existing
hydrothermal resources are not included in this calculated reserve. For this reason, the identified and
unidentified EGS resource was calculated separately.

Using a costing code (GETEM) (see Section 9.9.1), the forecast cost of power was calculated based on
current capabilities in EGS technology with the specific temperatures and depths for each identified
resource. Each of these identified EGS resources has a depth and temperature based on the data
available from the hydrothermal resource associated with it, or one similar to it, if there is no
associated resource. Flow rates were based on the current best-available flow from the longest test at
the Soultz projects, which has produced the highest observed sustained production flow rates from
an EGS reservoir. The available power was then ranked by cost and a cumulative amount of power
plotted against the associated cost of power. The result is a forecast total supply curve shown in Figure
9.8. This supply curve assumes that technology is applied as needed, in response to competitive
market signals to deliver power for dispatch in the existing system. It is simplistic in the assumption
that there are no limits to transmission or available land sites beyond the restrictions of public parks,
military, or existing urban facilities.
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Figure 9.8 Predicted supply curves using the GETEM model for identified EGS sites associated with
hydrothermal resources at depths shallower than 3 km. The base case corresponds to today’s technology
and the 5-, 15-, 25-, and 35-year values correspond to the state of technology at that number of years into
the future.

The GETEM code also allows the user to change cost multipliers to calculate the impact of technology
improvement. To look at the future cost of power from the identified EGS resources, the research
targets from drilling, conversion, and EGS research sponsored by the federal government were used
as multipliers in the GETEM code. The future cost of power was also calculated based on both the
learning experience expected from the long-term test upcoming at Soultz, Cooper Basin, and other
EGS projects, as well as on the projected improvements from the DOE Geothermal strategic plan and
the multiyear program plan. These cost multipliers were entered into the GETEM code to calculate a
5-, 15-, 25-, and 35-year cost of power. Of course, the magnitude of cost improvements in the long term
are highly speculative and depend on achievements from a continuing aggressive R&D program, both
in the United States and in other countries.

9.10.2 Supply of EGS power from conductive heating
The EGS thermal resource described in Chapter 2 is due primarily to conduction-dominated effects
at depths below 3 km. This resource is more evenly distributed throughout the United States than
geothermal resources that are naturally correlated with hydrothermal anomalies. Starting from the
heat-in-place calculations described in Chapter 2, the accessible and recoverable heat were calculated
and converted to electric power for each depth and average temperature. This allows us to use the
GETEM costing code with the depth and temperature as input with current technology and the cost
for fracturing determined for this study to produce a supply curve for the entire United States (Figure
9.9). The assumption used for the flow rate in the current supply curve is based on the flow rate
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achieved during the longest flow test at the Soultz project. The fracturing cost used in the model runs
is twice the average of the costs shown in Table 5.2 (Chapter 5), approximately $700,000. The other
inputs for GETEM were assumed to be similar to current technology as demonstrated at the Soultz
project. For the five-year costs, the goals of the U.S. DOE Geothermal Technology Program MYPP
were used, along with the assumption that the Soultz long-term test will be successful at maintaining
50 kg/s flow for an extended time period.

The supply curve shown in Figure 9.9 provides an estimate of the electric power capacity potentially
available assuming a 30-year project life (x-axis), at or below a cost in third-quarter 2004 dollars
shown on the y-axis. It illustrates the shift likely from small increases in base-load power contract
prices. Figure 9.9 shows the dramatic influence on the price expected, given improvements in
technology and more extensive field experience.

Figure 9.9 Supply of developable power from conductive EGS sources at depths greater than 3 km at cost
of energy calculated using GETEM model for base case as shown in Table 9.4. This includes incremental
improvements only from DOE Geothermal Technology Program Multiyear Plan.

9.10.3 Effects of learning on supply curves
A second type of supply curve illustrates the effect of increased knowledge of the resource and
applications of technology needed to recover it. The learning curve process is illustrated in Figure 9.10,
showing the increased efficiency on a field-by-field basis (field learning) and the cumulative effect on
the installed base of power systems (technology learning) capacity.

Applying this learning curve to satisfy market demand assumes access to land and transmission
facilities where power can be delivered to markets. For analytic purposes, we assume that this can be
modeled as a dynamic but orderly increase in available supplies when the resource is competitively
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priced. This supply relationship is shown in Figure 9.11 and demonstrates the dynamic effects of field
information and drilling experience, as well as the benefits of applying new technologies as power
projects are developed. Here, the combination of increased drilling depth, diminished drilling cost,
increased fracture, and consequent flow rate enable increased cumulative installed capacity.

Figure 9.10 Drilling-cost learning curve illustrating the learning process that occurs within each well
field. Base case includes a 20% contingency factor to account for nonrotating costs.
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Figure 9.11 Drilling-cost reduction curve illustrating the effects of R&D-driven technology improvement
on the initial well cost in a given well field. Base case includes a 20% contingency factor to account for
nonrotating costs.

9.10.4 Supply curve for EGS
The supply curve for EGS has been derived as a function of depth to resource, estimated temperature
at depth, the assumed flow, and drawdown rate for the reservoir. Rock at depth must either possess
fracture characteristics that allow hydraulic flow or can be fractured to allow flow of sufficient volume
to provide an adequate heat source and sustain a drawdown that maintains economic conditions for
a reasonable period of time. These criteria can be met in a variety of geographic areas, at different
depths depending on the underlying geologic formations and structural characteristics. We have used
other limiting conditions to create aggregate estimates of supply, including an estimate of the gross
potential of the resource available for each temperature/depth regime, and limited to a recovery factor
of 2% and a power delivery per well field complex of 50 MWe. This definition is arbitrary but
convenient in terms of power generation facilities and surface heat-collection systems.

Each well complex is based on a system of wells (1 injector, and 3 producers) that are arrayed to
maximize access to the underground resource while minimizing the surface footprint (see Figure
9.12). Access to the resource is assumed to be completed in sequence, matching drilling experience.
We assumed that more efficient techniques and growing confidence in fracturing and reservoir
stimulation will allow access to continually deeper resources. Thus, the supply curves are time
sensitive, with the highest near-term resource development and access occurring in areas with the
highest geothermal temperature gradient. These areas have rock temperatures that reach 300°C at
depths between 3 and 5 km. The higher costs for accessing and stimulating the resource at greater
depths is ultimately offset in the modeling of the supply curve by greater yields in terms of heat
recovery over longer periods of time (productivity and reliability), leading to lower unit costs of
electricity generation over time.
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Figure 9.12 Schematic of the quartet well-field complex and expected fracture stimulation zones at intervals.

9.10.5 EGS well characteristics
For development of the supply curves, we have assumed that production wells are drilled in triplets
and complexes that yield approximately 50 MWe of base-load power and are arrayed in modules that
optimize yield from the entire resource base as a function of depth and temperature. We have
assumed fracture and stimulation of zones around the corresponding well depth that have an average
radius of 500 meters and a swept area of 5,000 m2 per fracture zone. This is illustrated in Figure 9.12
for a quartet configuration. A well complex producing 50 MWe would have between 30 and 40 wells,
depending on subsurface conditions.

9.11 Learning Curves and Supply Curves
Assuming that sufficient R&D funds have supported a successful deployment of several first-
generation EGS plants, the stage is set for commercial development of EGS, where learning effects
will influence costs. Accessing proportionally larger amounts of the EGS resource base is expected to
result in greater economies of scale for delivered power. This will translate into lower average costs
per well as a function not only of wells drilled per field, but wells drilled regionally as well. This
learning curve concept has been assessed and applied for almost three decades in oil and gas drilling
(Ikoku, 1978; Brett and Millheim, 1986) as well as across a number of energy conversion technologies
(McDonald and Schrattenholzer, 2001). We have assumed a cost reduction of 5% per well through the
first five wells in a complex, with 1% per well for the next five wells, and constant drilling costs beyond
that point – a cost reduction realized through the decrease in “trouble” (Kravis et al., 2004) (see
Figure 9.13). This sequence is likely to be repeated in new complexes with a maximum reduction in
expected drilling costs of 25% overall through the life of the well complex. Because each well is
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expected to be redrilled or improved three times during its lifetime, the cost reduction applies to the
total capital cost of the well through the lifetime, because knowledge gained in the initial drilling will
be transferred to future exploration.

Figure 9.13 Learning curve influence on drilling cost.

A similar learning curve is expected for fracturing and stimulation costs, plant capital expenditures,
plant and wellfield O&M costs, and exploration success (see Table 9.6 and Figure 9.14). Learning
curves are modeled using the following functional form:

(9-12)

where

MWcum = Cumulative EGS capacity installed under various supply scenarios
MWref = Reference installed capacity for which cost is reliably known
Ci = empirical fitted parameters in Eq. (9-12) that are correlated to specific learning 

curve behavior 
C1 = Technical limit achievable
C2 = Learning potential
C3 = Learning rate.
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Table 9.6 Learning curve parameters.

Figure 9.14 Learning curves for various EGS LEC parameters.

The learning curve for well drilling and stimulation translates into increased access to overall resource
expressed as supply available at depth. The plant capital cost learning curve is based on the existing
hydrothermal capacity and learning parameters from turbine technology cost improvements
(MacGregor et al., 1991; Nakićenović et al., 1998; McDonald and Schrattenholzer, 2001). The O&M
learning curves are based on economies of scale considerations and plant automation techniques.

As discussed earlier, the geothermal LEC is highly sensitive to the flow rate achieved from each
production well. This parameter is also highly uncertain and unproven. Circulations of greater than
20 kg/s have been accomplished in EGS reservoirs, and up to 100 kg/s is ultimately possible. We have
chosen to present four different flow-rate scenarios to illustrate the actual needs that must be met to
warrant large-scale EGS penetration into the base-load market. These four different flow learning
scenarios are illustrated in Figure 9.15.
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Figure 9.15 Learning curves for production well flow rates.

Power generation is extremely capital-intensive at inception and tends to be fuel- or variable-cost
sensitive over time. Once a power system is organized around a suite of technologies, such as fossil-
based generation, it becomes difficult to shift or redesign the system. Key reasons for this can be
found in the nature of the support facilities, including fuel acquisition and transformation,
transportation pipes and wires, storage facilities, and delivery systems – which also entail long-lived
capital-intensive facilities. As a consequence, improvements of existing systems tend to occur at the
margin, in the form of advanced technologies for a particular fuel source. 

Geothermal power technologies are no exception to this trend. The learning curve involved in
extending drilling capability, and in more efficient fracture and stimulation of rock, leads directly to
higher rates of heat recovery. The three phases of expected improvement demonstrate the application
of the learning curve thesis in terms of more efficient power generation and lower costs. The fact that
the delivered cost of power remains effectively level over time after taking advantage of installation
economies, e.g., larger-size plants, demonstrates the benefits of continuous improvement in
techniques and technology. Renewable energy technologies, in particular, have shown great benefit
from focused research and development programs, which can significantly shorten the time of
successful market penetration and adoption (Moore and Arent, 2006).
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9.12 Forecast Supply of Geothermal Energy
“Getting a new idea adopted, even when it has obvious advantages, is difficult. Many
innovations require a lengthy period of many years from the time when they become available
to the time when they are widely adopted. Therefore, a common problem for many individuals
and organizations is how to speed up the rate of diffusion of an innovation.” (Rogers, 2003)

In this section, we describe the forecast of supply as a function of resource and market price in various
scenarios and sensitivity ranges. The basis of all of the learning curve benefits described earlier is the
actual installation of EGS power. Therefore, we must establish a market-penetration plan that would
allow for these benefits to be realized. Diffusion of an innovation follows a normal bell distribution
(Rogers, 2003):

(9-13)

This normal distribution gives the installation rate for EGS in our evaluation. Equation (9-13) is
centered on time tmax, where the EGS installation rate would be at a maximum. According to the
Rogers diffusion theory, the standard deviation, , categorizes the adopters into: (i) innovators
(tmax–3    ≤ t ≤ tmax–2   ), (ii) early adopters (tmax–2 ≤ t ≤ tmax– ), (iii) early majority (tmax– ≤ t ≤
tmax), (iv) late majority (tmax ≤ t ≤ tmax+ ), and (v) laggards (tmax+ ≤ t) 17. We must also normalize
Eq. (9-13) by the total possible installed EGS capacity, MWtot,EGS to scale up to the desired installed
capacity. When Eq. (9-13) is integrated with respect to time, we get the cumulative capacity of EGS.
Both the total capacity and tmax are determined iteratively, depending on the base-load market and the
EGS LEC. The parameters tmax and were determined iteratively considering the economics of the
innovation. The categorical divisions, given by , were found to be 10 years, tmax = 40 years, and
MWtot,EGS (t = 50yrs) = 100,000 MWe, per the scope of this project. Using these parameters, we plot
the distribution of installation rate and the cumulative EGS capacity in Figure 9.16. This distribution
is used throughout the remaining analysis and is verified with the market considerations in the
sections to follow. Using this scenario, one can see that the innovators enter the market at year 10, the
early adopters at year 20, and the early majority at year 30. As will be seen in the following sections,
the innovators enter the market once parity with market base-load price is reached, while the late
majority adopt the technology following the period of highest profitability. 
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Figure 9.16 Diffusion of technology scenario – 100,000 MWe after 50 years.

9.12.1 The role of technology
Because technology improvements will improve the ability to access new and deeper areas with
predictably higher heat content (Armstead and Tester, 1987), we can develop a proxy for new supply
curve(s), represented by access to the deeper resources. We expect technology improvements in
surface plants to decrease the delivered cost of energy (COE), by allowing higher efficiency energy
conversion from heat to electricity, effectively utilizing lower-grade heat content areas that are
accessible at shallower depths.

Using both the GETEM and the MIT EGS models, we have forecast the relationship of new energy
supplies to the COE delivered to the expected base-load power market. The price of energy falls
predictably with higher volumes of installed capacity, finally approaching a break-even price at
approximately 11 years from inception; this is shown in section 9.12.2. The effect of technology and
subsequent price levels is sensitive to assumptions in the models regarding fixed rates of return vs.
variable rates in ultimately achieving performance goals. We have illustrated both approaches in this
research and they are reflected in the graphs shown later in this chapter. 

The key to decreasing installed costs is an investment in key areas identified above, including drilling
techniques, subsurface analysis, rock fracture, flow control, well-field monitoring, and injection
mechanics. This implies an ongoing investment in research and development, including a proof-of-
concept design to access deeper resources and higher heat regimes. The R&D equivalent
commitment can be measured as “absorbed cost,” which is a proxy for the subsidy that would
represent industry investment in capital, land, and support facilities needed to produce the first 240
MWe of delivered power.
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We have estimated the penetration of geothermal capacity into the overall North American market as
a function of the variables cited in the model description above. This is shown later in this chapter
with graphs that present such penetration both in terms of MWe of installed capacity as a function of
price or delivered cost, as well as the relative value of subsidizing technology development and
deployment at the early stage of the process.

Table 9.7 Debt capital structure for the variable rate of return (VRR) model, based on DOE (1997).

Figure 9.17 illustrates the expected change in aggregate supply of EGS technology available for base-
load energy as calculated by the MIT EGS VRR model. This model is built on variable rate of return
(VRR) assumptions that, in turn, reflect the quartet well configuration (3 production, 1 injector) and
per-well flow rates at 80 kg/s. The value of this curve lies in its ability to show the relationship of
“start-up” in the new industry profile18 to a heat resource that is currently technically and
economically beyond reach. This zone of “deficit” in installed capacity lays the groundwork for
learning new drilling techniques and locating higher-density power delivery regions. It also
demonstrates the “break-even” price of delivered power to grid operations given forecast increases in
technology performance, drilling techniques, and reservoir stimulation and management where the
area utilization (fraction of utilized thermal resource within a given temperature and depth regime)
is limited to 2%19 of capacity.

Subsequent supply curves shown in this study were calculated using a break-even price minimization
algorithm that assumes that any resource at the lowest possible break-even price would be exploited
up to the area utilization fraction before developing thermal resources that would result in a higher
break-even price (i.e., deeper and/or cooler resources). This covers the available resource range as
presented in Chapters 2 and 3 of this report and uses either the MIT EGS model or the GETEM model
to calculate the break-even price, according to the learning curves for the technologies combined with
the resource characteristics that are available across the United States, and allows for estimation of
break-even price as a function of technology penetration.
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Year % Debt Debt Annual Rate of Return Equity Annual Rate of Return

1-5 100 5.5 % a n/a

5-11 80 6.4375 % b 17%

11-50 60 8.0 % 17%
a Not typical of competitive market conditions, but reflect primarily public-sector sponsored research

with little commercial penetration into the energy market.
b Period of industry-government 50-50 cost sharing. 

0.5x100+0.5x60=80% debt rate of return calculated as hybrid between 
govt. share (5/8 @ 5.5%) and IPP share (3/8 @ 8.0%) = 3.4375% + 3%



Figure 9.17 Capacity and price relationships for EGS: predicted aggregate supply of base-load power from
EGS resources using the MIT EGS, variable rate of return (VRR) model with quartet well configurations (3
producers + 1 injector), and a commercially mature flow rate of 80 kg/s per well.

These analytical results show EGS technology becomes increasingly cost-competitive, relative to other
renewable energy technologies, in three distinct and sequential phases.

The first phase is an extension of capacity by improved drilling and fracturing techniques at existing
sites or known resource-rich areas. This critical phase demonstrates the cost-effectiveness of the new
techniques, and extracts a higher fraction of the heat-in-place as a function of greater rates of flow in
stimulated areas and more efficient heat conversion at the surface. 

The second phase involves further extension of the new drilling techniques and power conversion
into areas with heat resources outside the limits of current technology and, therefore, left unexploited
in the past two decades. Extracting power and heat from this resource will significantly increase the
contribution to the power grid, because it will involve expansion to areas in close proximity to power
transmission facilities.

The third phase will exploit the full potential of geothermal resources in virtually every region of the
United States. This phase will reach areas that will necessitate new drilling technologies, new
fracturing and stimulation techniques, new control technologies, and a new generation of power
conversion systems for power extraction.
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9.12.2 Variable debt/equity rates vs. fixed charge rates (FCRs)
Most energy models adopt either fixed or variable charge rate-based scenarios. Fixed charge rates
include a range of factors such as construction financing, financing fees, return on debt and equity,
depreciation, income tax, property tax, and insurance. The fixed charge rate, when multiplied by the
cost of a new construction project, yields the annual “fixed charges.” Thus, the fixed charges are the
annual interest expenses of the money borrowed to build, plus the annual costs to operate and
maintain a new construction project. This is in contrast to the variable cost rate charge, which shows
what any given loan fund needs to yield to cover variable costs. Here, 

(9-14)

Fixed charge rate comparison for renewable technologies is a common procedure and allows
comparison across technologies. We have adopted the 12.8% fixed charged rate cited in the National
Energy Modeling System (NEMS) model, sponsored by DOE, as our fixed charge rate for calculations.
This is used consistently in both the GETEM and MIT EGS models. 

Although all results from either the GETEM or the MIT EGS model show the cost of energy declining
to a point below competitive alternatives and are in general agreement in terms of overall cumulative
supply, the use of VRR in MIT EGS offers what we believe is a closer approximation of market
conditions when used in the case of developing technologies as opposed to commercially mature,
established technologies.

A comparison of the two approaches will illustrate this effect. The results can be dramatic as shown
in Figure 9.18. In Figure 9.18b, the levelized energy costs are significantly lower when using a fixed
charge rate opposed to using a variable rate of return as in Figure 9.18a, holding other model
parameters constant. 

A key result that emerged between the use of variable cost and fixed cost models is illustrated by
comparing Figure 9.18a and Figure 9.19a. Here, both scenarios achieve 100,000 MWe from EGS with
a vertical reservoir spacing of 1 km. Using the VRR method requires 80 kg/s with a quartet (one
injector to three production) well field, while the fixed charge method requires only 60 kg/s for a
triplet in order to deliver economic power.

If one compares the results from the GETEM model in Figure 9.19b to the results from the MIT EGS
model using a fixed charge rate in Figure 9.19a, it is evident that the two models agree relatively well.
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(a) (b)

Figure 9.18 Levelized break-even COE using the MIT EGS model for the 100,000 MWe - 50 year scenario
using (a) variable debt and equity rates (VRR) shown in Table 9.7 and (b) fixed charge rate of 12.8% per the
NEMS model. Flow rate per production well (in a quartet configuration – 1 injector, 3 producers) follows
the 80 kg/s learning curve. Thermal drawdown is 3%/yr resulting in well-field rework after ~ 6 years and
the vertical spacing between stacked reservoirs is 1 km. Resulting absorbed technology deployment costs
are (a) $216 and (b) $262 million U.S. (2004).

(a) (b)

Figure 9.19 Levelized break-even COE using (a) MIT EGS and (b) GETEM for the 100,000 MWe - 50 year
scenario using a fixed charge rate of 12.8% per the NEMS model. Flow rate per production well (in a
triplet configuration – 1 injector, 2 producers) follows the 60 kg/s learning curve. Thermal drawdown is
3%/yr resulting in well-field rework after ~ 6 years and the vertical spacing between stacked reservoirs is
1 km. Resulting absorbed technology deployment costs are (a) $368 and (b) $394 million U.S. (2004).
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9.12.3 Deriving cost and supply curves
Both the GETEM and MIT EGS model results suggest a favorable outcome from investments in EGS
for base-load power. Figure 9.20 provides a demonstration of the impact of new applied technology
and field learning. It demonstrates that as new phases of technology are developed and used in the
field, the delivered cost of energy is forecast to fall below competitive base-load energy prices.

(a) (b)

Figure 9.20 Levelized break-even COE using MIT EGS for the 100,000 MWe - 50 year scenario using
variable debt and equity rates (VRR) shown in Table 9.7. Flow rate per production well (in a quartet
configuration – 1 injector, 3 producers) follows the 80 kg/s learning curve. Thermal drawdown is 3%/yr
resulting in well-field rework after ~ 6 years and the vertical spacing between stacked reservoirs are (a)
1 km and (b) 500m. Resulting absorbed technology deployment cost is $216 million U.S. (2004).

Figure 9.21 illustrates the effect of investments in EGS research and market adoption of new
technology and drilling techniques. The figures show cumulative EGS capacity at 100,000 MWe, and
assume flow rate per production well in quartet configuration of 80 kg/s with vertical spacing
between stacked reservoirs is 1 km. Thermal drawdown is assumed to be 3%/year and well-field
rework and restimulation occurs approximately every six years.

In this scenario, variable debt and equity rates (VRR) are employed to gauge the impact on the break-
even price of EGS and the resultant cumulative supply additions while assuming the trend in
competitive market price. The time period in which competitive prices can be achieved is estimated
to be approximately 11 years after inception of significant efforts to expand research. Here the
levelized energy cost (LEC), including forecast costs of redrilling and stimulation, approaches parity
with market prices. When viewed through the full 50-year scenario, the analysis suggests that the
competitive price of EGS remains below the price for other base-load power.

Continued expansion of facilities beyond that point will ultimately displace older coal- and oil-fired
generation and forestall construction of other less-competitive base-load facilities including coal and
nuclear power. This is apparent as cumulative additions to the supply curve extend it through the
forecast period of 2050. During this period, beyond year 11, the market price of delivered EGS
electricity is expected to be below competitive technologies.
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The result of this pricing position is positive on several levels. First, this level of competition will tend
to put pressure on competitive energy sources to become more efficient, effectively driving down their
costs over time. Second, the attraction of geothermal energy as a source of base-load power will be
high, leading to higher use over time. Third, the demonstrated reliability and cost effectiveness will
lead to greater investment opportunities with higher corresponding economic development potential
as a result.

(a) (b)

Figure 9.21 Levelized break-even COE using MIT EGS for the 100,000 MWe - 50 year scenario using
variable debt and equity rates (VRR) shown in Table 9.7. Flow rate per production well (in a quartet
configuration – 1 injector, 3 producers) follows the 80 kg/s learning curve. Thermal drawdown is 3%/yr
resulting in well-field rework after ~ 6 years and the vertical spacing between stacked reservoirs is 1 km.
Resulting absorbed technology deployment cost is $216 million U.S. (2004).

The cost equivalency shown in Figure 9.21 is a function of the assumed market price for base-load
energy, essentially a proxy for the delivered price of coal as the lowest-cost alternative. Once the break-
even point is reached at approximately year 11, any added capacity is expected to reflect the needs for
expansion of the existing base-load portfolio. A singular advantage to investing continuously in this
technology is the match of new demand to supply with minimal disruption to the system and
avoidance of price spikes. The estimate of costs to achieve this breakthrough is shown in Table 9.8 as
approximately $216 million U.S., with most of that expenditure occurring in the early years (1-8) of
such an effort.
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Table 9.8 Relationship of year, output, cost and cost deficit – 80 kg/s learning curve, quartet configuration,
3% thermal drawdown, 1 km vertical reservoir spacing.

The diffusion of technology scenario (100,000 MWe over 50 years) employed in this analysis is
validated by Figure 9.21a and Table 9.8. Using the VRR-based MIT EGS model with the supply
algorithm, we find a maximum cost differential at 35 years where EGS technology offers a premium
source of energy for dispatch and has achieved sustained levels of capacity. Assuming a five-year lag
period for permitting and construction, the point of maximum differential may occur more
providently in year 40. The advantage (although, in reality, the supply of energy available is
effectively infinite) lies in the fact that approximately 100,000 MWe are developed during the first
phase of development.

9.13 Conclusions
We have found a positive correlation between the development of new EGS fields and continued
declines in delivered costs of energy. This finding reflects not only the economies from new
techniques and access to higher value resources, but also the inevitable cost of competitive power
sources. Analysis suggests that, with significant initial investment, installed capacity of EGS could
reach 100,000 MWe within 50 years, with levelized energy costs at parity with market prices after 11
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Year EGS 
capacity 

(MWe)

EGS COE
(¢/kWh)

Base-load
market 
(¢/kWh)

EGS deficit
(¢/kWh)

Total Cost Absorbed 
cost

5 25 9.99 5.00 4.99 $229,539,800 $114,612,500

7 60 7.82 5.06 2.77 $251,051,400 $88,766,000

9 120 5.56 5.11 0.45 $152,024,900 $12,401,900

10 180 4.92 5.65 0.00

11 240 4.52 5.67 0.00

13 400 5.06 5.72

14 550 4.75 5.77

15 750 4.53 5.78

16 1,000 4.40 5.82

19 2,000 4.69 5.89

22 4,000 5.24 5.98

25 8,000 5.78 6.58

34 30,982 5.74 6.86

35 35,000 6.59 6.91

48 92,778 6.58 7.38

50 100,000 7.43 7.45

Total $632,616,100 $215,780,400



years. It is projected that the total cost, including costs for research, development, demonstration,
and deployment, required to reach this level of EGS generation capacity ranges from approximately
$600 -$900 million with an absorbed cost of $200-$350 million.

In this period, we expect that the development of new EGS resources will occur at a critical time when
grid stabilization with base-load power will be needed to avoid redirecting expensive natural gas
facilities when they are most in demand worldwide. 

EGS power lacks a demonstration of its capability at the present time. As pointed out in this report,
this can be accomplished with a proven application of R&D support. We expect that the cost of power
potential demonstrated in this chapter warrants a comprehensive research and demonstration effort
to begin moving toward the period when replacement of retiring fossil and nuclear units and new
capacity growth will most affect the U.S. electrical supply.

Footnotes
1. A power transmission system is commonly referred to as a “grid.” However, for reasons of

economy, the network is rarely a grid (a fully connected network) in the mathematical sense.
Redundant paths and lines are provided so that power can be routed from any power plant to any
load center, through a variety of routes, based on the economics of the transmission path and the
cost of power. Much analysis is done by transmission companies to determine the maximum
reliable capacity of each line, which, due to system stability considerations, may be less than the
physical limit of the line.

2. The revival of the FutureGen program at DOE underscores this trend.

3. In the IEO2005 reference case, coal continues to be the dominant fuel for generation of electricity
and combined heat and power (district heat). In 2025, coal is projected to fuel 38% of the world’s
electricity generation, compared with a 24% share for natural gas. Coal-fired capacity is expected
to grow by 1.5% per year, from 987 GWe in 2002 to 1,403 GWe in 2025. Installed coal-fired
capacity, as a share of total world capacity, declines from 30% to 26% over the forecast.

By country, the United States and China currently are the leaders in terms of installed coal-fired
capacity, at 311 and 204 GWe, respectively. In China, strong growth in natural-gas-fired capacity is
projected to push coal’s share down from 65% to 52% of total generating capacity. In the United
States, coal-fired power plants are expected to continue supplying most of the country’s electricity
through 2025. In 2002, coal-fired plants in the United States (including utilities, independent
power producers, and end-use combined heat and power) accounted for 51% of all electricity
generation. While the output from U.S. coal-fired power plants increases in the forecast, from
1,881 billion kWh in 2002 to 2,890 billion kWh in 2025, their share of total generation decreases
slightly, to 50%, as a result of a rapid increase in natural-gas-fired generation.

4. The source for declining transportation costs is not cited by the EIA.

5. According to the EIA, U.S. nuclear capacity is projected to increase from 99 GWe in 2002 to 103
GWe in 2025, in part because of the return of the Browns Ferry reactor, scheduled for 2007.
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6. For the mature market economies, the IEO (2005) reference case assumes that, in the long term,
retirements of existing plants as they reach the end of their operating lives will not be balanced by
the construction of new nuclear power capacity, and there will be a slight decline in installed
nuclear capacity toward the end of the forecast.

7. Load firming is the acquisition of supply to fill a real or expected gap in guaranteed delivery of
power to customers. Firm power is power or power-producing capacity intended to be available
at all times during the period covered by a guaranteed commitment to deliver, even under
adverse conditions.

8. According to the EIA in 2004, retail sales of electricity increased to 3,548 billion kWh in 2004, a
1.7% increase from 2003 and a pace close to the historical growth rate. Revenue, however,
increased to more than $270 billion in 2004, a 4.5% increase from 2003 and the second straight
year of strong growth. All customer classes except transportation faced higher average retail prices
in 2004, as the national average price across all sectors was 7.62 cents per kWh, up from 7.42
cents in 2003.

The average retail price in the residential sector increased to 8.97 ¢/kWh, a 3.1% increase from
2003. In the commercial and industrial sectors, average price increases were 2.0% and 2.9%,
respectively. Higher fossil fuel prices to electricity generators led to higher wholesale power costs.
Average end-use prices increased dramatically in states where natural gas fuels significant
portions of base-load generating capacity – Texas, Mississippi, Louisiana, and Florida.

9. For instance, in 2002, MidAmerica Energy dropped a project in the Salton Sea area of California,
due to constraints on transmission access and capacity, (M. Masri, chief of Renewable Programs,
California Energy Commission, personal communication).

10. Power is defined as the rate of flow of energy past a given point. In “alternating current” circuits,
energy storage elements such as inductance and capacitance may result in periodic reversals of
the direction of energy flow. The portion of power flow that, averaged over a complete cycle of the
AC waveform, results in net transfer of energy in one direction is known as real power. That
portion of power flow due to stored energy, which returns to the source in each cycle, is known as
reactive power.

11. Direct current (DC or “continuous current”) is the continuous flow of electric charge through a
conductor such as a wire from high to low potential.

12. See California Energy Commission emergency siting process for 2000.

13. The energy attribute may be considered as a separate value, which is not purchased directly but
which may be priced, such as renewable attributes, reliability, “cleanness,” etc.

14. Reactive energy (VARs) is defined as the imaginary component of the vector product of the voltage
and current, each expressed as a vector and used to provide line stability.

15. Each surface complex is assumed to be composed of power turbines nominally rated at 60 MWe,
and combined in modules dependent on the resource being accessed.
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16. Supply curves for EGS power in selected specific states are given in Appendix A.9.4. An example
of a state in an area with no operating hydrothermal geothermal plants is Texas, shown in Figure
A.9.15. High-temperature gradients in the Gulf Coast area have been discovered during drilling
for oil and gas. The hot water coproduced with oil and gas production is discussed in Chapters 2
and 7. The EGS resource base for these fluids could also be developed on its own. While the costs
for developing geothermal resources in Texas are currently higher than market, the amount of
power available is significant and, with incremental improvements in cost, could represent a
significant base-load resource. Colorado (Figure A.9.16) is a state with both identified
hydrothermal resources and identified EGS resources at depths shallower than 3 km – there is
also a significant EGS resource at depths greater than 3 km. About 42 GWe could be available by
2011 at a cost of less than 10¢/kWh based on the continued success of the Soultz project or other
EGS field projects if drilling cost improvements and conversion technology improvements
continue to be made.

17. For a normal distribution, 95.45% of the area is within two standard deviations. Therefore, after
more than two standard deviations on both sides of the distribution (40 years), about 95% of the
EGS capacity would be installed.

18. The technologies described in this paper are an extension of existing geothermal drilling and
fracturing techniques, only to the extent that drilling and fracturing are taking place at depth. The
techniques are assumed to be more precise and capable of delivering higher rates of power over
longer periods of time than previous hydrothermal systems. Thus, although these systems may
be collocated in existing geothermal fields, the depth and accessed heat resource are beyond
current established technology and power conversion.

19. A 2% area utilization is a conservative estimate of potential resources at depth. We have chosen
this level to find coincident break-even points for the cost of capital, which is assumed to be borne
by the private sector after the initial 6,000 MWe.
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Appendices
A.9.1 Base-load Power in Grid Operations
Base-load plants tend to be older than gas-fired combustion turbine units and are usually powered by
coal, oil, or nuclear fuel – they also can be hydroelectric. In contrast, most peak-load plants, called
“peaking units,” are fueled by natural gas. Intermediate-load – or mid-range load-following plants –
are often smaller, older, coal-fueled plants that have been modified to allow them to ramp up and
down without damage. 

As system loads have grown, new generation has been built to supply that load. However, there have
been relatively few new base-load plants completed in the United States since the 1990s. Thus, the
base-load units tend to be older than the gas-fired combustion turbine units and are usually powered
by nuclear, coal, and, to a very small extent, oil. The new plants have either been of the mid-range load-
following or peak varieties. Peaking plants may only run for 100 to 200 hours a year and, at most, a
few hours in any given day. Mid-range load-following plants may serve load in key daytime hours by
following load changes during the day. 

Therefore, there has been a small and gradual shift in the percentage of the system load served from
base-load plants to mid-range plants. The amount of load served by peaking plants grew somewhat
during the 1990s, but has leveled off during the past decade. Natural gas-fired plants, originally
deployed for peaking capacity, are now increasingly being used for base-load power. This has tended
to increase prices of delivered energy in many urban markets in the United States. Furthermore, the
dramatic increase in the price of natural gas has resulted in many stranded combined-cycle units,
unable to produce economical electricity in the current market. 

As a result of some older power plants being taken out of service and because of the types of new
plants that have been built, the amount of natural gas-fueled generation to serve overall load has
increased. At the same time, the amount of generation fueled by coal has remained relatively constant.

During the past decade, a move to install new gas-fired combined-cycle plants has displaced some of
the new demand for coal power generation. This phenomenon seems to be abating in the face of
sustained and expected high prices for natural gas in domestic, Canadian, and imported markets. As
a consequence, future use of natural gas for base-load power generation is likely to be constrained by
price and, ultimately, by supply. Simultaneously, expansion of coal-based power generation is
constrained by environmental and air quality regulations that have slowed new permitting and
suggest stricter plant design criteria in the future.2

The base-load requirements of most regions are served by a combination of coal-fired generation,
nuclear steam generation, and hydroelectric facilities. There are several features of this combination
of resources that suggest higher prices and tightened supplies in the future. These include:
a. fuel prices
b. additions of new generating capacity and capacity constraints
c. transmission capacity
d. retirements of existing stock
e. environmental regulations and future CO2 emissions costs.
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A.9.1.1 Coal-fired generation in base load

Coal prices have been climbing at a rate of approximately 0.5% per year (without indexing for
inflation) for the past decade, although not consistently year-to-year. Some of this increase reflects the
preference for low-sulphur coal available from the Powder River Basin, which entails higher demand
on an already constrained railroad capacity resulting in higher transportation costs. Also, simple
supply/demand balances show steady pressure on existing sources. A lack of new transmission
capacity, a limited ability to expand existing coal facilities near urban areas, and compliance with
tighter environmental standards makes delivered power slightly more expensive. In addition,
retirement of existing facility stock, which was largely constructed in the mid-1900s and is less
efficient than modern units, has contributed to the increase in overall costs. Finally, the demand for
coal used in metallurgical operations (such as coking) is in competition for coal demanded for energy
generation; this may be exacerbated when newer coal gasification and liquefaction facilities become
more economical to construct in the future.3

Coal plays an important and, in some regions, dominant role in base-load power delivery. Coal
consumption in the United States as a share of fuels used for electricity generation is expected to
increase from 52% to 53% over the forecast. In terms of installed capacity, coal’s share of the total will
hold steady at 35%. Coal is used for base-load generation, which explains why it accounts for only 35%
of U.S. capacity but generates more than one-half of the country’s electricity. In Figure A.9.1, the
significance of that role is graphically illustrated.

Figure A.9.1 Electric power-sector consumption of coal by Census region, 2004 (million short tons and
percent change from 2003) (EIA, 2005).

According to the EIA, to a large extent, the projections of increasing prices for natural gas after 2010
– combined with projections of relatively stable coal prices and slightly declining rates for domestic
transportation of coal4 – have been the key factors helping coal compete as a fuel for U.S. power
generation. Increases in coal-fired generation are projected to result from both greater utilization of
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existing U.S. coal-fired generating capacity and an additional 89,500 MWe of new coal-fired capacity
by 2025 (3,600 MWe of older coal-fired capacity is projected to be retired). The average utilization rate
of coal-fired generating capacity is projected to increase from 70% in 2002 to 83% in 2025. A coal-
fired plant produces the lowest-cost electricity when gas prices are higher than $2.80 per million
(MMBtu).

A.9.1.2 Nuclear steam generation

The price of nuclear-sourced electricity has remained relatively constant during the past decade, a
reflection of better management and ongoing maintenance of facilities compared to earlier periods.
Spent fuel continues to be stored on-site in most facilities and could be a source of long-term price
increases in the future as spent fuel becomes increasingly difficult to manage on-site. Although there
are new facilities in design, no recent construction has taken place in the United States, which would
augment the existing stock of nuclear facilities. The earliest, currently operating commercial nuclear
facilities were constructed in 1969-1970, with a large fraction of the generation base constructed in
the 1980s. Assuming the design life of a nuclear plant is 25 years, with regulatory extensions available
to 40 years before retirement, 46 GWe of capacity can be expected to retire in the period to 2020.5

This represents about 46% of the nearly 99 GWe of current base-load power from this source.
Environmental regulations, public concerns over safety, uncertainty over the storage of spent fuel, and
investor concerns over financial risk combine to make expansion and replacement of this source of
power problematic. Assuming 50% of the retired stock is replaced during the next 15 years, the
resulting gap in base-load capacity could approach 25 GWe.

6

A.9.1.3 Hydroelectric facilities

Hydroelectric facilities continue to provide a critical backbone of the base-load capacity for U.S. power
networks in areas served by the Western Area Power Administration (WAPA) or the Bonneville Power
Administration (BPA). A proven technology, hydroelectric plants are dispatchable efficiently for both
base-load and load firming,7 and are the core of operations for federal agencies such as BPA and
WAPA, underpinning the transmission facilities built to transmit power from the large hydroelectric
project areas. Increased environmental concerns over the use of water, reduced capacity due to
siltation, and changes in rainfall patterns have created some uncertainty in the availability of this
power source. Because no new hydroelectric facilities are planned or are likely in the next decade, this
source of power should be considered static or in slight decline.

A.9.1.4 Base-load power prices and electricity supply sources

Prices for base-load power do not generally change rapidly, due, in part, to the fact that most are
controlled through long-term contracts. Given all the factors cited above, however, we expect the
competitive price for base-load power bid into system operations to increase from about 4-5
cents/kWh to 6-7 cents/kWh during the next 10 years.8 Figure A.9.2 shows the price of electricity on
a state-by-state basis across the United States. 
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Figure A.9.2 Average retail electricity price by state, 2004 (in ¢/kWh or cents per kilowatt hour) (EIA, 2004).

A look at the U.S. electricity generation base (see Table A.9.1) shows that the available power supplies
are increasing, but are offset by planned retirements of existing facilities reflecting a high
concentration of use for base-load operations.

We have summed the highest-capacity energy generating sources in Figure A.9.3. It shows the
disproportionate share borne by fossil facilities in the current energy mix.

DOE had estimated (see Table A.9.2) that there would be significant additions to the existing
generating stock during 2001-2005, based on anticipated applications for new siting licenses. The list
is notable for the absence of any new nuclear or hydroelectric facilities.

During this same period, the grid in the United States experienced significant retirement of existing
capacity, mainly in older petroleum (oil)-fired generation and simple-cycle gas turbines (see Table
A.9.3). The DOE has suggested that there will be a significant amount of new generation sited in
coming decades as shown in Figure A.9.4, relative to expected retirements. Our projections of nuclear
plant retirements, as well as older coal facilities, would cause this projection to increase slightly
during 2021-2030.
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United States Total Average Price per kilowatthour is 7.62 Cents
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Note: Figure information is shown by 5 groupings of 10 States and The District of Columbia. 
The presented range moves from the values for the lowest 10 States to the top 10 States.
Source: Energy Information Administration, Form EIA-861, “Annual Electric Power Industry Report.”



Table A.9.1 Existing U.S. generation base (EIA, 2005; and GEA, 2006).
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Existing No.
of Units

Generator
Nameplate MWe

Net Summer
MWe

Net Winter
MWe

U.S. Total 16,770 1,049,615 962,942 999,749

Geothermal 212 3,119 2,170 2,311

Coal 1,526 335,243 313,020 315,364

Petroleum 3,175 37,970 33,702 37,339

Natural Gas 3,048 256,627 224,257 241,391

Dual-fired 3,003 193,115 172,170 184,399

Other Gases 119 2,535 2,296 2,259

Nuclear 104 105,560 99,628 101,377

Hydroelectric Conventional 3,995 77,130 77,641 77,227

Pumped Storage 150 19,569 20,764 20,676

Wind 246 6,552 6,456 6,456

Wood/Wood Waste 171 2,864 2,583 2,582

Municipal Solid Waste 98 2,677 2,196 2,217

Biomass gas 90 243 200 232

Solar (photovoltaic, thermal) 17 404 398 366

Landfill gas 582 934 859 879

Agricultural by-product 26 289 274 268

Black liquor (biomass) Not available ~ 4,000 ~ 4,000 ~ 4,000

Other 42 754 700 716



Figure A.9.3 Energy shares by technology in the United States (EIA, 2004).

Figure A.9.4 Projected new generating capacity and retirements, 2000-2020 (EIA, 2004).
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Table A.9.2 Additions to the existing power generation base (2001-2005). (EIA, 2005).

Table A.9.3 Retirement of capacity (2001-2005). (EIA, 2005).
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No. of units Generator
nameplate MWe

Net summer 
MWe

Net winter 
MWe

U.S. Total 244 9,528 7,993 9,041

Coal 1 18 16 18

Petroleum 156 448 407 424

Gas 74 8,062 6,680 7,655

Water/Pump Storage

Nuclear

Waste Heat 6 994 883 937

Renewables 7 6 6 6

No. of units Generator
nameplate MWe

Net summer
MWe

Net winter 
MWe

U.S. Total 63 303 248 248

Coal 3 37 40 39

Petroleum 42 193 138 139

Gas 11 71 68 69

Water/Pump Storage

Nuclear

Waste Heat

Renewables 7 2 1 1



A.9.2 Forecast Break-Even Prices of EGS

Figure A.9.5 Levelized break-even COE using MIT EGS for the 100,000 MWe - 50 year scenario using a
fixed charge rate of 12.8% per the NEMS model. Flow rate per production well (in a quartet configuration
– 1 injector, 3 producers) follows the 80 kg/s learning curve. Thermal drawdown is 3%/yr resulting in
well-field rework after ~ 6 years. Resulting absorbed technology deployment cost is $262MM U.S. (2004).

Figure A.9.6 Levelized break-even COE using MIT EGS for the 100,000 MWe - 50 year scenario using a
fixed charge rate of 12.8% per the NEMS model. Flow rate per production well (in a triplet configuration –
1 injector, 2 producers) follows the 80 kg/s learning curve. Thermal drawdown is 3%/yr resulting in well-
field rework after ~ 6 years. Resulting absorbed technology deployment cost is $344MM U.S. (2004).
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Figure A.9.7 Levelized break-even COE using MIT EGS for the 100,000 MWe - 50 year scenario using a
fixed charge rate of 12.8% per the NEMS model. Flow rate per production well (in a triplet configuration –
1 injector, 2 producers) follows the 60 kg/s learning curve. Thermal drawdown is 3%/yr resulting in well-
field rework after ~ 6 years. Resulting absorbed technology deployment cost is $368MM U.S. (2004).

Figure A.9.8 Levelized break-even COE using MIT EGS for the 100,000 MWe - 50 year scenario using a
Fixed Charge Rate of 12.8% per the NEMS model. Flow rate per production well (in a triplet configuration
– 1 injector, 2 producers) follows the 80 kg/s learning curve. Thermal drawdown is 3%/yr resulting in
well-field rework after ~ 6 years. Resulting absorbed technology deployment cost is $262MM U.S. (2004).
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A.9.3 Cost Sensitivities

Clear Lake

(c) Mature technology: 80 kg/s production well flow rate, quartet configuration

Figure A.9.9 Sensitivity of base case EGS LEC for the Clear Lake (Kelseyville, Calif.) scenario, showing
levelized cost of electricity in ¢/kWh for three different production well flow rates.

(a) 40 kg/s production well flow rate (b) 20 kg/s production well flow rate
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Conway

(c) Mature technology: 80 kg/s production well flow rate, quartet configuration

Figure A.9.10 Sensitivity of base case EGS LEC for the Conway, N.H., scenario, showing levelized cost of
electricity in ¢/kWh for three different production well flow rates.

(a) 40 kg/s production well flow rate (b) 20 kg/s production well flow rate
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Winnie, Texas, in the East Texas Basin

(c) Mature technology: 80 kg/s production well flow rate, quartet configuration

Figure A.9.11 Sensitivity of base case EGS LEC for the East Texas Basin (Winnie, Texas) scenario, showing
levelized cost of electricity in ¢/kWh for three different production well flow rates.
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Nampa

(c) Mature technology: 80 kg/s production well flow rate, quartet configuration

Figure A.9.12 Sensitivity of base case EGS LEC for the Nampa, Idaho, scenario, showing (a) levelized cost
of electricity in ¢/kWh for three different production well flow rates.
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(a) 40 kg/s production well flow rate (b) 20 kg/s production well flow rate
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Sisters

(c) Mature technology: 80 kg/s production well flow rate, quartet configuration

Figure A.9.13 Sensitivity of base case EGS LEC for the Sisters, Ore., scenario showing levelized cost of
electricity in ¢/kWh for three different production well flow rates.
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Poplar Dome

(c) Mature technology: 80 kg/s production well flow rate, quartet configuration

Figure A.9.14 Sensitivity of base case EGS LEC for the Poplar Dome (Poplar, Mont.) scenario, showing
levelized cost of electricity in ¢/kWh for three different production well flow rates.
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(a) 40kg/s production well flow rate (b) 20 kg/s production well flow rate
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A.9.4 EGS Supply Curves for Selected States
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Figure A.9.16 Supply curve for EGS power at greater than 3 km in Colorado, with current
technology and in 5 years.

Figure A.9.15 Supply curve for EGS power at greater than 3 km in Texas, with current
technology and in 5 years.
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Figure A.9.17 Supply curve for EGS power at greater than 3 km in West Virginia, with current technology
and in 5 years.



Appendix A
Table A.1 Energy Conversion Factors

Btus quads calories kWh MWy

Btus 1 10-15 252 2.93 x 10-4 3.35 x 10-11

quads 1015 1 2.52 x 1017 2.93 x 1011 3.35 x 104

calories 3.97 x 10-3 3.97 x 10-18 1 1.16 x 10-6 1.33 x 10-13

kWh 3412 3.41 x 10-12 8.60 x 105 1 1.14 x 10-7

MWy 2.99 x 1010 2.99 x 10-5 7.53 x 1012 8.76 x 106 1

bbls oil 5.50 x 106 5.50 x 10-9 1.38 x 109 1612 1.84 x 10-4

tonnes oil 4.04 x 107 4.04 x 10-8 1.02 x 1010 1.18 x 104 1.35 x 10-3

kg coal 2.78 x 104 2.78 x 10-11 7 x 106 8.14 9.29 x 10-7

tonnes coal 2.78 x 107 2.78 x 10-8 7 x 109 8139 9.29 x 10-4

MCF gas 106 10-9 2.52 x 108 293 3.35 x 10-5

joules 9.48 x 10-4 9.48 x 10-19 0.239 2.78 x 10-7 3.17 x 10-14

EJ 9.48 x 1014 0.948 2.39 x 1017 2.78 x 1011 3.17 x 104

bbls oil tonnes oil kg coal tonnes MCF gas joules EJ
equiv. equiv. equiv. coal equiv. equiv.

Btus 1.82 x 10-7 2.48 x 10-8 3.6 x 10-5 3.6 x 10-8 10-6 1055 1.06 x 10-15

quads 1.82 x 108 2.48 x 107 3.6 x 1010 3.6 x 107 109 1.06 x 1018 1.06

calories 7.21 x 10-10 9.82 x 10-11 1.43 x 10-7 1.43 x 10-10 3.97 x10-9 4.19 4.19 x 10-18

kWh 6.20 x 10-4 8.45 x 10-5 0.123 1.23 x 10-4 3.41 x 10-3 3.6 x 106 3.6 x 10-12

MWy 5435 740 1.08 x 106 1076 2.99 x 104 3.15 x 1013 3.15 x 10-5

bbls oil 1 0.136 198 0.198 5.50 5.80 x 109 5.80 x 10-9

tonnes oil 7.35 1 1455 1.45 40.4 4.26 x 1010 4.26 x 10-8

kg coal 5.05 x 10-3 6.88 x 10-4 1 0.001 0.0278 2.93 x 107 2.93 x 10-11

tonnes coal 5.05 0.688 1000 1 27.8 2.93 x 1010 2.93 x 10-8

MCF gas 0.182 0.0248 36 0.036 1 1.06 x 109 1.06 x 10-9

joules 1.72 x 10-10 2.35 x 10-11 3.41 x 10-8 3.41 x 10-11 9.48 x 10-10 1 10-18

EJ 1.72 x 108 2.35 x 107 3.41 x 1010 3.41 x 107 9.48 x 108 1018 1

Source: “Sustainable Energy: Choosing Among Options,” Massachusetts Institute of Technology (2005)

Key: MWy = megawatt-year; bbls = barrels = 42 U.S. gallons; tonnes = metric tons = 1,000 kg = 2,204.6 lb; 
MCF = thousand cubic feet; EJ = exajoule = 1018J. Nominal calorific values assumed for coal, oil, and gas.

Note: To convert from the first-column units to other units, multiply by the factors shown in the appropriate row 
(e.g., 1 Btu = 252 calories)
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Appendix B
Panel-Member Biographies
Jefferson W. Tester (chair)

Dr. Tester is the H.P. Meissner Professor of Chemical Engineering at the Massachusetts Institute of
Technology (MIT). For three decades, he has been involved in chemical engineering process research
as it relates to renewable and conventional energy extraction and conversion, and environmental
control technologies. He has published extensively in the energy area with more than 185 papers and
seven coauthored books, including Geothermal Energy as a Source of Electric Power (1976), Handbook of
Geothermal Energy (1982), Heat Mining (1987), and Sustainable Energy – Choosing Among Options
(2005). His other appointments have included director of MIT's Energy Laboratory (1989-2001),
director of MIT’s School of Chemical Engineering Practice (1980-1989), and a group leader in the
Geothermal Engineering Group at Los Alamos National Laboratory (1974-1980). Dr. Tester is a
member of the advisory boards of the National Renewable Energy Laboratory as chair, Massachusetts
Renewable Energy Trust as chair, American Council on Renewable Energy, Los Alamos National
Laboratory, Cornell University, and the Paul Scherrer Institute in Switzerland. He was a member of
the Energy R&D Panel of the President’s Committee of Advisors on Science and Technology (PCAST)
in 1997 and has served as an advisor to the U.S. Department of Energy (DOE) and the National
Research Council (NRC) in areas related to concentrating solar power, geothermal energy, and other
renewable technologies; and waste minimization and pollution reduction. Dr. Tester received a B.S.
and M.S. with distinction in chemical engineering in 1966 and 1967 at Cornell, and a Ph.D. in
chemical engineering at MIT in 1971.

Brian J. Anderson
Dr. Anderson is an assistant professor and the Verl Purdy Faculty Fellow in the Department of
Chemical Engineering at West Virginia University. He received an M.S. and Ph.D. in chemical
engineering from MIT, and a B.S. from West Virginia University. Dr. Anderson’s research experience
includes sustainable energy and development, economic modeling of energy systems, and
geothermal energy development. He also has worked with molecular modeling of energy-relevant
systems such as natural gas hydrates and hydrogen separation membranes. He has served as a
consultant for a major bio-based energy company where he developed production flow sheets and
economic models for the production of biodiesel and bio-ethanol from various feedstocks, built a
knowledge database in the area of worldwide and domestic fuel production and consumption, and
forecast production costs under different tax and demand scenarios.

Anthony Stephen Batchelor
Dr. Batchelor is chairman and managing director of GeoScience Limited, a specialized geothermal
and geotechnical consulting/design company. Dr. Batchelor holds a B.S. in mining engineering
(1968) and a Ph.D. in rock mechanics (1972) from the University of Nottingham in England. He is a
chartered and European engineer, and a member of both the Society of Petroleum Engineers and the
Institute of Materials, Minerals, and Mining. He is a member of the Geothermal Resources Council,
and was a founding member of the International Geothermal Association and served on its board. He
is an author of more than 60 papers, and a contributor to three books and a biography in “Who’s Who
in Science and Engineering.” He taught rock mechanics at the Camborne School of Mines for more
than 12 years, and developed the U.K. Hot Dry Rock Geothermal Project, of which he was project
director from 1977 to 1986. During this time, he was a visiting staff member at Los Alamos National
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Laboratory and held a fellowship under the NATO/Committee on the Challenges of Modern Society
(CCMS) program. Dr. Batchelor helped found GeoScience Ltd. in 1986, working on geothermal
projects in California, Oregon, Japan, St Lucia, the Azores, Turkey, and Indonesia, and has since
consulted for many global oil companies on rock mechanics and fractured reservoirs. In addition, he
has taught in-house and SPE courses on wellbore rock mechanics during the past 15 years; and
worked for operators, service companies, and regulators on issues with high pressure high
temperature (HPHT) wells, “kicks” in oil-based muds, wellbore stability, cuttings reinjections, and
sand control. GeoScience Ltd. has established a geothermal heat pump operation in the United
Kingdom under the brand name EarthEnergytm. It is currently the leading installer of such systems
in the U.K.

David D. Blackwell
Dr. Blackwell received a B.S. with a major in geology and mathematics from Southern Methodist
University in 1963 and his Ph.D. in geophysics from Harvard University in 1967. He joined the
faculty at Southern Methodist University (SMU) after a year of postdoctoral study at the CalTech
Seismological Laboratory. He has been the W. B. Hamilton Professor of Geophysics since 1982. His
research specialty is the thermal field of the Earth, and he has worked extensively in geothermal
exploration and resource assessment in the United States and worldwide. He has received research
grants and contracts for geothermal activities from the U.S. DOE, National Science Foundation (NSF),
and many other entities. He has consulted for numerous U.S. geothermal and energy companies.
Most recently, he was coeditor with Maria Richards of the “Geothermal Map of North America,”
published by the American Association of Petroleum Geologists in 2004. Dr. Blackwell is a longtime
member of the board of directors of the Geothermal Resources Council and was president in 1991/92.
He has been a member of the board of the International Geothermal Association, and was extensively
involved in the technical aspects of the 1995 and 2000 international geothermal conferences in Italy
and Japan. The SMU Geothermal Laboratory maintains a Web site with extensive geothermal data and
information at www.smu.edu/geothermal. 

Ronald DiPippo
Dr. DiPippo is Chancellor Professor Emeritus of mechanical engineering and former associate dean
of engineering at the University of Massachusetts Dartmouth. He is now a full-time energy systems
consultant. Dr. DiPippo received his Ph.D. from Brown University and taught thermodynamics,
power plant design, geothermal energy, and other energy-related courses from 1967 to 2004. His
expertise is the generation of electricity from geothermal resources. He has contributed to the
development of several novel power plant designs using hybrid fossil-geothermal systems, and
applied the Second Law of thermodynamics to the analysis and design of geothermal power plants.
He has published more than 100 professional papers and reports in areas such as transport properties
of fluids, geothermal energy conversion systems, and applications of Second Law analysis to
geothermal systems. He is the author of two books, Geothermal Energy as a Source of Electricity (1980),
and Geothermal Power Plants: Principles, Applications and Case Studies (2005); and is an editor of and
contributor to Sourcebook on the Production of Electricity from Geothermal Energy (1980).
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Elisabeth M. Drake
Dr. Drake received her S.B. and Sc.D. degrees in chemical engineering from MIT, and worked for
more than 25 years at the consulting firm of Arthur D. Little Inc. At the firm, she specialized in
advising industrial and governmental clients worldwide on the risk management of hazardous
facilities, ranging from petrochemical plants to offshore drilling rigs. From 1986-1988, she was vice
president and leader of the firm’s Environment, Health, and Safety Practice. She has been at MIT for
the past 15 years, where she has served as the associate director for new technologies at the MIT
Energy Laboratory. She has been part of a team that developed a graduate-level course on sustainable
energy that addresses energy options in a broad context of short- and longer-term economical,
societal, and environmental issues. A textbook for this course was published in 2005. From 1982-
1986, Dr. Drake was the Cabot Professor of Chemical Engineering at Northeastern University and
served as chairman of its Chemical Engineering Department. Dr. Drake was a visiting associate
professor of chemical engineering at MIT during the 1973-1974 academic year, while on leave from
Arthur D. Little. She also was a lecturer in chemical engineering at the University of California at
Berkeley during the spring of 1971. She is a member of the National Academy of Engineering and a
fellow of the American Institute of Chemical Engineers (AIChE).

John Garnish
Dr. Garnish earned his Ph.D. in physical chemistry in 1966 from the University of Bristol, United
Kingdom, and joined the U.K. Atomic Energy Authority. He was a founding member of the Energy
Technology Support Unit, established in 1974 to assist the U.K. Department of Energy with its
research programs. Dr. Garnish was responsible for geothermal research in the U.K. during the 1970s
and 1980s. He represented the U.K. in its participation in the NATO/CCMS and International Energy
Agency (IEA) geothermal projects, and in the geothermal advisory committee of the European
Commission. In 1985, he joined the European Commission to take responsibility for the
commission’s program of geothermal research in Europe – and, in particular, to bring together the
expertise developed in the U.K.’s HDR project in Cornwall with related projects in France and
Germany. This resulted in the integrated European HDR project at Soultz-sous-Fôrets in France. He
was also the commission’s representative in the current IEA Geothermal Implementing Agreement
(chairman 2001-2002). He has been chairman of the Soultz project’s Scientific Advisory Panel since
retiring from the European Commission in 2002. He was a member of the Geothermal Resources
Council for many years, and is currently in his fourth term as a director of the International
Geothermal Association.

Bill Livesay
Dr. Livesay has more than 40 years experience in all aspects of drilling engineering for oil, gas, and
geothermal resources. His varied work experience has permitted Dr. Livesay to see drilling technology
from all three critical viewpoints. First, as a drilling engineer at Exxon and as a consultant; second, as
a researcher and developer of drilling technology, and builder of drilling equipment for Dresser
Security; and, finally, as a researcher of drilling technology as professor of petroleum and mechanical
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engineering at The University of Tulsa, and through 28 years of work with Sandia National
Laboratories and other clients. Dr. Livesay has authored more than 30 publications covering most
aspects of drilling, drilling costs, equipment, techniques, and procedures. His educational
background includes a B.S. in mechanical engineering from Oklahoma State University, and a Ph.D.
in mechanical engineering from Kansas State University.

Michal C. Moore
Dr. Moore is senior fellow at the Institute for Sustainable Energy, Environment, and Economy at the
University of Calgary in Alberta, where he teaches economic theory and conducts research on
alternative energy technologies and markets. He is the former chief economist at the National
Renewable Energy Laboratory in Golden, Colo., and a former regulator of the energy industry in
California. Dr. Moore received his B.S. in geology at Humboldt State University and an M.S. in land
economics from the Ecology Institute at the University of California at Davis. He obtained a Ph.D. in
Economics from the University of Cambridge in England, where he is a member of Darwin College.
His primary research interests lie in the areas of urban open space and agricultural land conversion,
local government fiscal impacts, and the structure and rules of energy markets.

Kenneth Nichols
Mr. Nichols is the CEO emeritus of Barber Nichols Inc. He also is a senior project engineer for
projects involving turbomachinery and especially high specific energy turbines. Mr. Nichols has been
responsible for the design and installation of several binary geothermal plants, some of which have
been in commercial operation for more than 20 years. Mr. Nichols has developed and manufactured
numerous Rankine Cycle power plants that operate on the heat from cement kilns, diesel exhaust, and
other heat sources. This experience provided real cost and economics of these power systems. Mr.
Nichols is a graduate of the University of Colorado, holds a B.S.M.E. degree, and is a registered
professional engineer in the state of Colorado.

Susan Petty
Ms. Petty has more than 25 years of experience in the geothermal industry in electrical and direct-use
project economics; optimizing of power plants to meet resource conditions; reservoir evaluation;
reservoir modeling; well, plant and wellfield performance data analysis; well testing; and test data
analysis. She has also assisted in negotiation of geothermal lease agreements, power sales
agreements, geothermal project financing agreements, and geothermal property sales and purchases.
Ms. Petty has done work on geothermal electrical generation projects in Nevada at Steamboat, Dixie
Valley, Rye Patch, Soda Lake, Fallon, Desert Peak, and Brady hot springs; and direct-use projects at
Brady, Elko, and Moana. In California, she has worked on the Coso, Salton Sea, East Mesa, Heber,
Brawley, Wendell-Amedee, Mt. Lassen, and Medicine Lake resources. She has worked on geothermal
projects overseas in Indonesia, the Philippines, and Central America. For a number of years, Ms.
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Petty assisted the Department of Energy in performing policy studies for geothermal energy research
including economic modeling of geothermal pricing and the impact of technology improvement on
the cost of geothermal power. She performed a signature study, still in use today, of the potential cost
of geothermal power supply from projects across the western United States. Ms. Petty received a B.A.
in geology from Princeton University in 1973 and an M.S. in groundwater hydrology from the
University of Hawaii in 1979.

M. Nafi Toksöz
Dr. Toksöz is a Robert R. Shrock Professor of Geophysics; founder of the Earth Resources Laboratory
and its director from 1982 to 1998; and director of the George R. Wallace Jr. Geophysical Observatory
at MIT. Dr. Toksöz, an honorary member of the Society of Exploration Geophysicists (SEG), received
his geophysical engineering degree at Colorado School of Mines and his M.S. and Ph.D. at the
California Institute of Technology. He has been a faculty member in the Department of Earth,
Atmospheric, and Planetary Sciences at MIT since 1965. Dr. Toksöz has made major scientific
contributions in many areas of geophysics, including seismic exploration, plate tectonics, planetary
interiors, earthquake seismology, and imaging. In 1976, he received the NASA Exceptional Scientific
Achievement Medal. In 1995, he received the Distinguished Achievement Medal from the Colorado
School of Mines. He is the author or coauthor of more than 300 technical papers, and has edited
books, including one on seismic Wave Attenuation, published by the SEG.

Ralph W. Veatch, Jr.
Dr. Veatch Jr. is president of Software Enterprises Inc., an engineering consulting firm, in Tulsa, Okla.
He holds a B.Sc. and M.Sc. in petroleum engineering, and a Ph.D. in engineering science, all from
the University of Tulsa. His career began in 1960 as a petroleum engineer with Amoco Production
Co. In 1970, he transferred to Amoco Production Research, serving in various staff and supervisory
positions, retiring in 1993 as supervisor of the Hydraulic Fracturing and Well Completions and
Production Operations groups. He has taught at Louisiana State University in Lafayette and the
University of Tulsa. Since 1993, he has been involved with petroleum consulting. From 1993 to 2003,
he taught a five-day industry course on hydraulic fracturing. Dr. Veatch is a professional engineer in
Oklahoma and Texas, and a member of the Society of Petroleum Engineers (SPE). He is an SPE
distinguished member, distinguished author and a distinguished lecturer; and a recipient of the SPE
John Franklin Carll award. He has authored or coauthored 25 technical papers and 12 books. During
his career, he has served on numerous advisory committees for the American Petroleum Institute,
Completion Engineering Association, Gas Research Institute, Los Alamos National Laboratory,
National Petroleum Council, and the U.S. DOE.
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Associate Panel Members
Roy Baria
Dr. Baria is a professional geophysicist with specialties in seismic profiling and geothermal reservoir
engineering. In 1980, he left the British Geological Survey and became deputy director of the U.K.
Geothermal Project, operated by the Camborne School of Mines at the Rosemanowes site in Cornwall.
In 1990, Dr. Baria joined the European project at Soultz near Strasbourg in France at the request of
the European Commission (EC). He became one of the coordinators of the European EGS project and
as “scientist in charge,” he was responsible for planning the program, coordinating scientists from
various nations, preparing annual reports for the EC, and developing diagnostic methods to evaluate
HDR reservoirs etc. Since 2005, Dr. Baria has been the director of Mil-Tech U.K. Ltd., acting as a
consultant on the EGS and associated technologies to various organizations in Europe, United States
and Japan.

Chad Augustine: B.S., chemical engineering, Iowa State University (2000); doctoral candidate and
graduate research assistant, chemical engineering, MIT

Enda Murphy: B.E., civil and environmental engineering, University College Cork (2004); M.S., civil
and environmental engineering, MIT (2006); research associate

Petru Negraru: B.S., geophysics, University of Bucharest (1998); Ph.D., geophysics, Southern
Methodist University (2005); postdoctoral researcher, SMU Geophysics Department and Geothermal
Laboratory

Maria Richards: B.S., physical geography, Michigan State University (1986); M.S., physical geography,
water resource management, University of Tennessee – Knoxville (1991); research associate, Southern
Methodist University Geothermal Laboratory
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Appendix C
Glossary of Scientific Terms and Abbreviations
AAPG – American Association of Petroleum Geologists. The professional society of petroleum
geologists, the source of information on bottom-hole temperatures used in this report.

Abandonment temperature – The average temperature of the active reservoir rock volume at the time
heat-extraction operations cease.

Acoustic emissions – Elastic waves produced by defects in a material when that material is placed
under stress.

AFE – Authorization for expenditures. The estimated and actual expenditures for wells drilled by a
company.

Annualized costs – Determined by using a fixed charge rate applied to invested capital, adding an
annualized operating cost, and dividing the sum by the annual electric generation.

Annualized revenues – Calculated returns based on a full year.

Base load – The minimum amount of power that a utility or distribution company must make
available to its customers, or the amount of power required to meet minimum demands based on
reasonable expectations of customer requirements. Base-load values typically vary from hour to hour
in most commercial and industrial areas.

Basin and Range – An area of about 800,000 km2 extending over southeastern Oregon, Nevada,
western Utah, southeastern California, southern Arizona, and southwestern New Mexico,
characterized by more than 200 low mountain ranges interspersed with shallow basins generally
oriented north-northeast by south-southwest. The orientation is controlled by active or recently active
normal (extensional) fault systems bounding tilted fault blocks of horst/graben pairs.

Baumann rule – The isentropic efficiency of a vapor turbine operating in the two-phase, liquid-
vapor region, is reduced 1% for each 1% of moisture present, on average, during the total
expansion process.

BHT – Bottom-hole temperature. A measured temperature in the borehole at its total depth. The
bottom-hole temperature (BHT) is taken as the maximum recorded temperature during a logging run
or, preferably, the last series of runs during the same operation. BHT is the temperature used for the
interpretation of logs and heat flow at geothermal gradient. Farther up the hole, the correct
temperature is calculated by assuming a certain temperature gradient. The BHT lies between the
bottom-hole circulating temperature (BHCT) and the bottom-hole static temperature (BHST).

Binary cycle – An energy-conversion system that uses a closed Rankine cycle having an organic
working fluid that receives heat from a hot geofluid and rejects waste heat to the surroundings while
generating electrical power.
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Biofuel – Any fuel derived from biomass, i.e., recently living organisms or their metabolic byproducts,
such as wood wastes, corn grain, or manure from cows. It is a renewable energy source often made
from agricultural crops or residuals grown specifically for conversion to liquid or gaseous fuels.

Blowout preventer (BOP or BOPE) – A fast-acting valve or series of valves at the wellhead used during
drilling to control wells from erupting prematurely. When zones of unexpected high pressure are
encountered, the well will unload creating a “gusher” that can be extremely dangerous. A BOP can
close rapidly and keep the fluid inside the well until the pressure can be released gradually.

Borehole televiewer – An instrument that provides an acoustic “image” of a borehole wall by scanning
it with a narrow pulsed acoustic beam from a rotating transducer while the tool is pulled up a hole.

Break-even price – In the context of the analysis contained in this assessment, the price of delivered
power to the grid, given forecast increases in technology performance, drilling techniques, and
reservoir stimulation and management, where the area utilization (i.e., fraction of utilized thermal
resource within a given temperature and depth regime) is limited to 2% of total capacity.

Caldera – A volcanic basin, roughly circular with steep sides, having a diameter several times larger
than the depth, formed by collapse of the central part of a volcanic center due to eruption of a large
volume of volcanic ash from the underlying magma chamber.

California Energy Commission (CEC) – An agency of the state of California charged with: (1) forecasting
future energy needs and keeping historical energy data; (2) licensing thermal power plants with
capacities of 50 MWe or larger; (3) promoting energy efficiency through appliance and building
standards; (4) developing energy technologies and supporting renewable energy; and (5) planning for
and directing state response to an energy emergency.

Capacity factor – The ratio (usually expressed as a percentage) of the actual electrical generation to the
maximum possible generation for a given period of time (usually on an annual basis). Capacity factors
for geothermal plants are typically in excess of 90%.

Casing string – An assemblage of tubular materials used to stabilize the hole – it may contain surface
pressure-control equipment and downhole production equipment.

Cenozoic – The current geologic era that began about 66 million years ago.

Chemical tracers – A direct means of tracking fluid movement in a reservoir, thus allowing the
determination of reservoir heterogeneity and an estimate of the magnitude and direction of any flow
in the reservoir formation.

Closed-loop control system – A system that uses feedback to control states or outputs. Its name comes
from the information path in the system: Process inputs have an effect on the process outputs, which
are measured and processed. The result is used as input to the process, closing the loop.

Cogeneration – The simultaneous generation of electricity and process heat.
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Connectivity – With regard to enhanced geothermal systems, the degree to which production wells
communicate with injectors through the fractured volume. Physical boundaries due to pre-existing
faults, fractures, and lithology changes may either prevent connection or make too strong a
connection within parts of the reservoir. It may be possible to improve reservoir connectivity through
pressure-management methods such as producing one well while injecting into another or injecting
into two wells simultaneously.

COP – Coefficient of performance. A measure of the efficiency of a heat pump equal to the ratio of
the heat delivered to the electrical work needed to operate the unit (in winter-heating mode) or the
ratio of the heat removed to the electrical work needed to operate the unit (in summer-cooling mode).

Coproduction – As used in this report, the simultaneous production of oil and/or natural gas, together
with hot aqueous fluids or brines that may be used to generate electricity by means of a binary cycle
plant.

Cretaceous – The geologic period that began about 144 million years ago and ended about 66 million
years ago.

Crustal permeability – The capacity for upflow through tectonically active continental crust, resulting
in a pathway for geothermal fluids.

CSP – Concentrating solar power. Also known as “solar thermal power,” a method of converting
sunlight into electricity by means of capturing concentrated solar energy. CSP technology focuses the
suns rays by mirrors, flat or curved, onto a collector or receiver to heat or boil a fluid for use in an
energy conversion system such as a steam Rankine cycle for generating electricity.

Cycle – A closed set of processes whereby electricity is generated and heat is exchanged with a hot
source and cold sink.

Debt/equity ratio – The comparison of the amount of capital assets financed by bank loans requiring
interest payments vs. those assets financed by equity capital from investors.

Decibel, A-weighted, dBA – A measure of the relative loudness of sound in air, normalized to the
sensitivity of the human ear. Decibel values are reduced in the low-frequency range (<1000 Hz) since
humans are less sensitive to sounds at low audio frequencies.

Demand forecast – An assessment of future electrical demand on a given system. The impact of new
technology on overall energy consumption plays an important role.

Direct heat – Any application requiring only heat transfer to accomplish some useful end.

Directional drilling – The science of drilling nonvertical wells; it is sometimes known as slant or
deviated drilling.

Dispatchability – The ability of a power supply system to follow load. That is, power can be generated
from a plant or collection of plants when it is needed to meet peak-system power loads.
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Disruptive drilling technologies – Emerging, ground-breaking, innovative technologies with the
potential to drastically improve the economics of drilling deep wells. Examples include projectile
drilling, spallation drilling, laser drilling, and chemical drilling.

Double-flash plant – A type of geothermal power plant involving the separation of steam from the two-
phase, liquid-vapor geofluid, followed by a pressure-reduction (flash) of the remaining liquid to
produce more steam, albeit at a lower pressure; both steam flows are used to drive a steam turbine
for electricity generation.

Dry-steam plant – A geothermal power plant using dry (or slightly superheated) geosteam to drive the
turbine.

EGS – Enhanced geothermal system (sometimes referred to as engineered geothermal system). A
system designed for primary energy recovery using heat-mining technology, which is designed to
extract and utilize the Earth’s stored thermal energy.

EIA – Energy Information Administration. A U.S. government agency that provides official energy
statistics and predictions.

EJ – Exajoule. A measure of energy. One EJ equals a quintillion (1018) joules or a quadrillion (1015)
kilojoules. A joule is an extremely small unit of energy; one kilojoule is slightly less than one British
Thermal Unit (Btu).

Energy reserves – The estimated amount of an energy source that is available with current technology
at today’s energy prices.

Energy Service Providers (ESP) – A company supplying an outsourced energy management service.
This service can comprise the collection of energy consumption data, the validation and estimation of
these data, and the reporting and even the improving of energy efficiency.

Energy-conversion system – Any device or assemblage of devices that converts thermal energy (heat
or exergy) into electricity.

EPA – Environmental Protection Agency. A U.S. government agency whose mission is to protect
human health and the environment.

Equity – The value of an entity in excess of the claims against it.

Equity rate of return – An indicator of profitability determined by the net income and the growth rate
of the investment.

Exergy – The maximum theoretical work (or power) that can be extracted thermodynamically from a
fluid under specified conditions of pressure, temperature, etc. in the presence of a given set of
ambient conditions (surroundings or dead state).
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Expandable tubular casing – A novel method for completing a well. It reduces the number of
telescopic steps in the casing profile and reduces the loss of diameter each time a new casing string
or liner is set. It involves a cold-working process whereby the casing or liner can be expanded by up
to 20% in diameter after being run downhole. This is accomplished by forcing through the pipe an
expansion tool that exceeds the inner diameter of the tube by the required amount of expansion. The
tool may be inserted either hydraulically, by applying mud pressure, or mechanically.

FERC – Federal Energy Regulatory Commission. An independent agency that regulates the interstate
transmission of electricity, natural gas, and oil. FERC also reviews proposals to build liquefied natural
gas (LNG) terminals and interstate natural gas pipelines as well as licensing hydropower projects.
Among its tasks, it oversees environmental matters related to natural gas and hydroelectricity projects
and major electricity policy initiatives.

Fixed charge rate – The annual interest expenses of the money borrowed to build a new construction
project, plus the annual costs to operate and maintain it. Fixed charge rates include a range of factors
such as construction financing, financing fees, return on debt and equity, depreciation, income tax,
property tax, and insurance. The fixed charge rate, when multiplied by the cost of a new construction
project, yields the annual “fixed charges.”

Fixed costs – Costs that are not subject to change and do not fluctuate.

Fracture – A break in a rock caused by directed stress. Fractures may be caused by shear or tensile
failure and may exist as fully or partly propped open or sealed joints.

Fracture cloud – The 3-dimensional loci of microseismic acoustic emissions that are indicative of the
stimulated fracture zone in the formation.

Fracture spacing – The average distance between fractures that are open and accepting fluid.

Gas turbine – An energy conversion system consisting of a compressor, combustor, and turbine,
usually powered by a gaseous fuel such as natural gas.

Gas-fired combined-cycle plant – A generating facility with both a gas turbine and a steam unit. The
gas turbine operates as a normal gas turbine using the hot gases released from burning natural gas
to turn a turbine and generate electricity. In combined-cycle plants, the waste heat from the gas-
turbine process is directed to a waste-heat recovery heat exchanger that raises steam, which is then
used to generate additional electricity by means of a steam turbine. Because of their efficient use of
the heat energy released from the natural gas, combined-cycle plants are more efficient than steam
units or gas turbines alone, typically with thermal efficiencies in excess of 50-55%.

GEA – Geothermal Energy Association. A trade association composed of U.S. companies who support
the expanded use of geothermal energy and are developing geothermal resources worldwide for
electrical power generation and direct-heat uses.
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Geofluid – Any fluid produced from a geothermal well; may be dry or superheated steam,
pressurized liquid, or a mixture of liquid and vapor, usually accompanied by dissolved solids and
noncondensable gases.

Geopressured geothermal resource – A unique form of geofluid found in near-offshore petroleum
deposits, containing significant amounts of dissolved natural gas at very high pressure and high
temperature.

Geothermal – Referring to the stored thermal energy in, or heat produced from, the Earth’s interior.

Geothermal gradient – The rate of increase in temperature per unit depth in the Earth. Although the
geothermal gradient varies from place to place, it averages 25 to 30°C/km [14-16°F/1000 ft] in normal
regions. It can be several times larger in high-grade geothermal regions.

GETEM – Geothermal Electric Technology Evaluation Model (GETEM) is a macro-model that
estimates levelized cost of geothermal electric power in a commercial context. It was developed with
funding from the U.S. DOE Geothermal Technology Program.

GPM or gpm – Gallons per minute.

GWe – Gigawatts electric. A measure of electric power generation. One GWe equals one billion (109)
watts or 1 million kilowatts.

Greenhouse gases (GHG) – Gases that permit ultraviolet light energy to enter the Earth’s atmosphere
but block the transmission of infrared light energy, similar to the effect of a sheet of glass in a “hot
house”; such gases notably include water vapor, carbon dioxide, and methane.

Grid – A network of conductors for distribution of electric power. The electrical transmission system
is commonly referred to as a “grid.”

Ground-source heat pump (GSHP) – A means of controlling the temperature in buildings using the
shallow Earth as a heat source in the winter and as a heat sink in the summer; the device is cyclical
and behaves thermodynamically in the same way as a refrigerator, but with appropriate control valves
to allow for heating or cooling as desired.

GSA-DNAG – Geological Society of America-Decade in North America Geology. This project was
established in 1988 as a commemoration of the 100th anniversary of the GSA and consists of
numerous volumes on all geological aspects of the North American continent. Twelve volumes deal
specifically with geothermal topics.

HDR – Hot dry rock. See also “Heat Mining.” A type of geothermal power production system that
utilizes the very high temperatures that can be found in rocks a few kilometers below ground. This is
done by pumping high pressure water down a borehole into the heat zone. The water travels through
fractures of the rock, capturing the heat of the rock until it is forced out of a second borehole as very hot
water – the thermal energy of which is converted into electricity using either a steam turbine or a binary
power plant system. All of the water, then cooled, is injected back into the ground to heat up again.
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Heat mining – A process that includes the use of at least one injection well and at least one production
well to extract heat from the Earth. Cold water is pumped down to and circulates through the fractured
reservoir; the natural heat exchanger delivers hot, pressurized water to the production well(s). The
thermal energy is converted into electric power by means of a turbine-generator unit; residual thermal
energy in the geofluid may be used for space heating. The cooled geofluid is then reinjected deep into
the reservoir to maintain a cyclic operation.

Heat rate – A measurement used in the energy industry to calculate how efficiently a power plant uses
heat energy. It is expressed as the number of Btus of heat required to produce a kilowatt-hour of
energy.

Heat recovery steam generator (HRSG) – A heat exchanger fitted to the exhaust of a gas turbine (or
other power plant) to extract heat that would be otherwise wasted for use in a bottoming cycle for
additional power generation.

Holocene – The most recent, current epoch of the Quarternary period beginning about 10,000 years ago.

Hydraulic fracturing (“hydrofracing” or “jacking”) – A technique involving the application of high fluid
pressure on a reservoir to enhance the existing permeability and establish interwell connectivity by
opening sealed joints or by creating new fractures to allow geofluid to move more freely through the
formation.

Hydroelectric plant – A plant that generates electric power from the flow of water utilizing a
hydrostatic or hydrodynamic gradient. Two main types are: (1) storage units that involve a dam and a
water reservoir at a higher elevation, and (2) run-of-the-river units involving the steady flow of water.
Both use hydraulic turbines to drive electric generators.

Hydrothermal – In the context of geothermal systems, refers to mineralized solutions heated by
contact with hot rocks and/or cooling magma and convecting within a reservoir.

IGA – International Geothermal Association. An organization that provides information on geothermal
energy use around the world.

Impedance – The pressure drop experienced by the geofluid while circulating through the reservoir.

Intermediate load – Intermediate-load generating units meet system demands that are greater than
base load but less than peak load.

JAS – Joint Association Survey. An annual report by the American Petroleum Institute, outlining
drilling costs, overall well costs, and other geological information.

Jacking – See hydraulic fracturing.

Kalina cycle – A unique type of binary power plant that uses a mixture of water and ammonia as the
cycle working fluid (instead of a simple organic fluid) together with various heat recuperators that
improve the cycle thermal efficiency.
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kWt – Kilowatts thermal. A measure of thermal power or rate of heat transfer. One kWt equals one
thousand thermal watts.

Learning curve – A curve plotting performance against practice. The principle states that the more
often a task is performed, the lower the cost will be to do it. The task can be the production of any
good or service. An example is the decline in unit costs with cumulative output. Sometimes called an
“experience curve.”

Levelized electricity cost (LEC) – The levelized cost of energy (or levelized electricity cost, LEC) is the
most common basis used for comparing the cost of power from competing technologies. The
levelized cost of energy is found from the present value of the total cost of building and operating a
generating plant over its expected economic life. Costs are levelized in real dollars, i.e., adjusted to
remove the impact of inflation.

Lithology – The detailed geologic and mineralogic characteristics of a rock formation, often obtained
by taking cuttings of the rock layers as drilling is carried out.

Load center – A particular geographical area within a utility’s service territory where electrical energy
is used.

Lost circulation – A drilling problem that arises when the circulation of the drilling fluid is interrupted
and it does not return to the surface.

Microseismic events – Very weak acoustic emissions often associated with the injection or recovery of
fluids from a geothermal reservoir. Magnitudes are usually too weak to be detected by humans.

MIT EGS Model – A model enhanced by the MIT Energy Laboratory as part of its research into EGS
systems sponsored by the Geothermal Technologies Office of the U.S. Department of Energy; it was
further modified by Brian Anderson of MIT as part of this assessment. The model has been updated
using the results of this study with regard to the cost of drilling, plant costs, stimulation costs, and the
learning-curve analysis.

MITDD – MIT Depth Dependent drilling cost index. This is used to normalize geothermal well costs
from the past 30 years to year 2004 U.S. dollars.

Mud – Drilling fluid. Used to flush the borehole of cuttings produced during drilling and to support
the walls of the hole prior to the setting of casing. For liquid-dominated and EGS reservoirs, muds
consist of aqueous solutions or suspensions with various additives chosen to provide appropriate
thermal and fluid properties (density, viscosity, corrosion resistance, thermal conductivity, etc.). For
vapor-dominated reservoirs, air is often used for the drilling fluid to avoid the possibility of clogging
the fine fractures associated with a vapor system.

MWe – Megawatts electric. A measure of electric power generation. One MWe equals 1 million watts
or 1,000 kilowatts.
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NEDO – New Energy and Industrial Technology Development Organization. Japan's largest public
R&D management organization for promoting the development of advanced industrial,
environmental, new energy, and energy conservation technologies.

Noncondensable gases (NCG) – Gases such as carbon dioxide, hydrogen sulfide, methane, and others
in very small concentrations that are constituents of geofluids, either dissolved in geoliquids or as
gaseous components of geosteam. These gases do not condense at the normal condensing
temperature of steam and will build up in a condenser, raising the back-pressure on the turbine
exhaust (thereby lowering the power output) unless they are pumped out of the condenser.

Nuclear plant – A plant that generates electrical power using the heat released from the fission of
uranium or other radio-nuclides by moderated neutrons.

OMB – Office of Management and Budget. The White House office responsible for devising and
submitting the president's annual budget proposal to Congress.

Packer – A tool with elastomer or cement seals used in a well to hydraulically isolate zones for
stimulation or production.

Paleozoic – The geologic era that began about 570 million years ago and ended about 245 million 
years ago.

Peak load – The point in time when energy needs are highest and the system experiences the largest
demand.

Permeability – A measure of the ability of a material’s pores or openings to allow liquids or gases to
flow through them under a pressure gradient.

Pleistocene – An epoch of the Quarternary period beginning about 1.6 million years ago and ending
about 10,000 years ago.

Polycrystalline diamond compact drill bits (PDC) – A type of drill bit invented in the 1970s that is very
effective in sedimentary formations, particularly in the oil and gas industry, but not used in hard
crystalline rock typical of geothermal applications.

Porosity – The percentage of open space or interstices within a volume of rock.

Power – The rate at which work is done; expressed in units of joules per second (J/s) or watts (W), or
multiples thereof.

Proppant – Small-sized particles that are mixed with hydrofracting fluids to hold fractures open after
a hydraulic fracturing treatment. Proppant materials are carefully sorted for size and shape, hardness,
and chemical resistance to provide an efficient conduit for production of fluid from the reservoir to
the wellbore.
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PV – Photovoltaic. A means of generating electricity directly from sunlight through solar cells
containing materials that are stimulated by the solar energy to produce a flow of electrons.

Quartet configuration – A pattern of production and injection wells in which each injector is
surrounded by three producers.

Rankine cycle – A power plant consisting of a closed series of four processes: (1) liquid pressurization,
(2) heating-evaporation, (3) vapor expansion, and (4) cooling-condensation. There are many variations
on the basic Rankine cycle in practice.

Rate of penetration (ROP) – The speed at which a drill bit proceeds through the rock being drilled.

Rate of return (ROR) – The benefits received from an investment, usually expressed as an effective
annual percentage return based on an after-tax, discounted, cash-flow analysis.

Recoverable resource – The amount of an energy resource that is recoverable using current
exploration and production technology, without regard to cost.

Recovery factor – The percentage of heat recoverable from a stimulated volume of rock.

Recuperator – A heat exchanger designed to capture heat from one part of a cycle for use in another
part of the cycle; typically, a recuperator has no moving parts.

Regenerator – Similar to a recuperator in terms of intended function, but having moving parts, such
as rotating heat-transfer elements.

Resource base – The total thermal energy in place in the Earth’s crust to the depth that can be reached
with current technology.

Revenue – The total income produced by a given source.

Rheology – The science of the deformation and flow of matter under the influence of an applied stress.

Risk – The degree of probability or chance for a loss.

Sedimentary basin – A geologic formation characterized by subsidence and subsequently filled by the
deposit of sediments.

Seismicity, induced – The generation of acoustic energy from the opening of fractures in rock by the
application of high-pressure fluid through injection wells. Normally, these events are in microseismic
range, but it is possible to produce events that are perceptible by humans in the vicinity of the event.

Shear failure – The premature failure of a support element that has been cracked under stress.
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Short circuit – A preferential pathway that allows cool injected water to return too rapidly to the
production well without being heated by the hot rock in the reservoir.

Sidetracking – A well-drilling process that involves drilling a deviated leg in an existing well. Often
accomplished by setting a packer or suitable drilling tool at a specified depth, cutting an opening in
the casing of the well, and drilling a new well through the opening to access another reservoir area.

Single-expansion plant – As used in this report, a power plant that uses a very high-pressure geofluid
and one pressure-reducing process to produce steam for use in a steam turbine.

Single-flash plant – A type of geothermal power plant involving the separation of steam from the two-
phase, liquid-vapor geofluid, and produces steam to drive a steam turbine for electricity generation.

Skin effect – A near-wellbore permeability reduction, usually caused during drilling or work-over,
which can increase pressure drop and decrease flow rates.

Solar photovoltaic plant – A power plant that directly converts the energy in sunlight to electricity by
means of photovoltaic cells.

Solar thermal plant – A power plant that first collects the energy of sunlight in a thermal receiver using
mirrors (flat, parabolic, dish-shaped) and then transfers the heat energy to a working fluid for use in
a closed cycle (such as a Rankine cycle) to generate electricity.

Spud – The initiation of the drilling of a well.

Squeeze-cementing – A technique for cementing a section of casing to the well wall by injecting
cement into the annulus between the casing and the well wall. This is used in special cases where only
a portion of the casing string needs to be supported by cement.

Stimulation – In an EGS system, the enhancement of natural permeability – or its creation when none
exists. Stimulation is usually hydraulically achieved by injecting fluids with or without controlling
their viscosity and at variable flow rates and pressures; or chemical by injecting acids or other
chemicals that will remove the rock. The stresses on the rocks and the elastic and thermal properties
of the rocks in the potential reservoir, along with the design of the stimulation, control the extent of
the enhanced or created fractures and their ultimate transmissivity.

Stress field – A 3-dimensional region of a solid continuum subjected to forces of either uniform or
varying magnitudes and directions.

Strike-slip – A fault along which the movement is horizontal; usually associated with transform
boundaries.

Subsidence – The lowering of the surface of the ground caused by the removal of fluid from
underground pore spaces (reservoirs).
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Supercritical fluid – A fluid that exists at conditions of pressure and temperature in excess of its
critical temperature and pressure (its critical point), above which it cannot exist as a liquid but only
as a dense fluid.

Supply curve – The relationship between each possible price of a given good and the quantity of that
good that would be supplied for market sale at that price. This is typically represented as a graph
showing the hypothetical supply of a product or service that would be available at different price
points. The supply curve usually exhibits a positive slope because higher prices give producers an
incentive to supply more, in the hope of earning greater revenue.

Technology diffusion model – A way to measure the amount of time and rate of speed that a
technology is dispatched into the marketplace and can sustain a certain level of capacity.

Tectonics – The science of the motion of the Earth’s crustal plates that results in the creation and
deformation of magma and rock.

Tensile failure – An effect caused by tension or stress, often resulting in a fracture. The most likely
effect of water injection under high pressures would be to create a new fracture by tensile failure, thus
forming the required surface area needed for heat mining.

Tertiary – The geologic period beginning about 65 million years ago and ending about 1.6 million
years ago.

Thermal conductivity – The intensive property of a material that indicates its ability to conduct heat.
Heat flow is proportional to the product of the thermal conductivity and the temperature gradient.

Thermal drawdown rate – The drop in temperature per unit time of a body of reservoir rock, subject
to the circulation of water in a closed loop as envisioned in an EGS facility.

Thermal efficiency – For a cycle, the ratio of the net power output to the rate of heat input to the cycle.

Thermal gradient – The rate of change of temperature with depth below the ground surface.

Thermal pollution – The discharge of waste heat into the surroundings (air, bodies of water) – this is
a necessary thermodynamic consequence of all thermal engines. The lower the thermal efficiency of
the plant, the greater the amount of heat that must be rejected relative to the electrical power being
generated.

Transform (boundary) – An interface between tectonic plates, where the plates slide past each other
without creating or destroying lithosphere.

Transmissivity – The ability of a reservoir to allow the flow of fluid through a certain area, generally
in the horizontal direction. The transmissivity is the product of the permeability (a property of the
rock only, related to the interconnectedness and size of fractures or pores) and the thickness of the
formation through which the fluid is flowing. Transmissivities in geothermal systems are very high,
often having values greater than 100 darcy-meters, compared to oil and gas reservoirs where
transmissivities are typically 100 to 1,000 times smaller.
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Triple-expansion plant – As used in this report, a power plant that uses a very high-pressure geofluid
and three pressure-reducing processes and two separation stages to produce steam at two different
pressure levels for use in a steam turbine; altogether the geofluid is subjected to three expansion
processes, two of which generate electricity.

Triplet configuration – A pattern of production and injection wells in which each injector is
surrounded by two producers.

Trouble (during drilling) – Unanticipated difficulties encountered during drilling, including, for
example, stuck drill pipe, twist-off of the drill bit, lost circulation, blowouts, mud pump failure, failed
cement jobs, casing collapse, and equipment lost downhole. The cost of trouble becomes more
significant the deeper one drills.

Turbine isentropic efficiency – A measure of the performance of a turbine, defined as the ratio of the
actual work (or power) delivered by the turbine to the ideal work (or power) that could be delivered if
the turbine were adiabatic (no heat losses) and reversible (no friction), i.e., isentropic (constant entropy).

TVD – Total vertical depth. The vertical distance from the wellhead to the bottom of the well. For
directionally drilled wells, the TVD is smaller than the total drilled length of the well.

Underbalanced drilling – The practice of intentionally drilling a well with borehole pressure less than
the formation pore pressure.

Under-reaming – A method of opening up a wellbore to a larger size, often achieved by setting the
drill bit below the bottom of the casing string and expanding it radially.

USGS – United States Geological Survey. A federal agency responsible for characterization and
assessment of the Earth’s water and mineral resources (including oil, gas, coal, and geothermal),
natural hazards, and the environment.

Utilization efficiency – A measure of how close an energy conversion system comes to ideal operation.
It is defined as the ratio of actual net power to maximum possible power, usually expressed as a
percentage.

Variable costs – Fluctuating costs of operation of a facility. For this study, these include: fuel costs,
electricity to run injection and circulating pumps, maintenance, interest and principal repayments,
taxes, and depreciation.

Wellcost Lite – A computer model (developed by Bill Livesay, working with staff at Sandia National
Laboratories) that estimates the cost of a well of a specific depth, casing design, diameter, and
geological environment.
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Genus Size: B - Very small genus (2-5 species) 

Concept Reference  
Concept Reference: Wilson, D. E., and D. M. Reeder (editors). 1993. Mammal Species of the World: a Taxonomic and Geographic Reference. Second Edition. Smithsonian Institution Press, Washington, 
DC. xviii + 1206 pp. Available online at: http://www.nmnh.si.edu/msw/. 
Concept Reference Code: B93WIL01NAUS 
Name Used in Concept Reference: Odocoileus virginianus 
Taxonomic Comments: Thirty-eight subspecies have been recognized, eight of which occur in South America (Hall 1981, Smith 1991). This deer exhibits a relatively large amount of genetic variation, but 
electrophoretic studies of subspecies nigrabarbis, texanus, borealis, osceola, seminolus, and virginianus did not reveal significant genetic differentiation among these subspecies (Halls 1984). Cronin (1992) 
found considerable intraspecific variation in mtDNA in O. virginianus; geographic differentiation was evident, but nominal subspecies were not discernable as distinct mtDNA assemblages, perhaps in part due to
tranlocations of deer into different populations. 
 
Ellsworth et al. (1994) examined mtDNA variation in populations in the southeastern United States. A phylogenetic analysis of these data revealed three primary groups of haplotypes: (1) southern Florida and 
the Florida Keys, (2) the remainder of peninsular Florida northward to South Carolina, and (3) the Florida panhandle westward to Mississippi. Despite potentially high vagility in deer and human intervention via 
translocations, the pattern of variation was concordant spatially with patterns observed in unrelated taxa, suggesting the common influence of past biogeographical events.  
 
Most authorities regard the Key deer (subspecies clavium) as a subspecies of O. virginianus, though a few regard it as a distinct species. Subspecies leucurus (Columbian white-tail) may not be subspecifically 
distinct from subspecies ochrourus (Gavin and May 1988).  
 
Molina and Molinari (1999) examined variation in skulls and mandibles in North American and Venezuelan forms and proposed that Venezuelan and other Neotropical Odocoileus are not conspecific with O. 
virginianus. Based on mtDNA data, Moscarella et al. (2003) concluded that Venezuelan white-tailed deer do not warrant recognition as separate species, but some populations deserve recognition as distinctive 
evolutionary units worthy of conservation attention. Grubb (in Wilson and Reeder 2005) did not recognize the Neotropical taxa as distinct species. 
 
Hybridization between white-tailed deer and mule deer has occurred in British Columbia, Alberta, Texas, southwestern Washington, and other areas (Gavin and May 1988, Cronin et al. 1988, Carr and Hughes 
1993). See Cronin (1991) for information on the restricted gene flow that occurs among extant populations of white-tailed deer (O. virginianus), mule deer (O. h. hemionus), and black-tailed deer (O. h. 
columbianus and O. h. sitkensis); there is a low level of introgressive hybridization of mtDNA from mule deer and black-tailed deer into white-tailed deer populations in a few areas in western North America. 
MtDNA and serum albumin data indicate that gene flow between white-tailed deer and mule deer in Montana is not extensive (Cronin et al. 1988). See Hughes and Carr (1993, Can. J. Zool. 71:524-530) for 
information on hybridization between white-tailed and mule deer in western Canada. 
 
In most areas of sympatry between O. virginianus and O. hemionus in the southwestern U.S., there is little evidence of nuclear gene introgression, though electrophoretic data do indicate hybridization in some 
localities (Derr 1991). Carr and Hughes (1993) documented recent mtDNA gene flow between mule deer and white-tailed deer in western Texas. Carr and Hughes (1993) found that some populations of mule 
deer are genetically more closely related to white-tailed deer than to other populations of mule deer; see Carr and Hughes for possible interpretations.  
 
This species was included in the genus Dama by Hall (1981), in Odocoileus by Jones et al. (1992) and Grubb (in Wilson and Reeder 1993).  
 
See Cronin (1991) for a phylogeny of the Cervidae based on mitochondrial-DNA data. See Kraus and Miyamoto (1991) for a phylogenetic analysis of pecoran ruminants (Cervidae, Bovidae, Moschidae, 
Antilocapridae, and Giraffidae) based on mitochondrial DNA data. 
Conservation Status  

NatureServe Status 

Global Status: G5  
Global Status Last Reviewed: 30Jan2006 
Global Status Last Changed: 19Nov1996 
Rounded Global Status: G5 - Secure  
Reasons: Widespread and common in many areas throughout the Americas. 
Nation: United States  
National Status: N5  
Nation: Canada 
National Status: N5 (15Jan2000)  
 

Other Statuses 

Implied Status under the U.S. Endangered Species Act: PS  
IUCN Red List Category: LC - Least concern  
Comments on official statuses: Subspecies clavium (Key deer) of southern Florida is listed by USFWS as Endangered. Subspecies leucurus (Columbian white-tailed deer) is Endangered in the Columbia 
River (Clark, Cowliz, Pacific, Skamania, and Wahkiakum Counties, WA., and Clatsop, Columbia, and Multnomah Counties, OR) and Delisted in Douglas County, OR. 
 

    

  << Previous | Next >> View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Mammalia Artiodactyla Cervidae Odocoileus

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Alabama (S5), Arizona (S5), Arkansas (S5), Colorado (S5), Connecticut (S5), Delaware (S5), District of Columbia (S5), Florida (S5), Georgia (S5), Idaho (S5), Illinois (S5), Indiana (S5), Iowa (S5), 
Kansas (S5), Kentucky (S5), Louisiana (S5), Maine (S5), Maryland (S5), Massachusetts (S5), Michigan (S5), Minnesota (SNR), Mississippi (S5), Missouri (S5), Montana (S5), Nebraska (S5), New 
Hampshire (S5), New Jersey (S5), New Mexico (S4), New York (S5), North Carolina (S5), North Dakota (SNR), Ohio (SNR), Oklahoma (S5), Oregon (SNR), Pennsylvania (S5), Rhode Island (S5), 
South Carolina (SNR), South Dakota (S5), Tennessee (S5), Texas (S5), Utah (S1), Vermont (S5), Virginia (S5), Washington (S5), West Virginia (S5), Wisconsin (S5), Wyoming (S5) 

Canada 
Alberta (S5), British Columbia (S5), Labrador (SNR), Manitoba (S5), New Brunswick (S5), Nova Scotia (S5), Ontario (S5), Prince Edward Island (SNA), Quebec (S5), Saskatchewan (S5), Yukon 
Territory (S2S3) 

Odocoileus virginianus - (Zimmermann, 1780)  
White-tailed Deer  
Spanish Common Names: Venado de Cola Blanca  
Other Common Names: Cariacu  
Other Related Name(s): Dama virginiana ;Odocoileus lasiotis Osgood, 1914 ;Odocoileus margaritae Osgood, 1910 
Related ITIS Name(s): Odocoileus virginianus (Zimmermann, 1780) (TSN 180699)  
Unique Identifier: ELEMENT_GLOBAL.2.104777  
Element Code: AMALC02020  
Informal Taxonomy: Animals, Vertebrates - Mammals - Other Mammals 

© Jeff Nadler
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NatureServe Conservation Status Factors 

Global Abundance: >1,000,000 individuals 

Estimated Number of Element Occurrences: > 300 

Global Short Term Trend Comments: Historically probably not as abundant as at the present time. Range has expanded northward farther into Canada as a result of habitat changes caused by humans.  

Threats: Feral dogs may be a nuisance to deer in some areas (Causey and Cude 1980). Some populations in Venezuela are threatened by overhunting and habitat loss (Moscarella et al. 2003).  

Distribution  
U.S. States and Canadian Provinces 

   
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to appear. Not all vagrant or small disjunct occurrences are depicted. For 
migratory birds, some individuals occur outside of the passage migrant range depicted. A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp. 

 

Range Map Compilers: Natureserve, 2002; NatureServe, 2005; Sechrest, 2002; Tognelli, 2001 
 
Global Range: >2,500,000 square km (greater than 1,000,000 square miles) 
Global Range Comments: Southern Canada south through most of the U.S. and Mexico to South America (to Peru, Ecuador, Bolivia, Colombia, northern Brazil, Venezuela, and the Guianas). Southernmost 

U.S. & Canada State/Province Distribution 
United 
States 

AL, AR, AZ, CO, CT, DC, DE, FL, GA, IA, ID, IL, IN, KS, KY, LA, MA, MD, ME, MI, MN, MO, MS, MT, NC, ND, NE, NH, NJ, NM, NY, OH, OK, OR, PA, RI, SC, SD, TN, TX, UT, VA, VT, WA, WI, 
WV, WY 

Canada AB, BC, LB, MB, NB, NS, ON, PE , QC, SK, YT 
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populations in the neotropics may represent other species (Molina and Molinari 1999). Absent from much of southwestern U.S. Introduced in Czechoslovakia, Finland, New Zealand, and West Indies (may 
survive on Cuba, Curacao, St. Croix, and St. Thomas) (Grubb, in Wilson and Reeder 1993). 
 

Ecology & Life History  
Reproduction Comments: Breeds late October to mid-December; peak in November. Female receptive period lasts 1-2 days; if not impregnated, receptive again in 3-4 weeks. Gestation varies among 
populations from 187 to 222 days. Litter of usually 1-2 (sometimes 3 in optimal habitat) is born in May-June. Young initially stays hidden for 1-2 weeks, weaned usually by 10 weeks postpartum (by fall). Females 
first breed sometimes at 6-7 months or more typically at 1.5 years; males are sexually mature at about 18 months. Few live more than 10 years. 
Ecology Comments: Two basic social groups: adult female(s) and young, and adult and occasionally yearling males (though adult males are solitary during the breeding season except when attending estrous 
females).  
 
Home range 16-120 ha (40-300 acres) (Banfield 1974); varies with conditions, smallest in summer. Annual home range of sedentary populations averages 59-520 ha (Smith 1991). Some populations undergo 
annual migrations of 10 to 50 kilometers (Marchinton and Hirth 1984).  
 
Population density 1 per 6-46 acres, depending upon environmental conditions (Baker 1983). In some areas density may exceed 50/sq km (Rooney 1995).  
 
Dispersal from mother's home range is mostly by yearling males. In Minnesota, 7 of 35 yearling females dispersed 18-168 km from natal ranges during late May through June; dispersal was independent of deer 
density (Nelson and Mech 1992); 95% of all yearlings dispersed not more than 38 km (Nelson 1993). Home range formation may extend over 2-3 years.  
 
Winter weather (snow accumulation) may strongly affect populations, even more so than density of wolves in areas where the latter are present (Mech et al. 1987, Potvin et al. 1992). In many areas, coyotes or 
domestic dogs are significant predators.  
 
White-tailed deer carry and disperse into the environment meningeal worms that usually are fatal to moose and caribou but are clinically benign in deer; hence, white-tailed deer, through worm-mediated 
impacts, commonly are believed to exclude moose and caribou from areas where deer occur; however, an analysis by Schmitz and Nudds (1994) concluded that moose may be able to coexist with deer, albeit 
at lower densities, even in the absence of habitat refuges from the disease. Also, Whitlaw and Lankester (1994) found that the evidence that brainworm has caused moose declines is weak. Further study is 
needed.  
 
Deer browsing may significantly impact vegetation characteristics (e.g., Anderson 1994). 
Non-Migrant: Y 
Locally Migrant: Y 
Long Distance Migrant: N 
Mobility and Migration Comments: Seasonal migrations averaging 16-23 km are common in northern and montane regions. In northern New York, groups that used the same winter range were genetically 
more similar than groups using different winter ranges; this may be due to the traditional use of winter yards by matrilineal groups and may be maintained by female philopatry (Mathews and Porter 1993). 
Palustrine Habitat(s): FORESTED WETLAND, Riparian 
Terrestrial Habitat(s): Cropland/hedgerow, Desert, Forest - Conifer, Forest - Hardwood, Forest - Mixed, Grassland/herbaceous, Old field, Savanna, Shrubland/chaparral, Suburban/orchard, Woodland - 
Conifer, Woodland - Hardwood, Woodland - Mixed 
Habitat Comments: Various habitats from forests to fields with adjacent cover. In northern regions, usually requires stands of conifers for winter shelter. In the north and in montane regions, limited ecologically 
by the depth/duration/quality of snow cover; summer ranges are traditional but winter range may vary with snow conditions. Within arid regions, prefers more mesic situations (riparian zones, montane 
woodlands). Young are born in protected areas in thick vegetation. 
Adult Food Habits: Frugivore, Granivore, Herbivore 
Immature Food Habits: Frugivore, Granivore, Herbivore 
Food Comments: In north, diet dominated by grasses in spring, forbs in early summer, leafy green browse in late summer, acorns and other fruits in fall, evergreen woody browse in winter (grasses and forbs if 
low snow cover or low deer density) (McCullough 1985). Also commonly eats mushrooms, especially in late summer and fall (Great Basin Nat. 52:321). Commonly eats various farm crops in midwestern, plains, 
and southeastern agricultural regions of the U.S.  
 
See Miller et al. (1992) for information on impacts on endangered and threatened vascular plants. 
Adult Phenology: Circadian, Crepuscular 
Immature Phenology: Circadian, Crepuscular 
Phenology Comments: Active day or night; mainly crepuscular. 
Length: 206 centimeters 
Weight: 135000 grams 
Economic Attributes  
Economic Comments: Causes damage when browsing in winter on agricultural and nursery crops and on ornamental plants around homes. Also may inhibit forest regeneration in certain situations 
(Tilghman 1989).  
 
Deer-vehicle collisions (exceeding 20,000-30,000 per year in Michigan, New York, and Pennsylvania) often result when deer are attracted to sodium-rich roadsides that result from use of deicing salt. 
Management Summary  
Species Impacts: Woody recruitment in some forests has been hindered by the direct and indirect effects of deer browsing (Rooney 1995). See Underwood et al. (1994) for information on interactions 
between deer and vegetation at Saratoga National Historical Park, New York (principal impact is slowing of pace of old-field succession). 
Management Requirements: See Wood and Wolfe (1988) for discussion of viability of intercept feeding to reduce collisions.  
 
Chemical repellents are largely ineffective in protecting agricultural, nursery, and landscaping plants from deer browsing (most effective product is "Big Game Repellent").  
 
See Girard et al. (1993) for information on managing conflicts with animal activists on nature preserves.  
 
See Halls (1984), Williamson (n.d.), Hygnstrom and Craven (1988), and Cypher and Cypher (1988) for management information. See Ellingwood and Caturano (1988) for wildlife bureau perspective on deer 
management.  
 
See Jones and Whitham (1990) for information on post-translocation survival and movements of metropolitan deer. 
Monitoring Requirements: See O'Connell et al. (1999) for an annotated bibliography of census and monitoring methods. See Mitchell (1986) for description of census methods involving spotlight searches and 
track counts. See Novak (1991) for information on the use of catch-effort data to estimate population size. Anderson (1994) found that height of TRILLIUM GRANDIFLORUM was a useful index of deer browsing 
intensity. 
Population/Occurrence Delineation  
Use Class: Not applicable  
Subtype(s): Migration route, Summer range, Winter range  
Minimum Criteria for an Occurrence: Evidence of historical presence, or current and likely recurring presence, at a given location. Such evidence minimally includes collection or reliable observation and 
documentation of one or more individuals in appropriate habitat where the species is presumed to be established and breeding.  
Separation Barriers: None.  
Alternate Separation Procedure: Occurrence separations should be based on populations that exhibit specific migration patterns, or on appropriate resource agency management units, rather than on specific 
prescribed distances.  
Separation Justification: Annual home range of sedentary populations averages 59-520 ha (Smith 1991). Some populations, however, undergo annual migrations of 10 to 50 kilometers (Marchinton and Hirth 
1984).  
 
White-tailed deer are good swimmers; water is not normally a barrier. Unsuitable habitat, however, includes waters that do not freeze regularly, as well as urban centers (not suburban areas) and extremely 
rugged mountain terrain.  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 1 km  
Inferred Minimum Extent Justification: Based on a 'typical' home range of 90-100 hectares. 
Date: 23Sep2004 
Author: Hammerson, G., and S. Cannings 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  

Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
FL Monroe (12087) 

OR Clatsop (41007), Columbia (41009), Douglas (41019), Lane (41039), Multnomah (41051) 

* Extirpated/possibly extirpated 

U.S. Invasive Species Impact Rank (I-Rank)  Not yet assessed
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NatureServe Conservation Status Factors Edition Date: 30Jan2006 
Element Ecology & Life History Edition Date: 26May1995 
Element Ecology & Life History Author(s): Hammerson, G. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors and cooperators (see Sources).  
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Genus Size: D - Medium to large genus (21+ species) 

Concept Reference  
Concept Reference: Wilson, D. E., and D. M. Reeder (editors). 1993. Mammal Species of the World: a Taxonomic and Geographic 
Reference. Second Edition. Smithsonian Institution Press, Washington, DC. xviii + 1206 pp. Available online at: 
http://www.nmnh.si.edu/msw/. 
Concept Reference Code: B93WIL01NAUS 
Name Used in Concept Reference: Sciurus niger 
Taxonomic Comments: Western and eastern populations of fox squirrels are markedly different in coloration, habitat preference, and 
response to human modification of their habitats, which suggest that the two groups evolved in isolation from each other during some 
portion of the Pleistocene (Weigl and Steele 1986, Moncrief 1987). A third fox squirrel subgroup is described as an artificial one, including 
two small, variably colored, isolated forms restricted to trophically poor, wetter areas in southern Florida (S. n. avicinnia) and the 
Mississippi flood plain (S. n. subauratus).  
 
Individuals inhabiting the Mississippi River floodplain and delta region are smaller than individuals from adjacent areas; allozyme analyses 
revealed that there are differences among eastern and western populations as defined by their geographic location relative to the present 
channel of the lower Mississippi River (Moncrief 1993). 
Conservation Status  

NatureServe Status 

Global Status: G5  
Global Status Last Reviewed: 20Apr2005 
Global Status Last Changed: 06Nov1996 
Rounded Global Status: G5 - Secure  
Reasons: Large range in central and eastern U.S. and adjacent south-central Canada; introduced and established in many places in 
western North America; many occurrences and locally common, but typically rare in the southeastern U.S. where populations have 
declined and become fragmented due to loss of open mature forest habitat. 
Nation: United States  

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Mammalia Rodentia Sciuridae Sciurus

Check this box to expand all report sections: 

Sciurus niger - Linnaeus, 1758  
Eastern Fox Squirrel  
Spanish Common Names: Una Ardilla  
Related ITIS Name(s): Sciurus niger Linnaeus, 1758 (TSN 180172)
Unique Identifier: ELEMENT_GLOBAL.2.105485  
Element Code: AMAFB07040  
Informal Taxonomy: Animals, Vertebrates - Mammals - Rodents

 
© 2001 California Academy of Sciences

View image report from  
CalPhoto
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National Status: N5  
Nation: Canada 
National Status: N3 (14Jun2001)  
 

Other Statuses 

Implied Status under the U.S. Endangered Species Act: PS  
Committee on the Status of Endangered Wildlife in Canada (COSEWIC): Not at Risk (01Apr1979)  
IUCN Red List Category: LC - Least concern  
Comments on official statuses: Delmarva Peninsula subspecies CINEREUS is listed by U.S. Fish and Wildlife Service as endangered 
throughout range except in Sussex County, Delaware, where listed as XN (nonessential experimental population) (Federal Register, 31 
Aug. and 21 Dec. 1984). Subspecies SHERMANI may warrant threatened status (U.S. Fish and Wildlife Service 1988).  
 
USFWS (Federal Register, 9 September 1998) determined that a petition to list subspecies AVICENNIA as threatened under the U.S. 
Endangered Species Act presented substantial information indicating that listing may be warranted. 

NatureServe Conservation Status Factors 

Global Abundance: 10,000 to >1,000,000 individuals 

Estimated Number of Element Occurrences: 81 to >300 

Global Short Term Trend Comments: Trend varies with region.  

Threats: The greatest threat is to populations in the southeastern U.S., where distribution and abundance have been reduced by loss of 
mature forest habitat. The widely spaced trees typical of mature longleaf pine-turkey oak forest upon which populations in the 
southeastern U.S. depend favor the squirrel's large size, running proficiency, and tendency to escape along the ground. The very open, 
parklike forest stands resulting from frequent fires produce better crops of pine cones and mast (Goodrum 1938, Smith and Follmer 1972, 
Weigl et al. 1989). However, the longleaf pine ecosystem, which once comprised some 70 million hectares across the southeastern 
Coastal Plain, is today represented by only about 2% of its original range (Ware et al. 1993). Survival of the fox squirrel in the Southeast is 
intimately tied to the fortunes of this declining ecosystem. The squirrel's longleaf pine forest habitat is considered to be a fire climax 
(Waggoner 1975, Boyer and Peterson 1983, Christensen 1988, Platt et al. 1988). When fire is excluded, hardwoods become more 
abundant, the canopy begins to close, and the community begins to merge with adjacent deciduous forests and wetlands. These 
conditions favor the more abundant gray squirrel, which prefers densely stocked stands, dense undergrowth, and which tends to move 
through the canopy. While human modification of landscape has generally benefited fox squirrels in the western part of the range (Hibbard 
1956, Weigl et al. 1989), fox squirrels in the southeastern U.S. have generally suffered. Their large body size requires substantial food 
supplies and large nesting cavities. These are found in open stands of mature, mast-producing trees. When these forests are logged, the 
second growth woodland that replaces these habitats, often with a dense understory, provides less of both key resources and also places 
a large cursorial species like the fox squirrel at higher risk of predation (Taylor 1973, Weigl et al. 1989). In addition, closed-canopy 
deciduous woodland with a well-developed understory favors the gray squirrel over most fox squirrels, and particularly over fox squirrels in 
the Southeast (Nixon and McCain 1969; Havera and Nixon 1978, 1980; Weigl et al. 1989). Home ranges of sympatric fox squirrels and 
gray squirrels may overlap without exclusion (Armitage and Harris 1982), but where the two species are in competition for the same but 
reduced food resources, lower energetic costs and higher reproductive potential favors the more numerous gray squirrel, particularly in 
years of poor mast production. Gray squirrels occur at higher densities, are able to exploit more numerous, smaller tree cavities and 
canopy food sources not available to fox squirrels, and are more likely to survive mast failures. Fox squirrels in the southeastern U.S. are 
highly adapted to and dependent on limited food supplies, so that anything that diminishes the quantity or quality of that habitat can have 
devastating effects. Because of their cursorial abilities and large size, which enable them to handle the massive cones of longleaf pine, 
they have an almost exclusive resource base as long as sufficiently extensive and mature tracts of this habitat exist. Habitat loss to 
development and agriculture is exacerbated by the conversion of pine-oak forests to large, heavily managed, short-rotation pine 
plantations, which provide little or none of the required food resources. Remaining longleaf and other pine forests are too small, too young, 
or too disturbed to provide adequate supplies of food (Weigl et al. 1989). Isolated patches of suitable habitat in the southeastern U.S. 
might still support fox squirrels that can move easily between them, but secondary succession in old fields and residential development 
has created migration corridors for gray squirrels, linking previously isolated fox squirrel habitat and enabling invasion by the more 
numerous gray squirrels (Weigl et al. 1989). Continued fragmentation of longleaf pine habitat also increases distances over which fox 
squirrels must travel in search of food, particularly in poor mast years. These factors put squirrels at greater risk of mortality from 
automobile traffic and predation by feral dogs. While leaf nests are built and used by fox squirrels in the southeastern U.S., cavity nests 
apparently are preferred for rearing young and as protection from severe weather conditions. Because the pine-oak forest typical of much 
of the squirrels' range is too young to have large numbers of suitable cavities, squirrels must rely on leaf nests, which may put their young 

U.S. & Canada State/Province Status 

United 
States 

Alabama (S3S4), Arkansas (S5), California (SNA), Colorado (S4), Connecticut (SX), Delaware (SNR), District of Columbia 
(SH), Florida (S5), Georgia (S5), Idaho (SNA), Illinois (S5), Indiana (S4), Iowa (S5), Kansas (S5), Kentucky (S5), Louisiana 
(S5), Maryland (S4), Michigan (S5), Minnesota (SNR), Mississippi (S5), Missouri (SNR), Montana (SNA), Nebraska (S5), New 
Jersey (SX), New Mexico (SNR), New York (S3), North Carolina (S3), North Dakota (SNR), Ohio (SNR), Oklahoma (S5), 
Oregon (SNA), Pennsylvania (S5), South Carolina (S4), South Dakota (S5), Tennessee (S5), Texas (S5), Virginia (S4), 
Washington (SNA), West Virginia (S5), Wisconsin (S5), Wyoming (SNA) 

Canada British Columbia (SNA), Manitoba (S3), Ontario (SNA), Saskatchewan (S3S4) 
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at greater risk of predation, or they resort to cavities in adjacent bottomland forests where competition from other species may be high. 
Another threat to fox squirrel population in the southeastern U.S. may be their status as game animals. Weigl et al. (1989) suggested that, 
in large areas of good habitat, fox squirrel populations can probably support moderate hunting pressure, since low densities discourage 
hunters from specifically targeting fox squirrels. However, because of the squirrel's low reproductive rate, as the amount of suitable habitat
continues to decline, hunting of smaller and more disjunct populations of squirrels could threaten regional survival of the species. Williams 
(1994) suggested that fox squirrel populations in longleaf pine sandhills in South Carolina may be adversely affected by hunting pressure. 
In these resource-poor habitats populations are "just hanging on." However, populations in bottomland hardwood areas may be able to 
better withstand hunting. Competitive and predation pressures on fox squirrels in the southeastern U.S. will increase as the acreage of 
preferred mature pine-oak forest is reduced and fox squirrels are forced into bottomland and successional forest, pine plantations, and 
developed areas. In addition, where large gray squirrel populations increase the prey base, sympatric fox squirrels may suffer higher 
predation, which an animal with low reproductive rates may not be able to support. Consequently, as the fox squirrel is forced into 
marginal habitats that favor other sciurids, they may be eliminated. See also files for subspecies.  

Distribution  
U.S. States and Canadian Provinces 

   
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to 
appear. Not all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage 
migrant range depicted. A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp.

U.S. & Canada State/Province Distribution 
United 
States 

AL, AR, CA , CO, CT , DC, DE, FL, GA, IA, ID , IL, IN, KS, KY, LA, MD, MI, MN, MO, MS, MT, NC, ND, NE, NJ , NM, 
NY, OH, OK, OR , PA, SC, SD, TN, TX, VA, WA , WI, WV, WY  

Canada BC , MB, ON , SK 
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Range Map Compilers: NatureServe, 2005; Sechrest, 2002 
 
Global Range: >2,500,000 square km (greater than 1,000,000 square miles) 
Global Range Comments: Most of the eastern and central United States and adjacent south-central Canada; New York to Florida, west 
along major river systems to New Mexico and Colorado (Geluso 2004), Wyoming, and Montana. Introduced and established in many 
areas in western North America and on Pelee Island, Ontario, Canada.  
 
Weigl et al. (1989) recognized three morphologically and ecologically different but intergrading groups of fox squirrels (see also Williams 
1977, Sherman et al. 1984). One group ("eastern fox squirrel") includes populations along the Coastal Plain from the Delmarva Peninsula 
to Central Florida and west to the eastern edge of the Mississippi River flood plain (Weigl et al. 1989), including subspecies NIGER, 
CINEREUS, BACHMANI, and SHERMANI as mapped by Hall (1981). A second group ("western fox squirrel") ranges from the valleys of 
south-central Pennsylvania, the Appalachian mountains, and the uplands of the Gulf states west to the prairie (Weigl et al. 1989). A third 
"group" is an artificial one, including two isolated forms restricted to trophically poor, wetter areas in southern Florida (S. N. AVICENNIA) 
and the Mississippi flood plain (S. N. SUBAURATUS). 
 
Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
AL Cherokee (01019), Elmore (01051) 

DE Sussex (10005) 

FL Alachua (12001), Bradford (12007), Charlotte (12015), Citrus (12017), Clay (12019), Collier (12021), 
Columbia (12023), DeSoto (12027), Dixie (12029), Duval (12031), Franklin (12037), Gilchrist (12041), 
Hamilton (12047), Hardee (12049), Hendry (12051), Hernando (12053), Highlands (12055), Hillsborough (12057), 
Jackson (12063), Jefferson (12065), Lake (12069), Lee (12071), Leon (12073), Levy (12075), Liberty (12077), 
Madison (12079), Manatee (12081), Marion (12083), Nassau (12089), Okaloosa (12091), Okeechobee (12093), 
Orange (12095), Osceola (12097), Palm Beach (12099), Pasco (12101), Pinellas (12103), Polk (12105), 
Putnam (12107), Santa Rosa (12113), Sarasota (12115), Seminole (12117), St. Lucie (12111), Sumter (12119), 
Suwannee (12121), Wakulla (12129), Walton (12131), Washington (12133) 
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Ecology & Life History  
Basic Description: A large tree squirrel. 
General Description: A large squirrel that is highly variable in color, both individually and geographically. Over most of the range, the 
pelage is rusty yellowish with a pale yellow to orange (or light gray to dirty white) belly and a bushy tail bordered with fulvous-tipped hairs. 
In the Southeast, body may be sprinkled with yellow, white, and black, with the head mostly blackish except for the whitish nose and ears. 
In the vicinity of the Delmarva Peninsula, color may be pure steel-gray with no fulvous (Burt and Grossenheider 1964). Melanism is not 
uncommon. For adults, total length is 454-698 mm, tail length is 200-330 mm, and hind foot length is 51-82 mm (Hall 1981). Mass is 696-
1361 g, with an average of about 800 g. There is a total of 20 teeth. The bones fluoresce bright red under longwave ultraviolet light 
(unique among normal adult mammals) (Flyger and Gates 1982).  
 
The fox squirrel of the southeastern Coastal Plain of North America is the largest tree squirrel in the western hemisphere. Weigl et al. 
(1989) reported an average mass of 1006 g in North Carolina and 962 g for 44 specimens collected in the Carolinas and northern 
Georgia. Western fox squirrels tend to be smaller (600 to 900+ g). 
Diagnostic Characteristics: Larger than SCIURUS CAROLINENSIS, in which adults are 383-525 mm in total length and 340-700 g; 
also, NIGER has four cheek teeth on each side of the upper jaw (CAROLINENSIS usually has five), and in NIGER the tail hairs generally 
are not tipped with white (Flyger and Gates 1982). 
Reproduction Comments: Fox squirrels breed at two seasons: winter-spring (young are born January-April) and, less frequently, 
summer-fall (young born July-September) (Moore 1957, Lustig and Flyger 1975, Weigl et al. 1989). Mating behavior in North Carolina 
appears to be prevalent from December to early February and again in late July and August, with most litters in North Carolina born in late 
February and March (Weigl et al. 1989).  
 
Gestation lasts 44-45 days (Moore 1957, Kantola 1986). In the southeastern U.S., most young are born in March-April; sometimes there is 
a smaller second peak in July-August (Weigl et al. 1989). Litter size generally averages 2-3. Mean litter sizes of 2.3 and 2.27 (Moore 
1953) have been reported for Florida fox squirrels. For the southeastern U.S., Weigl et al. (1989) reported litter sizes (mean = 2.5) that 
equaled or were well below the lowest litter sizes reported for other sciurids. Many authors have suggested that older females may 
produce a second litter in good habitat. However, Weigl et al. (1989) recorded no instance of a second litter in eight years and suggested 
that no records of a second litter occur in the literature on fox squirrels in the southeastern U.S. Weaning occurs during the period when 
the young are 8-13 weeks old. In Florida, young are dependent on their mother for about 3 months. Earliest time of first breeding usually is 
the second calendar year. Family group may stay together until female is ready to mate again. Maximum reproductive longevity of females 
is about 12-13 years.  
 
Reproductive output, including the percentage of sexually mature individuals that reproduce, increases with food abundance (Hilliard 
1979, Kantola 1986, Weigl et al. 1989). Reproduction and litter size in North Carolina were significantly associated with food availability in 
the previous fall-winter periods. During poor mast years, juvenile survival increased, while adult condition declined, resulting in an overall 
negative impact on squirrel populations (Koprowski 1991). Juvenile squirrels are particularly sensitive to food shortages due to relatively 
low fat stores, higher metabolic demand, low experience in locating and processing scarce food, and perhaps low social rank (Koprowski 
1991).  
 
Few data exist on fox squirrel longevity. Data from midwestern fox squirrel populations suggest longevities of 13 years in captivity and six 
to seven years in the wild (Flyger and Gates 1982). The large size and low recruitment rates of fox squirrels in the southeastern U.S. 
suggest relatively long life spans (Moore 1953, Weigl et al. 1989). Weigl et al. (1989) suggested a life span of seven years in the Sandhills 
of North Carolina, although no data on age or survivorship have been reported. 
Ecology Comments: Fox squirrels are largely solitary animals across their geographic range, though they may congregate briefly during 

GA Appling (13001), Camden (13039), Charlton (13049), Long (13183), Mcintosh (13191), Tattnall (13267), 
Wayne (13305) 

MD Cecil (24015), Dorchester (24019), Kent (24029), Queen Annes (24035), Talbot (24041) 

NC Alleghany (37005), Ashe (37009), Avery (37011), Cherokee (37039)*, Clay (37043)*, Graham (37075), 
Hoke (37093), Robeson (37155), Sampson (37163), Swain (37173)*, Watauga (37189) 

PA Lackawanna (42069), Luzerne (42079) 

SC Aiken (45003), Barnwell (45011), Beaufort (45013), Calhoun (45017), Charleston (45019)*, Fairfield (45039), 
Jasper (45053), Kershaw (45055), Lee (45061), Lexington (45063), McCormick (45065), Orangeburg (45075), 
Richland (45079), Williamsburg (45089) 

VA Accomack (51001), Northampton (51131) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

03 Upper Cape Fear (03030004)+, Black (03030006)+, Lynches (03040202)+, Black (03040205)+, 
Wateree (03050104)+, Lower Broad (03050106)+, Congaree (03050110)+, Lake Marion (03050111)+, 
South Carolina Coastal (03050202)+, Broad-St. Helena (03050208)+, Upper Savannah (03060103)+, Middle
Savannah (03060106)+, Lower Savannah (03060109)+, Upper Coosa (03150105)+, Upper 
Alabama (03150201)+ 

05 Upper New (05050001)+ 

06 Tuckasegee (06010203)+, Hiwassee (06020002)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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the breeding season or near concentrated food supplies (Bakken 1952, Havera and Nixon 1978, Benson 1980, Armitage and Harris 1982, 
Brown 1984, Nixon et al. 1984, Steele et al. 1984, Weigl et al. 1989, Kantola and Humphrey 1990, Handley 1991).  
 
Much of the demography and ecology is determined by food availability and distribution. The low diversity, open pine-oak forests favored 
by fox squirrels in the southeastern U.S. are typified by food resources that tend to be of low abundance and very patchy distribution.  
 
Population density in the Coastal Plain portion of the range is relatively low. Moore (1957) and Hilliard (1979) estimated densities of 
0.33/ha and 0.26/ha, respectively. Weigl et al. (1989) reported densities averaging 0.05/ha. More recent estimates for northern Florida S. 
N. SHERMANI averaged 0.027-0.054/ha (Kantola and Humphrey 1990). In the southeastern U.S., fox squirrels are very scarce across 
even in the best quality habitats. In woodlots in the Midwest, average density typically is 1-4/ha but may reach 12/ha (Weigl et al., 1989, 
Koprowski 1994). An average of 15 gray squirrels per hectare was reported by Gurnell (1983). Numbers may vary annually, depending on 
weather, food availability, and the effects of diseases and parasites (Weigl et al. 1989).  
 
The longest reported dispersal movement is 64.4 km (Allen 1943, Baker 1983, Caire et al. 1989, Kantola and Humphrey 1990).  
 
Average home range sizes in the Sandhills of North Carolina (26.6 ha in males, 17.2 ha in females, mean convex polygon) (Ha 1983, 
Weigl et al. 1989) were similar to those reported from similar habitats in Georgia (males 26.4 ha, females 13.0 ha, MCP) (Hilliard 1979), 
but were smaller than those for South Carolina fox squirrels using pine plantations and hardwood "runners" (males 31.6 ha, females 19.3 
ha) (Edwards 1986) and for the larger S. N. SHERMANI in longleaf pine forests of Florida (males, 42.8 ha; females, 16.7 ha, harmonic 
mean) (Kantola 1986). These home ranges are in contrast to the much smaller ranges (0.8 to 7.0 ha, MCP) reported for western fox 
squirrels (Baumgartner 1943, Bernard 1972, Adams 1976, Havera and Nixon 1978). The larger ranges of fox squirrels in the southeastern 
U.S. are not explained solely by their larger body size and diet, and they may result from the patchiness of resources in their habitat 
(Weigl et al. 1989, Kantola and Humphrey 1990). Home range overlap is extensive.  
 
Weigl et al. (1989) described an intriguing relationship among the fox squirrel, its hypogeous fungal food source, and longleaf pine 
regeneration. They suggested that one or more fungi readily consumed by the squirrels demonstrate mycorrhizal associations with 
longleaf pine and that the squirrels may be an important dispersal agent of fungal spores. The squirrels naturally forage across fairly large 
areas, including recently burned areas and clearcuts, perhaps playing a major role in inoculating barren soils with a mycorrhizal agent 
necessary for vigorous growth of longleaf pine.  
 
Nut burial may aid reforestation. 
Non-Migrant: Y 
Locally Migrant: N 
Long Distance Migrant: N 
Mobility and Migration Comments: In Ohio, individuals have been reported traveling 1.2 km between woodlots on a daily basis 
(Whitaker and Hamilton 1998). Other reported home ranges vary from 13 to 43 hectares (males 26 to 43 hectares) in the east (Ha 1983, 
Weigl et al. 1989, Hilliard 1979, Edwards 1986, Kantola 1986); and from 0.8 to 7.6 hectares in the west (Baumgartner 1943, Bernard 
1972, Adams 1976, Havera and Nixon 1978). 
Palustrine Habitat(s): Riparian 
Terrestrial Habitat(s): Forest - Conifer, Forest - Hardwood, Forest - Mixed, Savanna, Shrubland/chaparral, Suburban/orchard, Woodland 
- Conifer, Woodland - Hardwood, Woodland - Mixed 
Special Habitat Factors: Standing snag/hollow tree 
Habitat Comments: Often in open mixed hardwood forest or mixed pine-hardwood associations, but has adapted well to disturbed areas, 
hedgerows, and city parks. Prefer savannas or open woodlands to dense forests (Flyger in Wilson and Ruff 1999). In Michigan, four 
favorite habitats in descending order: oak-hickory woodlands, beech-basswood-maple, scrub oak, and floodplains (Allen 1943). In the 
southeastern U.S., prinicipal habitat is mature open forests of longleaf pine and turkey oak with an open understory; adjacent bottomland 
hardwood forests may be occupied in summer and during periods of drought (see Handley 1991). Western range extensions are 
associated with riparian corridors of cottonwoods and fencerows of osage orange. Dens are in tree hollows (preferred) or leaf nests 
(especially in mild weather). Young are born in a tree cavity or leaf nest; tree hollows are preferred for rearing young. Individuals use up to 
about nine nests annually.  
 
A few particular plant communities of the Coastal Plain appear to be important in maintaining fox squirrel populations there. The structure, 
age, diversity, and extent of these communities within the overall pine-oak forest provide an array of often subtle requirements for the 
success of the squirrel in the Southeast (Weigl et al. 1989).  
 
In Florida and North Carolina, habitats are primarily longleaf pine (PINUS PALUSTRIS)-turkey oak (QUERCUS LAEVIS) sandhills 
characterized by large, well-spaced pines and an understory of scattered or clumped oaks (Moore 1953, Kantola 1986, Weigl et al. 1989, 
Cox 1990), although squirrels may also be found in other open pine stands, mixed pine-hardwood forests, and in ecotones between forest 
types. Habitat structure, specifically the size and spacing of pine and oak trees, appears to be more important than the actual species 
composition of the habitat (Taylor 1973, Hilliard 1979, Weigl et al. 1989). Only stands with large mature trees appear to supply adequate 
supplies of food and nesting sites. The large size of the eastern fox squirrel appears to adapt it to the openness of the pine-oak forest and 
the arrangements of habitats within the Coastal Plain. Large size is advantageous in handling the large cones of longleaf pine and in 
traveling along the ground between widely spaced trees, food sources, and blocks of habitat (Weigl et al. 1989).  
 
Use of edge habitats by fox squirrels is repeatedly mentioned in the literature (Smith and Follmer 1972, Flyger and Smith 1980, Nixon et 
al. 1984, Kantola 1986, Weigl et al. 1989, Cox 1990). While fox squirrels in North Carolina Sandhills used pine-oak forest at least 80 
percent of the time, there was marked seasonality in habitat use. During the winter months, fox squirrel activity was significantly higher in 
edge habitats and in bottomland forest, while in the summer months activity shifted from open pinelands and sand ridges toward moister 
lowlands (Weigl et al. 1989). Based on a one-year study of Florida fox squirrels, Kantola and Humphrey (1990) suggested that the best 
habitats may be the edges between longleaf pine savanna and live oak (QUERCUS VIRGINIANA) forest where the availability of oak 
mast may be most dependable from year to year.  
 
Weigl et al. (1989) showed that fox squirrels chose nest sites surrounded by vegetation typical of longleaf pine-turkey oak forest (Wells 
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and Shunk 1931, Braun 1964, Waggoner 1975, Christensen 1988). Fox squirrels nested in areas characterized by open, low diversity, 
mature forest with little understory and xeric conditions. This contrasted markedly with conditions typical of gray squirrel nest sites, which 
generally were in areas of closed-canopy, high diversity, dense understory, and generally mesic conditions.  
 
Nests are of critical importance to the survival of fox squirrels throughout their range, and nest selection and use by eastern fox squirrels 
has received considerable attention (Moore 1957, Hilliard 1979, Flyger and Smith 1980, Weigl et al. 1989, Kantola and Humphrey 1990). 
Tree hollows are particularly important in rearing young and for protection from severe weather for all tree squirrels.  
 
Fox squirrels in the southeastern U.S. often use hardwood cavities in deciduous forest, bottomlands, and mixed forests, despite the fact 
that the majority of foraging takes place in pine-dominated stands. Kantola and Humphrey (1990) also reported higher nest use in lower 
slope situations than on drier sandhill areas. Suitable hollows are fairly scarce in pine-oak forests, primarily owing to timber management 
practices, firewood cutting, and oak suppression (Weigl et al. 1989; Weigl, pers. comm.), but are more abundant in adjacent more mesic 
habitats.  
 
Leaf nests are frequently used during warmer months and in the more southern portions of the squirrels' range. Use of leaf nests in North 
Carolina was associated with periods of mild weather and/or abundant food, and Weigl et al. (1989) found that nest selection during the 
warmest periods occurred most often in moister habitats and wetland edges. In Florida, tree cavity nests were rarely used even when 
abundant, comprising only 7.4% of all nest locations recorded (Kantola and Humphrey 1990). 
Adult Food Habits: Frugivore, Granivore, Herbivore, Invertivore 
Immature Food Habits: Frugivore, Granivore, Herbivore, Invertivore 
Food Comments: Foraging commonly occurs on the ground. Typical foods include nuts, fungi, seeds, berries, and shoots; other food 
include tree buds and flowers and small amounts of insects and other animal material. In the southeastern U.S., feeds mostly on pine 
seeds when they are available. Scatterhoarder; food is cached in the ground in fall. Much of the literature on food habits in the Sandhills of 
North Carolina, was summarized by Weigl et al. (1989), as follows:  
 
Food is generally abundant during the spring, and squirrels feed on pine buds, staminate cones, flowers, corms, bulbs, previous seasons' 
mast, fungi, and insects. The early summer months, however, are the period of the poorest food availability. Increasing temperature and 
aridity result in less succulent vegetation and fewer emerging insects. Mast from the previous fall has been exhausted, new seeds are not 
yet available, and fungi and soft mast resources are patchy. Late summer is again a period of food abundance and squirrel activity 
increases markedly. Green longleaf pine cones become a primary food source and, during years of abundant cone production, squirrels 
can rapidly gain weight within a relatively restricted foraging area. In more typical years, squirrels forage widely, cutting and eating cones, 
as well as foraging for dispersed seeds. During this season, soft mast (berries of ILEX, PERSEA, VITIS, and SMILAX), fruits, and fungi 
are more predictably available and readily eaten. Longleaf pine cones are a crucial food source in that they are practically the only food 
available until the fall mast crop. The highly nutritious seeds are critical to recovery from the early summer period of food scarcity and in 
preparation for winter. Because of the fox squirrel's large size, it is almost uniquely adapted to take advantage of this seasonal resource. 
 
Moore (1957) conducted a two-year study of Sherman's fox squirrel (S. N. SHERMANI) occupying similar longleaf pine-turkey oak forests. 
Florida squirrels apparently do not undergo the kind of severe early summer food scarcity experienced by those in North Carolina. Weigl 
et al. (1989) suggested that this may account for the larger size and the higher incidence of summer litters in the Florida subspecies. Mast 
forms the bulk of the diet during the fall, winter, and parts of the following spring in good mast years. This is particularly true in years of 
poor pine cone availability. Acorns (QUERCUS LAEVIS, in particular) and hickory nuts (CARYA) may be supplemented by fungi and the 
seeds and drupes of other hardwoods (LIQUIDAMBAR, NYSSA, and LIRIODENDRON, among others). Pine-oak habitats typically support 
relatively few oak species with different fruiting phenologies (the so-called red oaks produce acorns the second fall after flowering, while 
the white oaks mast the first fall after flowering). Because of this low diversity and difference in phenology, a single severe spring frost can 
destroy the larger part of the mast crop over a two-year period. This can be disastrous for fox squirrels confined to a limited area of 
suitable habitat. In addition, hickory mast tends to be restricted to moister forest areas and in isolated groves where fox squirrels must 
compete with gray squirrels and other mast feeders. During the winter, food supplies are dependent upon the fall mast crop and can be 
variable from year to year. In poor mast years, fox squirrels appear to spend considerable time searching for fallen longleaf pine cones, 
scattered seeds, and the smaller cones of pond pine (PINUS SEROTINA), and digging for hypogeous fungi around the bases of longleaf 
pines. During years of poor turkey oak mast availability, fox squirrels in Florida tended to increase time spent foraging in lower-elevation 
live oak stands which tended to produce more predictable mast (Kantola and Humphrey 1990). 
Adult Phenology: Diurnal 
Immature Phenology: Diurnal 
Phenology Comments: Primarily diurnal; generally activity peaks in early morning and late afternoon except in winter when there may be 
a single midday peak (and/or early morning activity related to breeding); an additional midday peak may occur in summer. May remain in 
nest during severe weather.  
 
In the southeastern U.S., activity levels are markedly lower for squirrels during periods of predictably low food availability during the 
summer. At these times, fox squirrels experience the greatest stress and seem to all but disappear from their ranges. They move from the 
drier pinelands and ridges to the edges of bottomlands and swamps, reduce activity, and probably use fat reserves (Weigl et al. 1989, 
Kantola and Humphrey 1990). As longleaf cones ripen, activity increases again. Highest activity and smallest area use occurs during the 
cone harvest of late summer and the mast harvest in the subsequent fall.  
 
During the winter months in the southeastern U.S., food supplies are scarce and patchy. Higher thermoregulatory costs force squirrels to 
increase activity and expand ranges to locate food. Jodice and Humphrey (1992) suggested that Big Cypress fox squirrels (S. N. 
AVICENNIA) living on golf courses in southwestern Florida did not exhibit such dramatic changes in foraging and activity in response to 
food availability or weather. They suggested that the diet of these urban squirrels was unusual in diversity within seasons and stability 
among seasons, with the effect that seasonal activity patterns were probably driven instead by mating and young-rearing. 
Length: 70 centimeters 
Weight: 1062 grams 
Economic Attributes  
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Economic Comments: Popular game species. Sometimes damages crops of nuts or fruits, but losses generally are not excessive 
(Koprowski 1994). 
Management Summary  
Stewardship Overview: [Note: This document pertains primarily to fox squirrel populations in the southeastern U.S.]  
 
Active management is required to restore degraded pine-oak forests to maintain existing fox squirrel populations and recover declining 
populations. Land protection through acquisition, easement, and registry programs is the best means of ensuring that large tracts of 
suitable habitat are preserved. Habitat fragmentation, which may put populations of the large, cursorial fox squirrel at greater risk, should 
be avoided. Censuses are needed to determine the status of the species in the remaining longleaf pine-turkey oak habitats in the 
Southeast. Monitoring programs are needed to assess the impacts of hunting and habitat modification on population size and 
demography.  
 
Management of public lands, including the national forests and military installations, offer the best opportunities for protection of longleaf 
pine habitats, with such protection efforts often being driven by recovery of the red-cockaded woodpecker (PICOIDES BOREALIS). 
Management plans for the woodpecker should be adapted to take into account the requirements of the fox squirrel, particularly when the 
needs of the two species do not conflict. Public education regarding the preservation and restoration of the longleaf pine ecosystem 
should include information about the habitat requirements of the fox squirrel and its status in the Southeast. 
Restoration Potential: In general, recovery may be possible if large tracts of forest are preserved, degraded habitat is restored, and 
habitat fragmentation is minimized.  
 
Subspecies SHERMANI: Recovery potential is low due to the squirrel's low rate of reproduction and recruitment. Preferred habitat, the 
longleaf pine/wiregrass sandhills, has potential for recovery if the ground cover of wiregrass and associated herbs is relatively intact and if 
a natural fire regime is initiated. Longleaf pine and wiregrass can be replanted, but little is known about the restoration of other herbs. 
Preserve Selection & Design Considerations: Adequate land-use restrictions (buffer zones) around protected populations, and 
protection of the habitat between protected populations (wildlife corridors), are important considerations in selecting and designing 
preserves (Cox, unpublished manuscript, 1990).  
 
Kantola (1986) cited the Ordway/Swisher Preserve (Putnam County, Florida) as a good example of a minimum refuge of more than 10 sq 
km necessary to sustain a viable population of about 200 fox squirrels.  
 
The typically low diversity and seasonality of resource availability in fox squirrel habitat in the southeastern U.S. means that large areas 
are needed to support fox squirrel populations and reduce potential conflicts with gray squirrels, which are better adapted to exploit 
hardwood forest and wetland areas. Kantola and Humphrey (1990) and Kantola (1992) suggested the preservation/reclamation of large 
(at least 25 sq km) areas of heterogeneous natural sandhills vegetation, including both uplands and lower slopes. U.S. Forest Service 
plans to preserve management areas of greater than 10,000 acres (approximately 40 sq km) for red-cockaded woodpeckers should go far
toward the maintenance of fox squirrel populations, with certain caveats. 
Management Requirements: Effective land protection in the southeastern U.S. depends upon the protection and restoration of mature 
longleaf pine-turkey oak sandhill habitats (Weigl et al. 1989, Kantola and Humphrey 1990). Active management of existing intact stands of 
mature longleaf pine is necessary to restore or maintain the open, parklike understory and prevalence of mast-producing trees. Land 
management should aim to protect large areas of longleaf pine, as well as associated habitats, notably hardwood bottomlands of suitable 
age to insure the production of mast, in order to promote the mosaic of habitat types most beneficial to the squirrel (Weigl et al. 1989).  
 
Forest management that mimics natural disturbance regimes should benefit the squirrel. Fire regimes that approach historic patterns (e.g., 
fire return period of 1-5 years) are necessary to control hardwood understory, prepare a suitable seed bed for longleaf pine, and provide 
the open, parklike stands required by fox squirrels in the Southeast. Fire exclusion results in an altered canopy, reduced mast production, 
and creation of habitats that tend to place fox squirrels at a competitive disadvantage compared to coexisting gray squirrels. However, the 
presence of mature oaks should be encouraged to provide mast and suitable nest cavities (Weigl, pers. comm.).  
 
Means and Grow (1985) concluded that the only hope for longleaf pine is to save and properly manage forests on public lands (e.g., 
Florida's national forests). They suggested a need for significant change in the management of the national forests. Changes would 
include such strategies as increases in summer burns, road closures, and reforestation with longleaf pine.  
 
Widespread modification of mature pine-oak communities have also led to fragmentation of squirrel populations and reduced quality of 
remaining habitats. Efforts are needed to ensure that habitat patches are joined by suitable movement corridors. Changes in timber 
rotations and control of firewood cutting are critical to a sustained supply of suitable nest cavities (Weigl, pers. comm.). In Florida, 
traditional management for bobwhite has damaged habitat for fox squirrel (Kantola and Humphrey 1990).  
 
Concern for the endangered red-cockaded woodpecker generated increased interest in the preservation and restoration of the longleaf 
pine forest ecosystem. Because of its large size, and consequent large home range, and its dependence on mature forest stands, the fox 
squirrel integrates the needs of many other plants and animals dependent on this shrinking resource.  
 
In general, management recommendations for woodpecker habitat, as outlined in the U.S. Forest Service Regional Wildlife Habitat 
Management Handbook, would apply equally well to the fox squirrel. In particular, institution of a regime of growing season fires on a 2-3-
year rotation to control the hardwood midstory, maximize the regeneration and growth of groundcover, and prepare a suitable seedbed for 
longleaf pine, is important to the maintenance of fox squirrel habitat as well. Reducing physical impediments to burning, including roads 
and habitat fragmentation, would help reduce the isolation of squirrel subpopulations. Also, the use of uneven-aged timber management 
based on a rotation age of 70 to 120 years, depending on the pine species, would help provide contiguous areas of foraging habitat for 
both squirrels and woodpeckers. Williams (1994) pointed out that mechanical site preparation (e.g., roller chopping) should avoid removal 
of scrub oaks more than 10 inches in diameter.  
 
However, Weigl et al. (1989) pointed a number of instances where woodpecker management and fox squirrel management may conflict. 
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The primary difference between the woodpecker and the fox squirrel lies in the provision of hardwood forest habitats for the squirrel. 
Removal of all or most of the larger oaks and hickories from among the older pine-oak stands would have a devastating effect on food 
supply and nest cavity availability for fox squirrels. While hardwood mid-story control would be beneficial, managers should strive to 
maintain scattered oak trees at least 30 years old or oak groves. A minimum of 10 to 12 large oak trees per acre (25 to 30 trees per 
hectare) should be left (Weigl, pers. comm.). Fox squirrels prefer nesting in larger hardwood snags and, if such substrates are available, 
should not compete with woodpeckers for cavity sites (Weigl, pers. comm.). Removal of hardwoods may also increase competition 
between the woodpecker and other cavity-dependent species.  
 
Preservation of the mature pine-oak forest must also include protection for adjacent lowland habitats. Mature pine forest is not the only 
habitat type used or required by the squirrel and it need not occur in single large units. A mosaic of habitats, with a substantial mature 
pine-oak component and access to bottomland forest, appears as beneficial to squirrels as large unbroken tracts of pine forest. Hardwood 
stringers should be maintained, since fox squirrels heavily utilize lower-lying hardwood areas during dry periods. However, if only stringers 
are preserved for fox squirrels, with no other hardwood habitats in the upland, fox squirrels may be outcompeted by gray squirrels (Weigl, 
pers. comm.).  
 
Mixed stands of mast-producing trees are recommended to compensate for variable seed production (Goodrum et al. 1971, Sork 1983). In 
addition, it should be borne in mind that longleaf pine, upon which fox squirrels depend, have heavy mast crops at intervals of five to 
seven years, suffer complete crop failures only once or twice every five years, and are only moderately productive in intervening years 
(Wahlenberg 1946, Schopmeyer 1974, Maki 1952). Land managers can predict mast years from the number of green cones in June, 
leaving several months to burn in those years best for pine production (Kantola and Humphrey 1990).  
 
Another management consideration is the fox squirrel's status as a game animal across most of its range. Given the possible detrimental 
effect of hunting on fox squirrels (Wood 1987; Weigl et al. 1989; Noss, pers. comm., 1990), many biologists believe that no hunting of 
subspecies SHERMANI should be permitted until shown justifiable based on adequate demographic data. Weigl et al. (1989) stated that 
squirrel populations in the southeastern U.S. probably can support moderate hunting pressure (low bag limit), since low squirrel densities 
discourage hunters from specifically targeting fox squirrels (Weigl et al. 1989). However, hunting should be confined to the late fall and 
should be closely monitored. However, as fox squirrel habitat becomes smaller, more fragmented, and more degraded, hunting pressure 
conceivably could extirpate small relictual populations. Incidental take by sportsmen hunting other species of game might be another 
deleterious effect of allowing hunting in fox squirrel habitat (Brady 1976).  
 
Because fox squirrels are relatively slow and easy to catch (Noss, pers. comm., 1990), domestic dogs should not be allowed to range 
freely in occupied fox squirrel habitat.  
 
Management plans need to be developed for many populations of subspecies CINEREUS. Efforts to reintroduce populations of this 
subspecies into suitable unoccupied habitat should be continued. Bendel and Theres (1994) reported the following results of a 
translocation in Maryland. Of 20 wild-trapped, translocated squirrels, at least nine died during the first few months after release. All 
translocated squirrels remained on the release site. The mean distance moved fom the release point was 589 m. Squirrels released in 
mid-spring moved farther from the release point than did those released in mid-autumn.  
 
See Teaford (1986) for specifications for the construction and placement of wooden nest boxes and rubber tire shelters.  
 
Fox squirrels may be repelled from holes in wooden walls and roof shingles by using paradichlorobenzene or napthalene (moth balls of 
crystals). Gnawing of plant stems or tree bark may be reduced with the application of tetramethylthiuram disulfide. Methyl nonyl ketone 
crystals and paradichlorobenzene are used to repel animals from garden and property borders but effectiveness is questionable (see 
Koprowski 1994).  
 
See also Nixon and Hansen (1987) and files for subspecies. 
Monitoring Requirements: Monitoring should be initiated to determine population trends and identify the impacts of habitat modification 
(including fragmentation) and hunting pressure.  
 
In the southeastern U.S., fox squirrels are relatively rare, widely dispersed, and difficult to trap and observe. They do not lend themselves 
to rapid periodic sampling, large sample sizes, or short-term studies. Fox squirrels are particularly difficult to locate during the summer 
field season (Weigl et al. 1989, Kantola and Humphrey 1990). Nest counts, provision of nest boxes, and permanent visual line transects 
may be the most effective monitoring tools (Moore 1953, Kantola 1986, Wood 1987, Weigl et al. 1989). Presence of local populations can 
be determined efficiently through surveys of leaf nests (Kantola and Humphrey 1990). Capture is best done at nest boxes at night (Weigl 
et al. 1989). Use of radio-telemetry offers the best means of data collection but can be very expensive and time-consuming (Moore 1953, 
Wood 1987, Weigl et al. 1989, Kantola and Humphrey 1990).  
 
In areas where fox squirrels are relatively common, they can be live-trapped with box traps baited with nuts, corn, or various other foods; 
traps generally are placed next to large trees; prebaiting for several days may increase trap success; traps should be checked twice daily 
to prevent mortality; squirrels can be handled safely in a wire mesh or cloth handling cone to restrict movements (Koprowski 1994). In 
addition to radio tags, marking methods include fur dyes, ear tags, toe-clipping, freeze branding, and freeze marking (see Koprowski 
1994).  
 
Time-area counts may be useful to estimate abundance, but they are labor-intensive and must be conducted during peak activity periods; 
some mark-recapture methods may be useful in high density populations (see Koprowski 1994). 
Management Research Needs: There has been considerable research on fox squirrels over much of the range in the west. The ecology 
of southeastern populations has been much less well studied, although Weigl et al. (1989) presented a detailed and comprehensive 
review of the current state of our understanding. The distribution of habitat types on the southeastern Coastal Plain landscape has 
important consequences for fox squirrels. Additional research is required on the relationships between fox squirrels and longleaf pine 
habitats, as well as on viable population sizes. Research should address how the size and distribution of habitat patches affects dispersal 
pattern and, ultimately, gene exchange among local populations. 
Biological Research Needs: See MGMT.RSRCH.NEED in element stewardship (ES) files.
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Population/Occurrence Delineation  
Group Name: TREE SQUIRRELS 
 
Use Class: Not applicable  
Minimum Criteria for an Occurrence: Evidence of historical presence, or current and likely recurring presence, at a given location. Such 
evidence minimally includes collection or reliable observation and documentation of one or more individuals in appropriate habitat where 
the species is presumed to be established and breeding.  
Separation Barriers: Major water barriers in regions where water does not regularly freeze in winter; greater than 200 meters wide.  
Separation Distance for Unsuitable Habitat: 2 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Tree squirrels may disperse up to several tens of kilometers, but dispersal distance likely is usually not more 
than a few kilometers. Juvenile red squirrels generally settle on or adjacent to their natal territory (Haughland and Larsen 2004). Whitaker 
and Hamilton (1998) mentioned fox squirrels traveling 1.2 km daily between woodlots.  
 
Unsuitable habitat includes areas lacking or largely devoid of trees.  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): .1 km  
Inferred Minimum Extent Justification: Based on a home range of 0.8 hectares (see Separation Justification). 
Date: 08Mar2005 
Author: Hammerson, G., and S. Cannings 
Notes: Contains species in the genera SCIURUS and TAMIASCIURUS. 
Population/Occurrence Viability  
Group Name: TREE SQUIRRELS 
 
Excellent Viability: Adult population greater than 5000. Where population estimates not available, occupied habitat greater than 5000 
hectares.  
Good Viability: Adult population 500-5000. Where population estimates not available, occupied habitat 500-5000 hectares.  
Fair Viability: Adult population 50-500. Where population estimates not available, occupied habitat 50-500 hectares.  
Poor Viability: Adult population less than 50. Where population estimates not available, occupied habitat less than 50 hectares.  
Justification: The population values used here are arbitrary but should distinguish among occurrences with different viability levels. Most 
reported densities range from about 0.3-7/ha (Jackson 1961, Farentinos 1972, Banfield 1974, Rusch and Reeder 1978), although 
densities up to 50/ha have been recorded for Sciurus carolinensis (Jackson 1961). 
 
Because adult population size reflects site quality and reproductive success over multiple years, it usually can stand alone as indicative of 
the viability of the occurrence. Use the secondary ranking method ONLY when (1) the occupied area can be reliably estimated and (2) the 
occurrence's total adult population size cannot be reliably estimated. 
 
Note that the secondary rank specifications do not attempt to reflect the population sizes mentioned in the primary rank specifications but 
rather are a totally separate approach that conservatively assumes low density and that larger areas of habitat generally support more 
chipmunks than do smaller patches. If you have an estimate of the occurrence's minimum population size (but not the total), and the 
minimum indicates a higher rank than that suggested by the secondary method, assign the higher rank.  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  
Date: 17Apr2003 
Author: Cannings, S. 
 
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 20Apr2005 
NatureServe Conservation Status Factors Author: Jordan, Robert A., and G. Hammerson 
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Element Ecology & Life History Edition Date: 12Mar2004 
Element Ecology & Life History Author(s): JORDAN, R. A., AND G. HAMMERSON 
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Any rights not expressly granted herein are reserved by NatureServe. Nothing contained herein shall be 
construed as conferring by implication, estoppel, or otherwise any license or right under any trademark of 
NatureServe. No trademark owned by NatureServe may be used in advertising or promotion pertaining to the 
distribution of documents delivered from this server without specific advance permission from NatureServe. 
Except as expressly provided above, nothing contained herein shall be construed as conferring any license or 
right under any NatureServe copyright.  

Information Warranty Disclaimer: All documents and related graphics provided by this server and any other documents which are 
referenced by or linked to this server are provided "as is" without warranty as to the currentness, completeness, or accuracy of any 
specific data. NatureServe hereby disclaims all warranties and conditions with regard to any documents provided by this server or any 
other documents which are referenced by or linked to this server, including but not limited to all implied warranties and conditions of 
merchantibility, fitness for a particular purpose, and non-infringement. NatureServe makes no representations about the suitability of 
the information delivered from this server or any other documents that are referenced to or linked to this server. In no event shall 
NatureServe be liable for any special, indirect, incidental, consequential damages, or for damages of any kind arising out of or in 
connection with the use or performance of information contained in any documents provided by this server or in any other documents 
which are referenced by or linked to this server, under any theory of liability used. NatureServe may update or make changes to the 
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documents provided by this server at any time without notice; however, NatureServe makes no commitment to update the information 
contained herein. Since the data in the central databases are continually being updated, it is advisable to refresh data retrieved at least 
once a year after its receipt. The data provided is for planning, assessment, and informational purposes. Site specific projects or 
activities should be reviewed for potential environmental impacts with appropriate regulatory agencies. If ground-disturbing activities 
are proposed on a site, the appropriate state natural heritage program(s) or conservation data center can be contacted for a site-
specific review of the project area (see Visit Local Programs). 

Feedback Request: NatureServe encourages users to let us know of any errors or significant omissions that you find in the data 
through (see Contact Us). Your comments will be very valuable in improving the overall quality of our databases for the benefit of all 
users. 
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Genus Size: A - Monotypic genus 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1998. Check-list of North American birds. Seventh edition. American 
Ornithologists' Union, Washington, DC. 829 pp. 
Concept Reference Code: B98AOU01NAUS 
Name Used in Concept Reference: Meleagris gallopavo 
Taxonomic Comments: Fragmented distributions and population bottlenecks due to human activities appear to have increased genetic 
differentiation among populations (Leberg 1991). 
Conservation Status  

NatureServe Status 

Global Status: G5  
Global Status Last Reviewed: 25Nov1996 
Global Status Last Changed: 25Nov1996 
Rounded Global Status: G5 - Secure  
Nation: United States  
National Status: N5  
Nation: Canada 
National Status: N4 (26Sep2000)  
 

Other Statuses 

IUCN Red List Category: LC - Least concern  

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Galliformes Phasianidae Meleagris

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Alabama (S5), Arizona (S5), Arkansas (S4), California (SNA), Colorado (S5), Connecticut (S5), Delaware (S4), Florida (SNR), 
Georgia (S5), Hawaii (SNA), Idaho (SNA), Illinois (S5), Indiana (S4), Iowa (S5B), Kansas (S5), Kentucky (S4), Louisiana (S4), 
Maine (S5), Maryland (S4), Massachusetts (S5), Michigan (S5), Minnesota (SNA), Mississippi (S5), Missouri (SNR), Montana 
(SNA), Navajo Nation (S5), Nebraska (S4), Nevada (SNA), New Hampshire (S4), New Jersey (S5), New Mexico (S5B,S5N), New 
York (S5), North Carolina (S5), North Dakota (SNR), Ohio (S5), Oklahoma (S3B), Oregon (SNA), Pennsylvania (S5), Rhode Island 
(SNA), South Carolina (SNR), South Dakota (S5), Tennessee (S5), Texas (S5B), Utah (SNA), Vermont (S5B), Virginia (S5), 
Washington (SNA), West Virginia (S5B,S5N), Wisconsin (S4B), Wyoming (SNA) 

Canada Alberta (SNA), British Columbia (SNA), Manitoba (SNA), Ontario (S5), Quebec (S4), Saskatchewan (SNA) 

Meleagris gallopavo - Linnaeus, 1758  
Wild Turkey  
Spanish Common Names: Guajolote Norteño  
French Common Names: Dindon sauvage  
Related ITIS Name(s): Meleagris gallopavo Linnaeus, 1758 (TSN 176136) 
Unique Identifier: ELEMENT_GLOBAL.2.104229  
Element Code: ABNLC14010  
Informal Taxonomy: Animals, Vertebrates - Birds - Other Birds © Larry Master
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NatureServe Conservation Status Factors 

Distribution  
U.S. States and Canadian Provinces 

   
NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for common 
species have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status refers to the 
status as a non-breeder; these errors will be corrected in future versions of these maps. A species is not shown in a jurisdiction if it is not 
known to breed in the jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species may occur in a jurisdiction as a 
seasonal non-breeding resident or as a migratory transient but this will not be indicated on these maps. See other maps on this web site that 
depict the Western Hemisphere ranges of these species at all seasons of the year.  
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to appear. 
Not all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage migrant range 
depicted. A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp. 

U.S. & Canada State/Province Distribution 
United 
States 

AL, AR, AZ, CA , CO, CT, DE, FL, GA, HI , IA, ID , IL, IN, KS, KY, LA, MA, MD, ME, MI, MN , MO, MS, MT , NC, ND, NE, 
NH, NJ, NM, NN, NV , NY, OH, OK, OR , PA, RI , SC, SD, TN, TX, UT , VA, VT, WA , WI, WV, WY  

Canada AB , BC , MB , ON, QC, SK  
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Range Map Compilers: WILDSPACETM 2002 
 
Global Range Comments: Native to the eastern and southwestern U.S., Mexico; southern Ontario. Extirpated or reduced in much of former 
range but introduced widely within, and outside of, former range. Established in Hawaiian Islands (Niihau, Lanai, Maui, Hawaii). 
 

Ecology & Life History  
Reproduction Comments: Female incubates average of 10-12 eggs for 27-28 days, beginning ning late April-early May in Alabama, 
Florida, New York, early May in Minnesota; most nests initiated mid-April to mid-May in northeastern Colorado. Hatching begins in May in 
south, usually early June in north. Young are tended by female; brood stays together until winter. Females first breed as yearlings. 
Ecology Comments: Sexes usually form separate flocks in winter. In Massachusetts, predation exerted greatest influence on productivity; in 
Minnesota, winter conditions and resulting pre-breeding female condition were important factor in productivity (Vander Haegen et al. 1988). In 
southeastern Oklahoma, mean seasonal home range sizes for adult females were 225 ha (winter), 865 ha (spring), 780 ha (summer), and 459 
ha (fall) (Bidwell et al. 1989). Home range in Montana was 260 to 520 hectares (Jonas 1966). In Colorado, adult males moved an average 
distance of 5.3 km from winter ranges to spring breeding areas; subadult males moved an average distance of 8.7 km; in spring males moved 
about 1000 m between morning and evening roosts used on the same day (Hoffman 1991). In north, deep snow restrict movements. 
Non-Migrant: Y 
Locally Migrant: N 

Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
AZ Apache (04001) 

NM San Juan (35045) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed Region  Watershed Name (Watershed Code)
14 Chaco (14080106)+, Chinle (14080204)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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Long Distance Migrant: N 
Terrestrial Habitat(s): Cropland/hedgerow, Forest - Hardwood, Forest - Mixed, Old field, Shrubland/chaparral, Woodland - Hardwood, 
Woodland - Mixed 
Habitat Comments: Forest and open woodland, scrub oak, deciduous or mixed deciduous-coniferous areas, especially in mountainous 
regions (Subtropical and Temperate zones) (AOU 1983). Also agricultural areas in some regions, which may provide important food resources 
in winter (e.g., in Massachusetts, Vander Haegen et al. 1989). Roosts in trees at night. Severe winters and/or lack of winter habitat are 
important limiting factors in many northern areas. In a South Dakota ponderosa pine ecosystem, females with young selected mainly large 
meadows (Rumble and Anderson 1993).  
 
Nests normally on the ground, usually in open areas at the edge of woods; rarely nests in trees (Fletcher, 1994, Wilson Bull. 106:562-563). In 
South Dakota, almost all nests initiated in April were in woodland communities whereas nests started after the first week of May were primarily 
in grassland communities; selected nest sites with concealing vegetation immediately above the nest; nests were placed in habitats associated 
with high interspersion; shrubs were strongly selected for as nesting cover in grassland; grassland nest sites had a high degree of visual 
obstruction immediately around the nest site (Day et al. 1991). Sites with good concealment also were selected in Arkansas (Badyaev 1995). 
Adult Food Habits: Frugivore, Granivore, Herbivore, Invertivore 
Immature Food Habits: Frugivore, Granivore, Herbivore, Invertivore 
Food Comments: Feeds on seeds, nuts, acorns, fruits, and grains, buds, and young grass blades. During summer eats many insects; may 
also eat some small vertebrates (frogs, toads, snakes, etc). Principal winter foods in the northeastern part of the range include acorns, fruits of 
multiflora rose and barberry, apples, field corn, fertile fronds of sensitive fern and various other ferns, mosses, and hardwood seeds and buds. 
In Massachusetts, manure spread on fields was an important source of food in winter (Vander Haegen et al. 1989). Usually forages on the 
ground. 
Adult Phenology: Diurnal 
Immature Phenology: Diurnal 
Phenology Comments: Most active in early morning and late afternoon. 
Length: 117 centimeters 
Weight: 7400 grams 

Management Summary  
Management Requirements: Selective thinning of riverfront hardwoods in Louisiana resulted in increased use by females (Zwank et al. 
1988). See Pack et al. (1988) for information on the use of prescribed burning and thinning to increase brood habitat in oak-hickory forests.  
 
In South Dakota, grazing by livestock reduced herbaceous biomass necessary for invertebrate food items and cover for young (Rumble and 
Anderson 1993).  
 
See Rumble and Anderson (1992) for information on methods for stratification of habitats in a way that is useful for forest management (habitat 
selection was best described by stratifying by dominant species of vegetation and overstory canopy cover; Black Hills, South Dakota). See 
Sanderson and Shultz (1973), Ligon (1946), Willians and Austin (1988), and Williamson (no date) for additional management information.  
 
Miller (1990) discussed factors affecting survival of transplanted turkeys. 
Monitoring Requirements: Lost-poult call can be used to lure females with young into view for productivity assessment (Kimmel and 
Tzilkowski 1986). 
Population/Occurrence Delineation  
Use Class: Not applicable  
Subtype(s): Winter range, Breeding range  
Minimum Criteria for an Occurrence: Evidence of breeding (including historical); and potential recurring presence at a given location.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 15 km  
Separation Distance for Suitable Habitat: 15 km  
Separation Justification: Home ranges rather large. Separation distance based on large seasonal home ranges and interseasonal 
movements. Females in Oklahoma had large spring home ranges, averaging 865 hectares (Bidwell et al. 1989). In Colorado, adult males 
moved an average of 5.3 kilometers from winter to spring ranges (Hoffman 1991).  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 3.3 km  
Inferred Minimum Extent Justification: Based on a spring female home range of 865 hectares (Bidwell et al. 1989). 
Date: 03Oct2001 
Author: Cannings, S. G. 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
Element Ecology & Life History Edition Date: 01Apr1996 
Element Ecology & Life History Author(s): HAMMERSON, G. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors and 
cooperators (see Sources).  

Economic Attributes 

U.S. Invasive Species Impact Rank (I-Rank)  

Not yet assessed

Not yet assessed
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rights not expressly granted herein are reserved by NatureServe. Nothing contained herein shall be construed as 
conferring by implication, estoppel, or otherwise any license or right under any trademark of NatureServe. No 
trademark owned by NatureServe may be used in advertising or promotion pertaining to the distribution of documents 
delivered from this server without specific advance permission from NatureServe. Except as expressly provided 
above, nothing contained herein shall be construed as conferring any license or right under any NatureServe 
copyright.  

Information Warranty Disclaimer: All documents and related graphics provided by this server and any other documents which are 
referenced by or linked to this server are provided "as is" without warranty as to the currentness, completeness, or accuracy of any specific 
data. NatureServe hereby disclaims all warranties and conditions with regard to any documents provided by this server or any other 
documents which are referenced by or linked to this server, including but not limited to all implied warranties and conditions of 
merchantibility, fitness for a particular purpose, and non-infringement. NatureServe makes no representations about the suitability of the 
information delivered from this server or any other documents that are referenced to or linked to this server. In no event shall NatureServe 
be liable for any special, indirect, incidental, consequential damages, or for damages of any kind arising out of or in connection with the use 
or performance of information contained in any documents provided by this server or in any other documents which are referenced by or 
linked to this server, under any theory of liability used. NatureServe may update or make changes to the documents provided by this server 
at any time without notice; however, NatureServe makes no commitment to update the information contained herein. Since the data in the 
central databases are continually being updated, it is advisable to refresh data retrieved at least once a year after its receipt. The data 
provided is for planning, assessment, and informational purposes. Site specific projects or activities should be reviewed for potential 
environmental impacts with appropriate regulatory agencies. If ground-disturbing activities are proposed on a site, the appropriate state 
natural heritage program(s) or conservation data center can be contacted for a site-specific review of the project area (see Visit Local 
Programs). 

Feedback Request: NatureServe encourages users to let us know of any errors or significant omissions that you find in the data through 
(see Contact Us). Your comments will be very valuable in improving the overall quality of our databases for the benefit of all users. 
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Genus Size: C - Small genus (6-20 species) 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1998. Check-list of North American birds. Seventh edition. American 
Ornithologists' Union, Washington, DC. 829 pp. 
Concept Reference Code: B98AOU01NAUS 
Name Used in Concept Reference: Zenaida macroura 
Taxonomic Comments: Throughout North America, this species exhibits little mtDNA polymorphism and a shallow phylogeographic structure 
(Ball and Avise 1992). Zenaida graysoni and Z. macroura are considered conspecific by some authors (AOU 1983, but see Baptista et al. 
1983). Zenaida macroura and Z. auriculata constitute a superspecies (AOU 1998). 
Conservation Status  

NatureServe Status 

Global Status: G5  
Global Status Last Reviewed: 24Mar2009 
Global Status Last Changed: 27Nov1996 
Rounded Global Status: G5 - Secure  
Reasons: Large range in North and Central America and West Indies; very large population size and number of occurrences; a major game 
species; relatively stable population; no major threats. 
Nation: United States  
National Status: N5  
Nation: Canada 
National Status: N5 (28Jul2000)  
 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Columbiformes Columbidae Zenaida

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Alabama (S5), Alaska (S3N), Arizona (S5), Arkansas (S5), California (SNR), Colorado (S5), Connecticut (S5), Delaware (S5), 
District of Columbia (S4N,S5B), Florida (SNR), Georgia (S5), Idaho (S5B), Illinois (S5), Indiana (S5), Iowa (S5B,S5N), Kansas 
(S5B), Kentucky (S5), Louisiana (S5), Maine (S5B,S5N), Maryland (S5), Massachusetts (S5), Michigan (S5), Minnesota 
(SNRB,SNRN), Mississippi (S5), Missouri (SNR), Montana (S5B), Navajo Nation (S5B,S3N), Nebraska (S5), Nevada (S5), New 
Hampshire (S5), New Jersey (S5B), New Mexico (S5B,S5N), New York (S5), North Carolina (S5B,S5N), North Dakota (SNRB), 
Ohio (S5), Oklahoma (S5), Oregon (S5), Pennsylvania (S5), Rhode Island (S5B,S5N), South Carolina (SNR), South Dakota (S5B), 
Tennessee (S5), Texas (S5B), Utah (S5B,S3N), Vermont (S5B,S5N), Virginia (S5), Washington (S5B,S5N), West Virginia 
(S5B,S5N), Wisconsin (S5B), Wyoming (S5B,S5N) 

Canada 
Alberta (S5), British Columbia (S4B), Labrador (S2B), Manitoba (S5B), New Brunswick (S5B), Newfoundland Island (S2B), Nova 
Scotia (S5B), Ontario (S5), Prince Edward Island (S5B), Quebec (S5), Saskatchewan (S5B) 

Zenaida macroura - (Linnaeus, 1758)  
Mourning Dove  
Spanish Common Names: Paloma Huilota  
French Common Names: Tourterelle triste  
Related ITIS Name(s): Zenaida macroura (Linnaeus, 1758) (TSN 177125) 
Unique Identifier: ELEMENT_GLOBAL.2.104326  
Element Code: ABNPB04040  
Informal Taxonomy: Animals, Vertebrates - Birds - Other Birds © Dick Cannings
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Other Statuses 

IUCN Red List Category: LC - Least concern  

NatureServe Conservation Status Factors 

Global Abundance: >1,000,000 individuals 
Global Abundance Comments: Total population size is unknown but certainly exceeds 100,000,000. Rich et al. (2004) estimated population 
size at 130,000,000.  

Estimated Number of Element Occurrences: > 300 
Estimated Number of Element Occurrences Comments: This species is represented by a large number of occurrences.  

Global Short Term Trend: Stable (unchanged or within +/- 10% fluctuation in population, range, area occupied, and/or number or condition of 
occurrences) 

Global Long Term Trend: Unknown 
Global Long Term Trend Comments: Trend over past 200 years is unknown. Range and abundance increased is some areas (e.g., southern 
Canada, northeastern United States, West Indies). 
 
Breeding Bird Survey (BBS) for 1966-2007 and for 1980-2007 indicate a stable trend. 
 
Mourning Dove Call Count surveys for 1966-2006 suggest a stable or slightly decreasing trend in the Eastern Management Unit (EMU) and a 
decreasing trend in the Central Management Unit (CMU) and Western Management Unit (WMU), with the greatest decline in the WMU (Dolton 
and Rau 2006). During the past 10 years of this data set, WMU trend was stable.  

Global Protection: Very many (>40) occurrences appropriately protected and managed 
Global Protection Comments: Many occurrences are in protected areas.  
Degree of Threat: Unthreatened 
Threat Scope: Insignificant 

Distribution  
U.S. States and Canadian Provinces 

   
NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for common 

Page 2 of 7Comprehensive Report Species - Zenaida macroura

12/21/2009 3:38:20 PMhttp://www.natureserve.org/explorer/servlet/NatureServe?sourceTemplate=tabular_r...



species have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status refers to the 
status as a non-breeder; these errors will be corrected in future versions of these maps. A species is not shown in a jurisdiction if it is not 
known to breed in the jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species may occur in a jurisdiction as a 
seasonal non-breeding resident or as a migratory transient but this will not be indicated on these maps. See other maps on this web site that 
depict the Western Hemisphere ranges of these species at all seasons of the year.  
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to appear. 
Not all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage migrant range 
depicted. A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp. 

 

Range Map Compilers: NatureServe 2002; NatureServe, 2002; WILDSPACETM 2002 
 
Global Range: >2,500,000 square km (greater than 1,000,000 square miles) 
Global Range Comments: Breeding range extends from southern Canada (southwestern and east-central British Columbia to soutern 
Quebec and Nova Scotia) south to Panama and West Indies. Winter range includes almost all of the breeding range (except notably 
populations in the north-central portion) and extends south to southern Baja California and throughout the remainder of Mexico (Howell and 
Webb 1995), and mainly along the Pacific slope of Central America south to Costa Rica and southwestern Panama (Stiles and Skutch 1989, 
Ridgely and Gwynne 1989). 
 
Introduced (1960s) and established in Hawaii (near Puu Waa Waa, Hawaii). 

Ecology & Life History  
Basic Description: A bird (dove). 

U.S. & Canada State/Province Distribution 
United 
States 

AK, AL, AR, AZ, CA, CO, CT, DC, DE, FL, GA, IA, ID, IL, IN, KS, KY, LA, MA, MD, ME, MI, MN, MO, MS, MT, NC, ND, NE, NH, 
NJ, NM, NN, NV, NY, OH, OK, OR, PA, RI, SC, SD, TN, TX, UT, VA, VT, WA, WI, WV, WY 

Canada AB, BC, LB, MB, NB, NF, NS, ON, PE, QC, SK 
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Reproduction Comments: Protracted breeding season. Clutch size is usually 2. Incubation lasts 13-15 days, by both sexes (male diurnally). 
Young are fed by at least one parent for 27 days (mainly by male after 16 days). Individual pairs may raise 2-5 broods/year. Pair bond usually 
is life-long. 
Ecology Comments: This species forms small to large flocks in the nonbreeding season. 
Non-Migrant: Y 
Locally Migrant: Y 
Long Distance Migrant: Y 
Mobility and Migration Comments: Northern populations arrive in breeding areas in March-April, depart by around mid-September (Terres 
1980). Peak southward migration occurs in August in central U.S. Resident populations in south are augmented in northern winter by migrants 
from northern temperate zone.  
 
Doves banded west of the Continental Divide in Montana, Wyoming, Colorado, and New Mexico were recovered primarily south and west of 
banding areas (34% in Mexico), and recoveries west of the Divide came primarily from bandings west of the main north-south mountain 
ranges; the cordilleras forming the Divide appear to be impediments to east-west migration (Braun 1979). 
Palustrine Habitat(s): Riparian 
Terrestrial Habitat(s): Cropland/hedgerow, Desert, Forest - Conifer, Forest - Hardwood, Forest - Mixed, Grassland/herbaceous, Old field, 
Savanna, Shrubland/chaparral, Suburban/orchard, Woodland - Conifer, Woodland - Hardwood, Woodland - Mixed 
Habitat Comments: Habitats include open woodland, forest edge, cultivated lands with scattered trees and bushes, parks and suburban 
areas, arid and desert country (generally near water), and second growth (Tropical to Temperate zones). Nests are in trees or shrubs, 
sometimes on stumps or rocks or on building ledges, or on the ground. Individuals may nest in an old nest of another species or build its own 
platform of twigs. 
Adult Food Habits: Granivore 
Immature Food Habits: Granivore 
Food Comments: About 98% of diet is seeds (Terres 1980). Diet includes a wide variety of wild seeds as well as waste grain (wheat, corn, 
rye, oats, etc), also some insects. Individuals may fly long distances to water. Feeding occurs mostly on the ground. 
Adult Phenology: Diurnal 
Immature Phenology: Diurnal 
Length: 31 centimeters 
Weight: 123 grams 

Management Summary  
Management Requirements: See Baskett et al. (1993) for information on research and management techniques. Geissler et al. (1987) 
found that September hunting had no substantial effect on recruitment of fledglings into the population (see also Olson and Braun, 1984, J. 
Wildl. Manage. 48:1035-1041). Response to burning: more common on burned plots in breeding season in Arizona (Finch et al. 1997). 
Monitoring Requirements: See Reeves et al. (1968) for information on capture and banding techniques. See Wakeley et al. (1990) for 
auditory census method and forms. 
Population/Occurrence Delineation  
Group Name: LARGE DOVES 
 
Use Class: Breeding  
Minimum Criteria for an Occurrence: Evidence of historical breeding, or current and likely recurring breeding, at a given location, minimally a 
reliable observation of one or more breeding pairs in appropriate habitat. Be cautious about creating EOs for observations that may represent 
single breeding events outside the normal breeding distribution.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 10 km  
Separation Distance for Suitable Habitat: 10 km  
Separation Justification: Based on movement patterns of Mourning Doves. Although Mourning Doves had home ranges averaging 3200 
hectares in Missouri, most activity was within 1.6 kilometers, or within a circle with a diameter of 3.2 kilometers (Tomlinson et al. 1960).  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): .35 km  
Inferred Minimum Extent Justification: Based on small home ranges of the relatively sedentary (in Texas) White-tipped Dove (Boydstun and 
de Young 1988); longer movements of other species may represent commuting trips that are not well-suited to the application of Inferred 
Extent. 
Date: 05Dec2001 
Author: Cannings, S. 
Notes: Contains members of the genera ZENAIDA and LEPTOTILA. 
 
Use Class: Nonbreeding  
Minimum Criteria for an Occurrence: Evidence of recurring presence of nonbreeding flocks (including historical); and potential recurring 
presence at a given location, minimally a reliable observation of 50 birds in appropriate habitat. Occurrences should be locations where the 
species is resident for some time during the appropriate season; it is preferable to have observations documenting presence over at least 20 
days annually. Be cautious about creating EOs for observations that may represent single events.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 10 km  
Separation Distance for Suitable Habitat: 10 km  
Separation Justification: Separation distance arbitrary; set at 10 kilometers to create occurrences that are manageable for conservation 
purposes.  
Date: 22Apr2002 
Author: Cannings, S. 

Economic Attributes Not yet assessed
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Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 24Mar2009 
NatureServe Conservation Status Factors Author: Hammerson, G. 
Element Ecology & Life History Edition Date: 24Mar2009 
Element Ecology & Life History Author(s): Hammerson, G., and S. Cannings 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors and 
cooperators (see Sources).  
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Use Guidelines and Citation  

The Small Print: Trademark, Copyright, Citation Guidelines, Restrictions on Use, and Information Disclaimer. 

Note:All species and ecological community data presented in NatureServe Explorer at http://www.natureserve.org/explorer were updated to 
be current with NatureServe's central databases as of July 17, 2009.  
Note: This report was printed on December 21, 2009  

Trademark Notice: "NatureServe", NatureServe, NatureServe Explorer, The NatureServe logo, and all other names of NatureServe 
programs referenced herein are trademarks of NatureServe. Any other product or company names mentioned herein are the trademarks of 
their respective owners. 

Copyright Notice: Copyright © 2009 NatureServe, 1101 Wilson Boulevard, 15th Floor, Arlington Virginia 22209, U.S.A. All Rights 
Reserved. Each document delivered from this server or web site may contain other proprietary notices and copyright information relating to 
that document. The following citation should be used in any published materials which reference the web site.  

Citation for data on website including State Distribution, Watershed, and Reptile Range maps:  
NatureServe. 2009. NatureServe Explorer: An online encyclopedia of life [web application]. Version 7.1. 
NatureServe, Arlington, Virginia. Available http://www.natureserve.org/explorer. (Accessed: December 21, 
2009 ).  

Citation for Bird Range Maps of North America:  
Ridgely, R.S., T.F. Allnutt, T. Brooks, D.K. McNicol, D.W. Mehlman, B.E. Young, and J.R. Zook. 2003. Digital 
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NatureServe Version 7.1 (2 February 2009) 

Data last updated: July 17, 2009 

Distribution Maps of the Birds of the Western Hemisphere, version 1.0. NatureServe, Arlington, Virginia, USA.  

Acknowledgement Statement for Bird Range Maps of North America:  
"Data provided by NatureServe in collaboration with Robert Ridgely, James Zook, The Nature Conservancy - 
Migratory Bird Program, Conservation International - CABS, World Wildlife Fund - US, and Environment 
Canada - WILDSPACE."  

Citation for Mammal Range Maps of North America:  
Patterson, B.D., G. Ceballos, W. Sechrest, M.F. Tognelli, T. Brooks, L. Luna, P. Ortega, I. Salazar, and B.E. 
Young. 2003. Digital Distribution Maps of the Mammals of the Western Hemisphere, version 1.0. NatureServe, 
Arlington, Virginia, USA.  

Acknowledgement Statement for Mammal Range Maps of North America:  
"Data provided by NatureServe in collaboration with Bruce Patterson, Wes Sechrest, Marcelo Tognelli, Gerardo 
Ceballos, The Nature Conservancy-Migratory Bird Program, Conservation International-CABS, World Wildlife 
Fund-US, and Environment Canada-WILDSPACE."  

Citation for Amphibian Range Maps of the Western Hemisphere:  
IUCN, Conservation International, and NatureServe. 2004. Global Amphibian Assessment. IUCN, Conservation 
International, and NatureServe, Washington, DC and Arlington, Virginia, USA.  

Acknowledgement Statement for Amphibian Range Maps of the Western Hemisphere:  
"Data developed as part of the Global Amphibian Assessment and provided by IUCN-World Conservation 
Union, Conservation International and NatureServe."  

NOTE: Full metadata for the Bird Range Maps of North America is available at: 
http://www.natureserve.org/library/birdDistributionmapsmetadatav1.pdf.  

Full metadata for the Mammal Range Maps of North America is available at: 
http://www.natureserve.org/library/mammalsDistributionmetadatav1.pdf.  

Restrictions on Use: Permission to use, copy and distribute documents delivered from this server is hereby granted under the following 
conditions: 

1. The above copyright notice must appear in all copies;  
2. Any use of the documents available from this server must be for informational purposes only and in no instance for 

commercial purposes;  
3. Some data may be downloaded to files and altered in format for analytical purposes, however the data should still be 

referenced using the citation above;  
4. No graphics available from this server can be used, copied or distributed separate from the accompanying text. Any 

rights not expressly granted herein are reserved by NatureServe. Nothing contained herein shall be construed as 
conferring by implication, estoppel, or otherwise any license or right under any trademark of NatureServe. No 
trademark owned by NatureServe may be used in advertising or promotion pertaining to the distribution of documents 
delivered from this server without specific advance permission from NatureServe. Except as expressly provided 
above, nothing contained herein shall be construed as conferring any license or right under any NatureServe 
copyright.  

Information Warranty Disclaimer: All documents and related graphics provided by this server and any other documents which are 
referenced by or linked to this server are provided "as is" without warranty as to the currentness, completeness, or accuracy of any specific 
data. NatureServe hereby disclaims all warranties and conditions with regard to any documents provided by this server or any other 
documents which are referenced by or linked to this server, including but not limited to all implied warranties and conditions of 
merchantibility, fitness for a particular purpose, and non-infringement. NatureServe makes no representations about the suitability of the 
information delivered from this server or any other documents that are referenced to or linked to this server. In no event shall NatureServe 
be liable for any special, indirect, incidental, consequential damages, or for damages of any kind arising out of or in connection with the use 
or performance of information contained in any documents provided by this server or in any other documents which are referenced by or 
linked to this server, under any theory of liability used. NatureServe may update or make changes to the documents provided by this server 
at any time without notice; however, NatureServe makes no commitment to update the information contained herein. Since the data in the 
central databases are continually being updated, it is advisable to refresh data retrieved at least once a year after its receipt. The data 
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environmental impacts with appropriate regulatory agencies. If ground-disturbing activities are proposed on a site, the appropriate state 
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Programs). 

Feedback Request: NatureServe encourages users to let us know of any errors or significant omissions that you find in the data through 
(see Contact Us). Your comments will be very valuable in improving the overall quality of our databases for the benefit of all users. 
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Genus Size: B - Very small genus (2-5 species) 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1998. Check-list of North American birds. Seventh edition. American 
Ornithologists' Union, Washington, DC. 829 pp. 
Concept Reference Code: B98AOU01NAUS 
Name Used in Concept Reference: Colinus virginianus 
Taxonomic Comments: Some authors include C. NIGROGULARIS in this species (AOU 1983). Formerly in family Phasianidae; placed 
in family Odontophoridae by AOU (1997). 
Conservation Status  

NatureServe Status 

Global Status: G5  
Global Status Last Reviewed: 25Nov1996 
Global Status Last Changed: 25Nov1996 
Rounded Global Status: G5 - Secure  
Nation: United States  
National Status: N5  
Nation: Canada 
National Status: N1N2 (15Jan2001)  
 

Other Statuses 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Galliformes Odontophoridae Colinus

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Alabama (S5), Arizona (S1), Arkansas (S5), Colorado (S4), Connecticut (S4), Delaware (S4), District of Columbia (S1), 
Florida (SNR), Georgia (S5), Idaho (SNA), Illinois (S5), Indiana (S4), Iowa (S5B), Kansas (S5), Kentucky (S5), Louisiana 
(S5), Maryland (S5), Massachusetts (S2), Michigan (S4), Minnesota (SU), Mississippi (S3S4), Missouri (S5), Montana (SNA), 
Nebraska (S5), New Hampshire (SX), New Jersey (S5), New Mexico (S5B,S5N), New York (S4), North Carolina (S5), Ohio 
(S5), Oklahoma (S5), Oregon (SNA), Pennsylvania (S1), Rhode Island (S4B,S4N), South Carolina (S4), South Dakota (S4), 
Tennessee (S2S3), Texas (S4B), Vermont (SNA), Virginia (S5), Washington (SNA), West Virginia (S3B,S3N), Wisconsin 
(S3B), Wyoming (S1) 

Canada British Columbia (SNA), Ontario (S1) 

Colinus virginianus - (Linnaeus, 1758)  
Northern Bobwhite  
Spanish Common Names: Codorniz Cotuí  
French Common Names: Colin de Virginie  
Related ITIS Name(s): Colinus virginianus (Linnaeus, 1758) (TSN 175863)
Unique Identifier: ELEMENT_GLOBAL.2.106280  
Element Code: ABNLC21020  
Informal Taxonomy: Animals, Vertebrates - Birds - Other Birds

 
Search for Images on Google
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Implied Status under the U.S. Endangered Species Act: PS  
Canadian Species at Risk Act (SARA) Schedule 1/Annexe 1 Status: E (14Jul2005)  
Committee on the Status of Endangered Wildlife in Canada (COSEWIC): Endangered (01Nov2003)  
IUCN Red List Category: NT - Near threatened  
Comments on official statuses: Subspecies RIDGWAYI of Arizona and Sonora is listed by USFWS as Endangered. 

NatureServe Conservation Status Factors 

Global Short Term Trend: Declining (decline of 10-30%) 
Global Short Term Trend Comments: North American Breeding Bird Survey (BBS) data indicate that, from 1966-1998, populations 
underwent a significant rangewide decline of -2.7%/year. Significant declines occurred in nearly every state within their geographic 
range. The rate of decline has increased through time. Rangewide, the population declined at a statistically insignificant rate of -
0.6%/year from 1966-1979, but declined significantly at a rate of -3.5%/year from 1980-1998 (Sauer et al. 1999). Similarly, Christmas 
Bird Count (CBC) data indicate a rangewide decline of -2.6%/year from 1959-1988. Declines are statistically significant in nearly every 
state (Sauer et al. 1996). The species has been nearly extirpated from Ontario, Canada (Page and Austen 1994).  

Threats: HABITAT CHANGE/FRAGMENTATION: Principal threat appears to be habitat loss and fragmentation associated with 
changing land use, particularly clean farming techniques, single crop production, plantation forestry, fire suppression, replacement of 
native grass pasture with Tall Fescue, and over-grazing by cattle (Barnes et al. 1995, Brennan 1991, Brennan 1999, Brennan et al. 1998, 
Dumke 1982 cited in Page and Austen 1994, Engstrom et al. 1984, Klimstra and Scott 1957, Lee and Brennan 1994, Roseberry and 
Klimstra 1984, Roseberry et al. 1979, Vance 1976). Due principally to habitat alteration, only about 24% of the state of Illinois contains 
suitable habitat at the landscape level (Roseberry and Sudkamp 1998). Browsing by White-tailed Deer (ODOCOILEUS VIRGINIANUS) 
reduces vegetative cover and seed production of important food plants (Stokes et al. 1994). RED IMPORTED FIRE ANTS: In the 
southern portion of the range, the Red Imported Fire Ant (SOLENOPSIS INVICTA) has been implicated in the Northern Bobwhite 
decline. Experimental studies have shown that exposure to Red Imported Fire Ants can alter chick behavior, and reduce chick biomass 
and survival (Giuliano et al. 1996, Mueller et al. 1999, Pederson et al. 1996). In Texas, examination of CBC data indicated a decline in 
abundance following Red Imported Fire Ant infestation (Allen et al. 1995). In addition to direct effects, Red Imported Fire Ants may 
indirectly impact bobwhites by reducing the abundance and diversity of the native invertebrate fauna (Porter and Savignano 1990). The 
impact of Red Imported Fire Ants is not readily separated from habitat degradation because Red Imported Fire Ant populations respond 
favorably to such disturbances as overgrazing which, in itself, negatively impacts bobwhite populations. The negative impacts of Red 
Imported Fire Ants may be limited to polygyne (multiple queen) colonies which attain much higher densities than monogyne (single 
queen) colonies (L. Brennan, pers. comm.). PREDATION: Predation is an important source of mortality, particularly during the breeding 
season (Burger et al. 1995a, Roseberry and Klimstra 1984, Stoddard 1931 cited in Brennan 1999). Nearly every opportunistic terrestrial 
predator within the range of the bobwhite will prey on eggs, young or adults (Brennan 1999). The primary known mammalian predators 
include Raccoon (PROCYON LOTOR), Virginia Opossum (DIDELPHIS VIRGINIANUS), Striped Skunk (MEPHITIS MEPHITIS), Red Fox 
(VULPES VULPES), and Coyote (CANIS LATRANS; Brennan 1999, Lehmann 1946). Other important predators include birds, snakes, 
and domestic cats and dogs (Brennan 1999, Burger et al. 1995a, Klimstra and Scott 1957, Page and Austen 1994, Robinette and Doerr 
1993). OTHER: Large flocks of wintering Canada Geese (BRANTA CANADENSIS) can deplete all waste grain from crop fields, thereby 
eliminating an important food source (Fernald 1977 cited in Roseberry and Klimstra 1984). In northern portions of the range, prolonged 
cold weather and/or heavy snow cover can reduce winter survival (Page and Austen 1994, Robel and Kemp 1997, Roseberry and 
Klimstra 1984). Excessive rainfall and drought can also limit populations (Brennan 1999). Ingestion of spent lead shot is an insignificant 
threat (Best et al. 1992).  

Distribution  
U.S. States and Canadian Provinces 
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NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for 
common species have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status 
refers to the status as a non-breeder; these errors will be corrected in future versions of these maps. A species is not shown in a 
jurisdiction if it is not known to breed in the jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species 
may occur in a jurisdiction as a seasonal non-breeding resident or as a migratory transient but this will not be indicated on these maps. 
See other maps on this web site that depict the Western Hemisphere ranges of these species at all seasons of the year.  
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to 
appear. Not all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage 
migrant range depicted. A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp.

U.S. & Canada State/Province Distribution 
United 
States 

AL, AR, AZ, CO, CT, DC, DE, FL, GA, IA, ID , IL, IN, KS, KY, LA, MA, MD, MI, MN, MO, MS, MT , NC, NE, NH , NJ, 
NM, NY, OH, OK, OR , PA, RI, SC, SD, TN, TX, VA, VT , WA , WI, WV, WY 

Canada BC , ON 
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Range Map Compilers: NatureServe, 2002; WILDSPACETM 2002 
 
Global Range: >2,500,000 square km (greater than 1,000,000 square miles) 
Global Range Comments: RESIDENT: southeastern Wyoming to southern Ontario and New England, south through the central and 
eastern U.S. to Guatemala and Florida; also in southeastern Arizona (reintroduction in progress) and eastern Sonora (AOU 1998, 
Brennan 1999). INTRODUCED: established in Washington, Oregon, Cuba, Hispaniola, Puerto Rico, St. Croix, the Bahamas, and New 
Zealand (AOU 1998). 
 

Ecology & Life History  
Basic Description: A bird (quail). 

Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
AZ Pima (04019) 

PA Chester (42029), Crawford (42039) 

WY Goshen (56015) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed Region  Watershed Name (Watershed Code)
02 Lower Susquehanna (02050306)+ 

05 French (05010004)+ 

10 Middle North Platte-Scotts Bluff (10180009)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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Reproduction Comments: Eggs laid as early as April in the south, but not until May in the north. Renests as late as September, or even 
October in south Texas. Clutch size averages 12-14 eggs and ranges from 7-28 eggs. Requires approximately 18 days to complete a 
clutch. Incubation, by one or both sexes, begins after the last egg is laid and averages 23 days. Hatching is synchronous. One or both 
sexes brood the young for the first two weeks of life. Females can produce up to three broods per season. Young are capable of flight 
about two weeks after hatching and both sexes are capable of breeding in the first year after hatching (Brennan 1999). Above average 
rainfall and cooler temperatures, particularly in arid regions, increases reproductive success (Kiel 1976, Lehmann 1953). 
Ecology Comments: POPULATION PARAMETERS: Incurs high annual mortality resulting in a short life span and rapid population 
turnover (Brennan 1999). Of 1156 birds banded, only one was recovered 5 years after banding (Marsden and Baskett 1958). Oldest 
known wild bird lived 6 years, 5 months (Marsden 1961); however, most individuals live less than one year (Brennan 1999). Adult 
females suffer higher mortality than adult males, but the mortality rate of young is not significantly different from adults (Burger et al. 
1995a, Pollock et al. 1989). In Missouri, mortality was higher from fall to spring than from spring to fall (Burger et al. 1995a). In North 
Carolina, winter survivorship and summer population densities were higher in non-hunted areas than hunted areas (Robinette and Doerr 
1993). Hunter harvest may be additive to natural mortality (Pollock et al. 1989, Robinette and Doerr 1993, Roseberry and Klimstra 1984),
especially during the latter part of the hunting season (L. Brennan, pers. comm.). On average, annual mortality is about 70% and net 
production is 2.33 juveniles per adult in southern portions of the range; whereas in northern areas, annual mortality is about 80% and net 
production is approximately 4 juveniles per adult (Guthery 1997). Sex ratios are male biased, possibly due, in part, to greater mortality 
incurred by adult females (Burger et al. 1995a, Roseberry and Klimstra 1984).  
 
DENSITY/HOME RANGE: Although densities of 2.2 birds/ha are common on managed areas, densities as high as 6.6-7.6 birds/ha have 
been observed on private hunting plantations in the southeastern U.S. pinelands and on Texas coastal rangelands, respectively 
(Brennan 1999). Densities on areas not managed for quail range from 0.14-0.65 birds/ha (Roseberry and Klimstra 1984). Size of home 
range varies with habitat conditions and reproductive status (Brennan 1999). In Mississippi, home ranges of males ranged from 9.9-282 
hectares (Lee 1994 cited in Brennan 1999) and those of females ranged from 11.2-44.1 hectares (Manley 1994 cited in Brennan 1999). 
In north Florida, home ranges of males and females ranged from 3.4-47.7 hectares (mean = 16.0; DeVos and Mueller 1993). On two 
study sites in Kansas, female home range size averaged 54 hectares and 75 hectares, whereas male home range size averaged 65 
hectares and 103 hectares (Taylor et al. 1999a). In Texas, home ranges of females averaged 0.7 hectares and 1.4 hectares with 
prefledging and postfledging broods, respectively (Taylor and Guthery 1994).  
 
AGGREGATIONS: Outside the breeding season Northern Bobwhites are gregarious and form coveys, generally consisting of 10-15 
birds. Coveys occupy 3.3-20 hectares of habitat. Birds in a covey roost together overnight in a circle, facing out, as a means of 
conserving heat (Johnsgard 1973).  
 
PARASITES: Internal parasites include helminths and nematodes; external parasites include lice, ticks, mites, and fleas. Known 
diseases include avian pox, ulcerative enteritis, quail bronchitis, and histomoniasis (Brennan 1999). Parasite loads and the number of 
species of endoparasites infecting quail tends to be higher in areas of relatively high quail densities (Dimmick 1992 cited in Brennan 
1999). 
Non-Migrant: Y 
Locally Migrant: N 
Long Distance Migrant: N 
Mobility and Migration Comments: Typically sedentary, year-round residents, although seasonal movements have been observed 
between low-elevation wintering habitat and high-elevation breeding habitat in the Smoky Mountains of the southeastern U.S. 
(Johnsgard 1973, Brennan 1999). 
Palustrine Habitat(s): Riparian 
Terrestrial Habitat(s): Cropland/hedgerow, Grassland/herbaceous, Old field, Savanna, Shrubland/chaparral, Woodland - Conifer, 
Woodland - Hardwood, Woodland - Mixed 
Habitat Comments: Inhabits a wide variety of vegetation types, particularly early successional stages. Occurs in croplands, grasslands, 
pastures, fallow fields, grass-brush rangelands, open pinelands, open mixed pine-hardwood forests, and habitat mosaics (Brennan 
1999). In the Midwest and Northeast, associated principally with heterogeneous, patchy landscapes comprised of moderate amounts of 
row crops and grasslands and abundant woody edge (Burger and Linduska 1967, Roseberry and Sudkamp 1998). Open canopy (<50%) 
pinelands and mixed pine-hardwood forests that have diverse groundcover vegetation, provide ideal habitat in the south (Brennan 1999, 
DeVos and Mueller 1993). In Texas rangelands, prefers areas containing the most bare ground, least grass cover, and most tall forbs 
(Hammerquist-Wilson and Crawford 1981). In the Oklahoma panhandle, prefers wooded riparian habitats (Schemnitz 1964). Selects 
more open, taller vegetation types than Scaled Quail (CALLIPEPLA SQUAMATA) in areas of sympatry in Texas (Reid et al. 1979). Nests 
on the ground, in a scrape lined with grasses and/or other dead vegetation, typically within standing herbaceous vegetation within 15-20 
m of openings such as roads or fields. Grasses are typically woven over the top of the nest to conceal it (Brennan 1999). 
Adult Food Habits: Frugivore, Granivore, Herbivore, Invertivore 
Immature Food Habits: Frugivore, Granivore, Herbivore, Invertivore 
Food Comments: Forages individually or in groups (coveys) by picking food items off the ground or from vegetation that can be reached 
from the ground. Scratches through leaf litter and dry, dead vegetation. Known to eats seeds of at least 650 plant species, including 
agricultural crops. Important plant foods include legumes, grasses, pine and oak mast, and fruits. Also consumes buds, tender leaves, 
and a wide variety of arthropods. Arthropods are especially important (>80%) in the diet of chicks. Although surface water is used when 
available, it is not necessary for survival or successful reproduction (Brennan 1999). 
Adult Phenology: Crepuscular, Diurnal 
Immature Phenology: Crepuscular, Diurnal 
Phenology Comments: Peaks in feeding activity in early morning and in late afternoon until dark (Johnsgard 1973). 
Length: 25 centimeters 
Weight: 178 grams 
Economic Attributes  
Economic Comments: The most popular game bird in the U.S., with millions harvested each year. 
Management Summary  
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Stewardship Overview: North American Breeding Bird Survey (BBS) and Christmas Bird Counts (CBC) indicate a significant 
rangewide population decline during the last 30 years. Declines are thought to be the result of habitat loss and fragmentation 
associated with changing land use, particularly clean farming techniques, single crop production, plantation forestry, fire suppression, 
replacement of native-grass pasture with Tall Fescue (FESTUCA ARUNDINACEA), and over-grazing by cattle. In addition, the Red 
Imported Fire Ant (SOLENOPSIS INVICTA) has been implicated as a causative agent of the decline where sympatric with Northern 
Bobwhites. In agricultural landscapes, land managers should strive to create a heterogeneous environment consisting of moderate 
amounts of row crops and grasslands and abundant woody edge. On western rangelands, habitat can be optimized by varying cattle 
density (and thus grazing intensity) with site productivity. Frequent prescribed fire is the best management tool in the southeastern 
pinelands. Monitoring methods include whistle counts of calling males, line transects, and mark-recapture sampling. 
Restoration Potential: Because the species responds well to management, restoration potential is good (Page and Austen 1994). For 
example, In Arkansas, breeding birds were significantly more abundant in forested stands after the canopy was opened by thinning and 
prescribed fire, than in untreated stands (Wilson et al. 1995). The number of coveys increased from 16 to 80 in four years following 
management (strip discing) on a 3400-acre (1376 ha) farm in Tippah County, Mississippi (Brennan 1993). The restoration potential may 
remain unrealized in agricultural states such as Illinois, however, because present-day land use, which is not beneficial to quail, is 
unlikely to change (Roseberry and Sudkamp 1998). 
Preserve Selection & Design Considerations: Early-successional habitats are considered optimum in forested habitats (Ellis et al. 
1969, Roseberry et al. 1979). In agricultural regions, heterogeneous landscapes consisting of moderate amounts of row crops and 
grasslands, along with abundant woody edge provide optimum habitat (Roseberry and Sudkamp 1998). Optimum habitat has been 
described as consisting of 30-40% grassland, 40-60% cropland, 5-20% brushy cover, and 5-40% woodland cover (Johnsgard 1973). On 
western rangelands, site productivity influences the appropriateness of successional stage. Late successional stages provide the best 
habitat on sites with low productivity, whereas early successional stages provide the best habitat on site with high productivity (Guthery 
1997). Frequent habitat disturbance (e.g., soil disturbance, fire) is essential to prevent loss of preferred early-successional habitats. 
Although there are no definitive data on optimum size of an area needed to support Northern Bobwhites in the long term, researchers 
suspect that 202-404 hectares (500-1000 acres) are required (L. Brennan, pers. comm.). 
Management Requirements: On western rangelands, habitat can be optimized by varying cattle density (and thus grazing intensity) 
with site productivity (Guthery 1997). More productive sites can be grazed more heavily than less productive sites as this provides the 
early successional vegetative stage preferred (Spears et al. 1993). On less productive sites, however, later successional stages should 
be maintained by relatively light continuous grazing or rotational grazing (Campbell-Kissock et al. 1984, Campbell-Kissock et al. 1985). 
Heavily grazed pastures in the Midwest and the Southeast are of no use to quail (Klimstra and Scott 1957, Murray 1958, Roseberry and 
Klimstra 1984). In the Midwest and Northeast, populations respond well to increased edge and early successional habitats (Burger and 
Linduska 1967, Ellis et al. 1969, Hanson and Miller 1961). Prescribed fire is also an important management tool, especially in the 
southeast (Brennan et al. 1995, Gutierrez and Brennan 1998). Numbers of individuals are higher in areas managed by fire than those not 
burned (Brennan 1991, Wilson et al. 1995). Prescribed fire increases arthropod abundance and facilitates travel of chicks through 
groundcover vegetation (Hurst 1972). Fire also reduces hardwood encroachment and promotes the sun-loving groundcover plant 
species essential for food and cover (Platt et al. 1988, Waldrop et al. 1992). Because Northern Bobwhites respond favorably to fire, 
habitat management for Red-cockaded Woodpeckers (PICOIDES BOREALIS) is compatible with quail management (Brennan 1991, 
Brennan and Fuller 1993). The suitability of cropfields as habitat can be improved by providing adjacent strips of early-successional 
herbaceous vegetation (Palmer et al. 1998, Puckett et al. 1995). Retaining thorny brush on grazed areas provides protection for nesting 
birds (Bareiss et al. 1986). Density can be enhanced by reductions in Red Imported Fire Ant density (Allen et al. 1995). Strip discing 
increases arthropod biomass during quail egg laying and brood-rearing periods (Manley et al. 1994), and populations respond positively 
to strip discing (Brennan 1993). Agricultural and silvicultural practices that retain streamside vegetation also benefit this species (Keller et 
al. 1993). In the northern portion of the range, supplemental food can increase winter survivorship during extreme winter weather (Robel 
and Kemp 1997, Townsend et al. 1999). Food plots, however, do not increase population size (Guthery 1997). Provision of supplemental 
water is not necessary as bobwhites are capable of obtaining ample water from other sources (Guthery 1999, Guthery and Koerth 1992). 
Taking erodible farm land out of production through enrollment in the Conservation Reserve Program (CRP) can provide suitable quail 
habitat (Burger et al. 1990, Burger et al. 1995b, Stauffer et al. 1990, Taylor et al. 1999a, 1999b). However, the full potential of the CRP in 
improving habitat for quail in not always realized. Tall Fescue (FESTUCA ARUNDINACEA), which is unsuitable for bobwhite as cover or 
food (Barnes et al. 1995), is the dominant grass species seeded into CRP lands (Osborn et al. 1992 cited in Washburn et al. 2000). 
Mowing and/or haying during the nesting season, as well as tree establishment, also reduce the effectiveness of the CRP in providing 
quail habitat (Hays and Farmer 1990, Stauffer et al. 1990). Tall Fescue dominance can be reduced by discing and herbicide application, 
or burning and herbicide application followed by establishment of native warm-season grasses (Madison et al. 1995, Washburn et al. 
2000). In his summary paper, Guthery (1997) posits the common sense tenet that populations can be maximized when land managers 
make all points within an area usable by quail at all times. 
Monitoring Requirements: Various techniques are used to estimate abundance, each with its own inherent bias. Whistle counts are 
used during summer or fall to estimate the size of the male population (Norton et al. 1961, Rosene 1957). Whistle counts are relatively 
inexpensive and can be completed in a relatively short period of time. However, the relationship between call counts and population size 
is unknown (Coody 1991). The standard call count technique can be improved by utilizing taped calls of the female. Significantly more 
males were detected after playing taped calls of females than detected using the standard call count technique (Coody 1991). Population 
size can also be estimated by line transect sampling (Guthery 1988). However, this technique is unsatisfactory in areas with low quail 
densities (Kuvlesky et al. 1989 cited in Janvrin et al. 1991). In addition, some birds do not flush, even when stepped over, and others 
avoid detection by cryptically moving away from the transect line. These behaviors violate certain assumptions of the line transect 
method (Janvrin et al. 1991). Drive counts, in which researchers, spaced about 10 meters apart, walk across an area in parallel lines, are 
also used to estimate quail populations (Janvrin et al. 1991, Roseberry and Klimstra 1984). In a study of the efficacy of drive counts 
using radio-telemetered birds, 56% of individuals and 61% of coveys were detected during drive counts. The authors of this study 
recommend using the detection rate of individuals rather than coveys because partial covey flushes produce an underestimation of 
covey size which results in an underestimation of population size. Furthermore, they suggest conducting at least three drive counts to 
account for temporal variation in the number of quail inhabiting an area (Janvrin et al. 1991). Mark-recapture techniques (e.g., banding) 
can also be used to monitor and assess populations. These techniques not only provide data on abundance, but also survival and 
demography (L. Brennan, pers. comm.). 
 
Management Programs: The Tall Timbers Research Station, Tallahassee, Florida conducts research and maintains a bobwhite 
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database as part of a larger fire ecology database (www.talltimbers.org). Quail Unlimited, Inc. also provides management information 
and supports research (www.qu.org). Links to other agencies and organizations involved with quail research, management, and/or 
hunting are provided at these websites. 
Monitoring Programs: State wildlife agencies regularly perform population estimates. Also monitored on some North American 
Breeding Bird Survey (BBS) routes and during Christmas Bird Counts (CBC; Sauer et al. 1996, Sauer et al. 1999). 
Management Research Programs: See the websites for the Tall Timbers Research Station (www.talltimbers.org) and Quail Unlimited, 
Inc. (www.qu.org) and links within. 
Management Research Needs: Despite being one of the most intensively studied and managed bird species in the world (Scott 1985), 
many management-related questions remain. Of particular importance are studies that rigorously test influences of various forms of 
habitat management, hunting pressure, grazing, agriculture, silviculture, predation, interspecific competition, variations in weather, 
pesticide application, and release of captive-raised stock. Additional research is needed to determine causes of the rangewide 
population declines and ways of reversing them (Brennan 1999). 
Biological Research Needs: Need a comprehensive systematic study of subspecies, as well as studies of genetic variation at 
landscape, regional, and local scales; biological mechanisms that govern movements and spacing; regional variations in vocalizations; 
and sociobiology (Brennan 1999). 
Population/Occurrence Delineation  
Group Name: QUAIL 
 
Use Class: Breeding  
Minimum Criteria for an Occurrence: Evidence of historical presence, or current and likely recurring presence, at a given location, 
minimally a reliable observation of one or more individuals in appropriate habitat. Be cautious about creating EOs for observations that 
may represent single observations outside the normal breeding distribution.  
 
If a population moves between a breeding area and a widely separate nonbreeding area, consider creating a separate breeding and 
nonbreeding occurrences.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: High potential for gene flow among populations of even relatively sedentary birds such as quail make it 
difficult to circumscribe occurrences on the basis of meaningful population units without occurrences becoming too large. Hence, a 
moderate, standardized separation distance has been adopted for quail; it should yield occurrences that are not too spatially expansive 
while also accounting for the likelihood of gene flow among populations within a few kilometers of each other. If locations farther apart 
than the separation distance are known to represent a single population, treat these as parts of the same occurrence, regardless of the 
distance. 
 
Summer ranges of California Quail are larger and more scattered than winter ranges; home ranges of laying females in Oregon ranged 
from 6 to 77 hectares (Calkins et al. 1999). Home ranges of Bobwhites vary tremendously; from about 4 to about 100 hectares, up to 282 
hectares in low quality habitat (Taylor et al. 1999a, Lee 1994, Manley 1994, DeVos and Mueller 1993). Montezuma Quail have very small 
home ranges; pairs are often found in the same areas (50 square meters) year after year; covey home ranges after breeding are about 
1-2 hectares (Bishop 1964, Stromberg 2000). Mountain Quail relatively sedentary during breeding season, but can travel at least 25 
kilometers to avoid snow in winter (Gutierrez and Delehanty 1999).  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): .3 km  
Inferred Minimum Extent Justification: Based on a home range of 6 hectares. 
Date: 10Sep2004 
Author: Cannings, S., and G. Hammerson 
 
Use Class: Nonbreeding  
Subtype(s): Winter range  
Minimum Criteria for an Occurrence: Evidence of recurring presence of wintering individuals (including historical) at least several 
kilometers outside their breeding area; and potential recurring presence at a given location, minimally a reliable observation of 10 birds in 
appropriate habitat. Occurrences should be locations where the species is resident for some time during the appropriate season; it is 
preferable to have observations documenting presence over at least 20 days annually. Be cautious about creating EOs for observations 
that may represent single events.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Separation distance is an arbitrary value intended to result in occurrences of reasonable geographic scope. If 
locations farther apart than the separation distance are known to represent a single population, treat these as parts of the same 
occurrence, regardless of the distance. 
 
Winter ranges of California Quail are smaller than summer ranges (Calkins et al. 1999). Mountain Quail relatively sedentary during 
breeding season, but can travel at least 25 kilometers to avoid snow in winter (Gutierrez and Delehanty 1999).  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): .3 km  
Inferred Minimum Extent Justification: Based on a relatively small home range of 6 hectares. 
Date: 10Sep2004 
Author: Cannings, S., and G. Hammerson 
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Use Class: Not applicable  
Minimum Criteria for an Occurrence: Evidence of historical presence, or current and likely recurring presence, at a given location, 
minimally a reliable observation of one or more individuals in appropriate habitat. Be cautious about creating EOs for observations that 
may represent single observations outside the normal breeding distribution.  
 
If a population moves between a breeding area and a widely separate nonbreeding area, consider creating a separate breeding and 
nonbreeding occurrences.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: High potential for gene flow among populations of even relatively sedentary birds such as quail make it 
difficult to circumscribe occurrences on the basis of meaningful population units without occurrences becoming too large. Hence, a 
moderate, standardized separation distance has been adopted for quail; it should yield occurrences that are not too spatially expansive 
while also accounting for the likelihood of gene flow among populations within a few kilometers of each other. If locations farther apart 
than the separation distance are known to represent a single population, treat these as parts of the same occurrence, regardless of the 
distance. 
 
Date: 21Sep2004 
Author: Cannings, S., and G. Hammerson 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Author: PALIS, J. 
Management Information Edition Date: 28Jun2000 
Management Information Edition Author: PALIS, J: REVISIONS BY S. CANNINGS 
Management Information Acknowledgments: The author thanks Ann Bruce and Leonard Brennan for sharing literature housed in the 
Tall Timbers Research Station library and Leonard Brennan for reviewing an earlier draft of this document. Support for the preparation of 
this abstract was provided by the U.S. Air Force Arnold Engineering Development Center through The Nature Conservancy's Tennessee
Field Office and Wings of the Americas program. 
Element Ecology & Life History Edition Date: 10Feb1995 
Element Ecology & Life History Author(s): HAMMERSON, G. AND J. PALIS 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors 
and cooperators (see Sources).  
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Genus Size: A - Monotypic genus 

Concept Reference  
Concept Reference: Crother, B. I., J. Boundy, J. A. Campbell, K. de Queiroz, D. R. Frost, R. Highton, J. B. Iverson, P. A. Meylan, T. 
W. Reeder, M. E. Seidel, J. W. Sites, Jr., T. W. Taggart, S. G. Tilley, and D. B. Wake. 2000 [2001]. Scientific and standard English 
names of amphibians and reptiles of North America north of Mexico, with comments regarding confidence in our understanding. Society 
for the Study of Amphibians and Reptiles, Herpetological Circular No. 29. 82 pp. 
Concept Reference Code: B00CRO01NAUS 
Name Used in Concept Reference: Macrochelys temminckii 
Taxonomic Comments: This species represents one of only two living genera (each with one living species) in the family. Until recently, 
this turtle was included in the genus Macroclemys. However, Webb (1995, Chelonian Conservation and Biology 1:322-323) 
demonstrated that the generic name Macrochelys has priority over Macroclemys. Crother et al. (2000) and Crother (2008) agreed with 
this conclusion and treated this species as a member of Macrochelys.  
 
MtDNA data indicate three distinctive, regional population assemblages in the southeastern United States: Suwannee River (the most 
distinctive); all drainages from the Pensacola River in western Florida to the Trinity River in Texas; and all drainages in the Florida 
panhandle between the Pensacola and Suwannee rivers (Roman et al., 1999; Walker and Avise 1998). In addition, samples from each of 
several Gulf Coast river drainages display fixed genetic differences, indicating strong contemporary restrictions on interdrainage gene 
flow. 
Conservation Status  

NatureServe Status 

Global Status: G3G4  
Global Status Last Reviewed: 29Jan2009 
Global Status Last Changed: 21Oct1996 
Rounded Global Status: G3 - Vulnerable  
Reasons: Fairly large range in southeastern United States; has undergone a substantial decline in most of the range, due mainly to 
overharvest and habitat loss and degradation. 
Nation: United States  
National Status: N3N4  
 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Chelonia Cryptodeira Chelydridae Macrochelys

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 
United 
States 

Alabama (S3), Arkansas (S3S4), Florida (S3), Georgia (S3), Illinois (S1), Iowa (SU), Kansas (S1), Kentucky (S2), Louisiana 
(S3), Mississippi (S3), Missouri (S2), Oklahoma (S2), Tennessee (S2S3), Texas (S3) 

Macrochelys temminckii - (Troost, in Harlan, 1835)  
Alligator Snapping Turtle  
Other Related Name(s): Macroclemys temminckii (Harlan, 1835)  
Related ITIS Name(s): Macrochelys temminckii (Troost in Harlan, 1835) (TSN 668671)
Unique Identifier: ELEMENT_GLOBAL.2.102590  
Element Code: ARAAB02010  
Informal Taxonomy: Animals, Vertebrates - Turtles 

 
Search for Images on Google
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Other Statuses 

IUCN Red List Category: VU - Vulnerable  
Convention on International Trade in Endangered Species Protection Status (CITES): Appendix III  

NatureServe Conservation Status Factors 

Global Abundance: 2500 - 100,000 individuals 
Global Abundance Comments: Total adult population size is unknown but presumably is at least a few thousand and likely exceeds 
10,000. Some Florida populations are still locally dense (D. Jackson, pers. obs.). Recent trapping surveys found that this species is still 
locally common in Spring Creek and tributaries of the Chattahoochee River (Apalachicola River drainage) in Georgia (Jensen and 
Birkhead 2003). Abundance and density are poorly known in most parts of the range. In two states where active research recently has 
occurred (Florida and Tennessee), researchers believe that the alligator snapping turtle is less rare than previously thought (D. Jackson, 
pers. obs.; F. Scott, pers. comm., 1992).  
 
Judging from past harvest rates in Louisiana and Georgia (Johnson 1989), some populations historically must have been very large. One 
individual trapper legally harvested 4,000-5,000 adult M. temminckii from the Flint River and its tributaries between 1971 and 1983 
(Johnson 1989). In Louisiana, alligator snappers ranged from 4% to 12.5% of all the turtles trapped in four locations (Cagle and Chaney 
1950, cited in Ernst and Barbour 1972). The authors thought they may have under-sampled, because of techniques.  
 
Floyd Scott (pers. comm., 1992) reported that in a recent 32-day trapping effort for alligator snappers in Kentucky Lake, Tennessee, he 
and J. Koons caught only two individuals out of 832 turtles (representing seven species) trapped (0.24%). A third individual was caught 
by a sport fisherman on a trotline.  

Estimated Number of Element Occurrences: 21 - 300 
Estimated Number of Element Occurrences Comments: Number of occurrences has not been determined using standardized 
criteria; the number largely depends upon treatment of records within same river system. Nonetheless, even if occurrences encompass 
large areas, the species is represented by at least several dozen extant occurrences.  
 
Pritchard (1989) showed more than 200 localities in at least 14 separate systems, and Trauth et al. (2004) mapped more than 100 
collection localities in Arkansas alone, but the species no longer occurs in some of these historical locations. On the other hand, in 
southeastern Louisiana, 200 alligator snapping turtles were trapped in virtually all (32 of 33) surveyed sites, with no evidence of a 
significant decline in number of occurrences or area of occupancy (Boundy and Kennedy 2006).  

Global Short Term Trend: Rapidly declining to stable (+/-10% fluctuation to 50% decline) 
Global Short Term Trend Comments: The species is thought to be declining throughout its range (Reed et al. 2002). The 
recent/current rate of decline is unknown but likely is less than it was a few decades ago and may be less than 50 percent over three 
generations (= several decades).  

Global Long Term Trend: Very large to moderate decline (decline of 25% to >90%) 
Global Long Term Trend Comments: Direct information on population trend is limited, but loss and degradation of habitat in many 
historically occupied sites, and reductions in trapping success in remaining suitable habitat, indicate that a large decline in area of 
occupancy and abundance has occurred in most parts of the range (Pritchard 1989, Moler 1996, Heck 1998, Reed et al. 2002, Jensen 
and Birkhead 2003, Riedle et al. 2005, Shipman and Riedle 2008). Pritchard (1989) speculated that this turtle has declined (up to 95%) 
over much of its range.  

Global Protection: None to several (0-12) occurrences appropriately protected and managed 
Global Protection Comments: Parts of inhabited systems are included in many managed areas, including at least 20 in Florida; 
however, none protects the population of an entire river system..  
 
This species is protected to some degree by all states within its range. Some states prohibit any harvest. Louisiana prohibits commercial 
harvest but allows recreational harvest of 1 per day per boat or vehicle.  
Global Protection Needs: This species needs better protection from harvest, protection of its riverine habitat (i.e., no degradation, 
impoundment, dredging, or pollution), and protection of nesting areas (Ewert and Jackson 1994).  
 
Pritchard (1992) recommended that this species be protected from trapping for at least a decade in order to allow populations to recover.

Degree of Threat: Substantial, imminent threat 
Threat Scope: High 
Threat Severity: Moderate 
Threat Immediacy: High 
Threats: Ongoing threats include habitat alteration and fragmentation, water pollution, deliberate harvest for human consumption, and 
incidental catch by commercial fishers. Overharvesting and habitat alteration are the major threats (Reed et al. 2002, Riedle et al. 2005).
 
Commercial exploitation and other harvest for human consumption (and to a much lesser extent the pet trade) undoubtedly reduced 
populations of this species in much of its range (Pritchard 1992, Trauth et al. 1998, Reed et al. 2002, Riedle et al. 2005, Shipman and 
Riedle 2008). Commercial trappers harvested this species in large numbers in the 1970s and early 1980s to provide meat to soup 
canneries (Jensen et al. 2008). Arkansas may be one of the few remaining areas where overexploitation has not yet depleted the 
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population beyond the possibility of natural recovery (Trauth et al. 1998), though Riedle et al. (in press) provided evidence that with the 
removal of harvest, populations of alligator snapping turtles in remaining suitable habitat in Missouri will recover over time. Commercial 
harvest is now illegal in most areas, but illegal harvest continues to some degree. Recently, three men were arrested in Florida for illegal 
possession of 33 alligator snapping turtles weighing more than 725 kilograms. 
 
Unattended trotlines have, through inadvertent snagging of turtles, resulted in mortality in Missouri (Santhuff 1993). Jensen and Birkhead 
(2003) stated that mortality on set-lines and trotlines may inhibit recovery in Georgia. 
 
Dams have blocked passage on many rivers, but it is unclear how effective dams may be in isolating populations and preventing gene 
exchange; populations can survive in impoundments. However, Riedle et al. (2005) noted a drastic decline of alligator snapping turtles in 
Oklahoma, due in part to thermal alteration by hypolimnetic releases from impoundments. 
 
Water pollution and erosion associated with agriculture may have altered the food chain and otherwise degraded the habitat to the 
turtle's detriment in some areas (Heck 1998, Riedle et al. 2005).  
 
Dredging river bottoms to maintain shipping channels likely destroys habitat, although the subsequent spoil may be utilized for nesting 
along certain rivers. Riedle et al. (2005) noted a drastic decline of alligator snapping turtles in Oklahoma, due in part to habitat 
degradation because of stream channelization. Jensen and Birkhead (2003) stated that stream dredging may inhibit recovery in Georgia. 
In southeastern Missouri, Shipman and Riedle (2008) found that most sites had been manipulated for channelization or drained and 
converted to agricultural fi elds. 
 
Human disturbance may cause females to abandon nesting attempts; each re-nesting attempt increases exposure to predators.  

Fragility: Fragility Comments: This turtle is vulnerable to exploitation, and once depleted, it may be slow to recover because of slow 
maturity and probable low recruitment.  

Environmental Specificity: Narrow. Specialist or community with key requirements common. 

Other Considerations: The alligator snapper is a species of concern in every state within its range (Buhlmann and Gibbons 1997).  

Distribution  
U.S. States and Canadian Provinces 

Page 3 of 13Comprehensive Report Species - Macrochelys temminckii

10/14/2009 4:09:35 PMhttp://www.natureserve.org/explorer/servlet/NatureServe?sourceTemplate=tabular_r...



   
Endemism: endemic to a single nation 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to 
appear. Not all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage 
migrant range depicted. A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp.

U.S. & Canada State/Province Distribution 
United States AL, AR, FL, GA, IA, IL, KS, KY, LA, MO, MS, OK, TN, TX 
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Range Map Compilers: NatureServe 2008 
 
Global Range Comments: Range is principally in the southeastern United States, in river systems that drain into the Gulf of Mexico 
(Lovich 1993), including virtually all rivers from southern Georgia (Johnson 1989, Jensen and Birkhead 2003) and northwestern Florida 
(see Pritchard 1992) west to Louisiana (Boundy and Kennedy 2006) and eastern Texas (San Antonio River), and extending north to 
southeastern Kansas, southeastern Iowa, Illinois, and southern Indiana (Conant and Collins 1991). This species is likely extirpated from 
Indiana and Iowa, and the Kansas records show no evidence of a viable breeding population. Breeding status in many areas is not well 
documented, so it is unclear whether occurrences of adults in an area indicate a resident nesting population or comprise individuals that 
have moved a short or long distance from the nearest nesting location. Nesting attempts have been noted in the northern part of the 
range (e.g., Figg 1991), but 1992 record of a 51-mm (carapace length) juvenile from Kentucky Lake, Tennessee, reportedly represents 
the first documented case of successful natural reproduction in any part of the range north of central Louisiana (Scott and Koon 1994). 
 
Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
AL Baldwin (01003), Bullock (01011), Chilton (01021), Choctaw (01023), Clarke (01025), Colbert (01033), 

Coosa (01037), Covington (01039), Elmore (01051), Franklin (01059), Houston (01069), Lauderdale (01077)*, 
Lowndes (01085), Macon (01087), Marshall (01095), Mobile (01097), Monroe (01099), Montgomery (01101), 
Perry (01105), Russell (01113), Shelby (01117), Sumter (01119), Tuscaloosa (01125), Walker (01127), 
Washington (01129) 

FL Alachua (12001), Bay (12005), Bradford (12007), Calhoun (12013), Columbia (12023), Dixie (12029), 
Escambia (12033), Franklin (12037), Gadsden (12039), Gilchrist (12041), Gulf (12045), Hamilton (12047), 
Jackson (12063), Jefferson (12065), Lafayette (12067), Leon (12073), Levy (12075), Liberty (12077), 
Madison (12079), Okaloosa (12091), Santa Rosa (12113), Suwannee (12121), Taylor (12123), Union (12125), 
Wakulla (12129), Walton (12131), Washington (12133) 

GA Baker (13007)*, Brooks (13027), Chattahoochee (13053), Colquitt (13071), Decatur (13087), Dooly (13093), 
Echols (13101), Grady (13131), Lanier (13173), Lee (13177), Lowndes (13185), Miller (13201), Mitchell (13205)*, 
Muscogee (13215), Pike (13231), Quitman (13239), Seminole (13253), Sumter (13261), Thomas (13275), 
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Upson (13293) 

IL Union (17181)* 

KS Cherokee (20021)*, Cowley (20035), Labette (20099)*, Lyon (20111)*, Montgomery (20125), Sumner (20191) 

KY Ballard (21007), Calloway (21035), Carlisle (21039)*, Livingston (21139), Marshall (21157), McCracken (21145) 

LA Acadia (22001)*, Allen (22003)*, Avoyelles (22009), Beauregard (22011), Bienville (22013), Catahoula (22025)*, 
Concordia (22029)*, Grant (22043)*, Iberia (22045)*, Lafayette (22055)*, Madison (22065)*, Ouachita (22073), 
Rapides (22079), St. John the Baptist (22095)*, St. Landry (22097)*, St. Tammany (22103)*, Tangipahoa (22105)*, 
Tensas (22107)*, Vermilion (22113)*, Washington (22117)* 

MO Bollinger (29017), Butler (29023), Douglas (29067), Dunklin (29069), Mississippi (29133), New Madrid (29143), 
Oregon (29149), Ozark (29153), Pemiscot (29155), Ripley (29181), Shannon (29203), St. Francois (29187)*, 
Stoddard (29207), Stone (29209), Taney (29213), Wayne (29223) 

MS Carroll (28015), Copiah (28029), George (28039), Harrison (28047), Humphreys (28053), Jackson (28059), 
Leake (28079), Newton (28101), Noxubee (28103), Oktibbeha (28105), Panola (28107), Rankin (28121), 
Sunflower (28133), Tallahatchie (28135), Warren (28149), Washington (28151)* 

OK Atoka (40005)*, Bryan (40013)*, Caddo (40015), Carter (40019)*, Cherokee (40021), Craig (40035)*, 
Haskell (40061)*, Hughes (40063)*, Johnston (40069)*, Kay (40071)*, Love (40085), Marshall (40095)*, 
McCurtain (40089), Murray (40099)*, Muskogee (40101), Okmulgee (40111)*, Osage (40113)*, Pontotoc (40123)*, 
Pushmataha (40127)*, Rogers (40131)*, Sequoyah (40135), Wagoner (40145)*, Washington (40147)*, 
Woods (40151)* 

TN Benton (47005), Davidson (47037), Decatur (47039), Hardeman (47069)*, Henderson (47077)*, Henry (47079)*, 
Houston (47083), Humphreys (47085), McNairy (47109), Obion (47131)*, Perry (47135), Shelby (47157)*, 
Stewart (47161), Tipton (47167)*, Wilson (47189) 

TX Anderson (48001), Harris (48201)*, Harrison (48203), Marion (48315), Panola (48365), Rusk (48401) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

03 Aucilla (03110103)+, Upper Suwannee (03110201)+, Alapaha (03110202)+, withlacoochee (03110203)+, 
Little (03110204)+, Lower Suwannee (03110205)+, Santa Fe (03110206)+, Apalachee Bay-St. 
Marks (03120001)+, Upper Ochlockonee (03120002)+, Lower Ochlockonee (03120003)+, Middle 
Chattahoochee-Walter F. George Reservoir (03130003)+, Lower Chattahoochee (03130004)+, Upper 
Flint (03130005)+, Middle Flint (03130006)+, Lower Flint (03130008)+, Ichawaynochaway (03130009)+, 
Spring (03130010)+, Apalachicola (03130011)+, Chipola (03130012)+, St. Andrew-St. Joseph 
Bays (03140101)+, Choctawhatchee Bay (03140102)+, Yellow (03140103)+, Blackwater (03140104)+, 
Pensacola Bay (03140105)+, Perdido (03140106)+, Perdido Bay (03140107)+, Lower 
Choctawhatchee (03140203)+, Upper Conecuh (03140301)+, Escambia (03140305)+, Lower 
Coosa (03150107)+, Lower Tallapoosa (03150110)+, Upper Alabama (03150201)+, Cahaba (03150202)+, 
Lower Alabama (03150204)+, Middle Tombigbee-Lubbub (03160106)+, Noxubee (03160108)+, 
Mulberry (03160109)+, Upper Black Warrior (03160112)+, Middle Tombigbee-Chickasaw (03160201)+, 
Sucarnoochee (03160202)+, Lower Tambigbee (03160203)+, Mobile - Tensaw (03160204)+, Mobile 
Bay (03160205)+, Chunky-Okatibbee (03170001)+, Pascagoula (03170006)+, Black (03170007)+, 
Mississippi Coastal (03170009)+, Upper Pearl (03180001)+, Middle Pearl-Strong (03180002)+, Middle Pearl-
Silver (03180003)+, Lower Pearl. Mississippi (03180004)+ 

05 Lower Cumberland-Old Hickory Lake (05130201)+, Stones (05130203)+, Lower Cumberland (05130205)+, 
Lower Ohio (05140206)+ 

06 Guntersville Lake (06030001)+, Pickwick Lake (06030005)+, Bear (06030006)+, Lower Tennessee-
Beech (06040001)+, Lower Duck (06040003)+, Kentucky Lake (06040005)+, Lower Tennessee (06040006)+ 

07 Big (07140104)+, Upper Mississippi-Cape Girardeau (07140105)+, Whitewater (07140107)+ 

08 Lower Mississippi-Memphis (08010100)+, Bayou De Chien-Mayfield (08010201)+, Obion (08010202)+, 
Upper Hatchie (08010207)+, Lower Hatchie (08010208)+, Wolf (08010210)+, New Madrid-St. 
Johns (08020201)+, Upper St. Francis (08020202)+, Lower St. Francis (08020203)+, Little River 
Ditches (08020204)+, Lower Mississippi-Greenville (08030100)+, Little Tallahatchie (08030201)+, 
Tallahatchie (08030202)+, Upper Yazoo (08030206)+, Big Sunflower (08030207)+, Lower 
Ouachita (08040207)+, Little (08040304)+, Black (08040305)+, Bayou Cocodrie (08040306)+, 
Tensas (08050003)+, Lake Maurepas (08070204)+, Tangipahoa (08070205)+, Atchafalaya (08080101)+, 
Bayou Teche (08080102)+, Mermentau Headwaters (08080201)+, Whisky Chitto (08080204)+, Liberty 
Bayou-Tchefuncta (08090201)+ 

11 Beaver Reservoir (11010001)+, Bull Shoals Lake (11010003)+, North Fork White (11010006)+, Upper 
Black (11010007)+, Current (11010008)+, Eleven Point (11010011)+, Middle Arkansas-Slate (11030013)+, 
Lower Walnut River (11030018)+, Lower Cimarron-Eagle Chief (11050001)+, Upper Salt Fork 
Arkansas (11060002)+, Lower Salt Fork Arkansas (11060004)+, Black Bear-Red Rock (11060006)+, Middle 
Verdigris (11070103)+, Lower Verdigris (11070105)+, Caney (11070106)+, Lower Cottonwood (11070203)+, 
Middle Neosho (11070205)+, Lower Neosho (11070209)+, Lower Canadian (11090204)+, Deep 
Fork (11100303)+, Dirty-Greenleaf (11110102)+, Illinois (11110103)+, Robert S. Kerr Reservoir (11110104)
+, Lake Texoma (11130210)+, Middle Washita (11130303)+, Lower Washita (11130304)+, Blue (11140102)
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Ecology & Life History  
Basic Description: A freshwater turtle that grows to very large size. 
General Description: This is a very large turtle with a huge head, strongly hooked jaws, an extra row of scutes along each side of the 
shell (between the costals and marginals), three keels along the carapace, and a long tail; adult carapace length usually 38-66 cm (to 80 
cm), mass 16-68 kg (to 143 kg); young are brown, with a very rough shell and long tail, 3-4.4 cm at hatching (Conant and Collins 1991). 
See also Lovich (1993). 
Diagnostic Characteristics: This species differs from the snapping turtle in its larger head, extra row of scutes along the sides of the 
shell, lack of a saw-toothed middorsal tail ridge, more lateral position of the eyes, and presence of a wormlike lure on the upper surface 
of the tongue. 
Reproduction Comments: Mating takes place from February to April in Florida, followed by nesting from late April through mid-May 
along the Apalachicola River (Pritchard 1978; Ewert and Jackson 1994). Oviposition apparently occurs from April through early May in 
Manchac, Louisiana, and from mid-May through early June near Jonesville, Louisiana (Dobie 1971). Nesting was observed in June in 
Butler County, Missouri (Figg 1991). Eggs number from 9 to 61 (average around 25-35) per nest, the number being related to the size of 
the female. Females produce only one clutch per year, and sometimes skip a year between clutches (Pritchard 1992). Eggs hatch in 
11.5 to 16+ weeks. Hatching extends throughout August in northwestern Florida, where hatching success in protected nests was 66-78% 
over two years (Ewert and Jackson 1994). Maturity is reached at 11 to 13 years at the earliest (Dobie 1971, Pritchard 1978). The older, 
larger turtles may be disproportionately important in population maintenance.  
 
Adults may live many years. One female found in Kansas was aged (by counting annuli on scutes) at 45 years (Shipman et al 1991). 
Captives have lived more than 70 years (Trauth et al. 2004). 
Ecology Comments: Alligator snapping turtles are highly aquatic, emerging from water only for nesting or rarely, basking. Ewert (1976) 
reported the only known observation of basking. The turtle is secretive, a trait making it difficult to observe, and particularly difficult to find 
where it is also rare.  
 
The principal predators of adults are humans. Nest predation likely takes a heavy toll. 
Non-Migrant: N 
Locally Migrant: Y 
Long Distance Migrant: N 
Mobility and Migration Comments: Females migrate short distances between aquatic habitat and terrestrial nesting areas (see global 
habitat comments). 
 
These turtles generally have been regarded as rather sedentary but in fact they may make extensive movements. Sloan and Taylor 
(1987) studied movements for three months (August to November) of 11 radio-tagged turtles in northeastern Louisiana in a lake and 
impounded bayou. Six were native to the study site, and five were introduced, but no difference was found between introduced and 
native turtles in minimum home range or daily distance traveled. The native turtles all stayed within the lake or bayou where they were 
captured. Of the five introduced turtles, three moved between the lake and bayou. The range of daily travel distances for native turtles 
was 28 to 109 meters per day. Estimated minimum home range size was 18 to 196 hectares for natives. In the same region, Harrel et al. 
(1996) found that home range length in Louisiana averaged 3,495 meters in subadult males and 1,423 meters in subadult females.  
 
In Arkansas, 11 PIT-tagged individuals moved both upstream and downstream with a maximum recorded distance of 1.8 kilometers 
(Trauth et al. 1998). 
 
In Oklahoma, one individual moved upstream 27-30 kilometers in three years (Wickham 1922). Riedle et al. (2006) documented a 
movement of 16 kilometers in a two-month time period in Oklahoma. Shipman et al. (1991) recorded a 7-kilometer movement over five 
years in Kansas. 
 
Pritchard (1978) hypothesized that individuals may move many kilometers over periods of many years, slowly migrating upstream for 
their whole lives, so that the upper reaches of rivers would have only older turtles. Others have disagreed with this hypothesis. Pritchard 
based his hypothesis on the fact that recent records in the farthest upstream locations have been large adults. An alternative explanation 
for this phenomenon is that such turtles represent remnants of populations that are no longer reproducing.  
Estuarine Habitat(s): River mouth/tidal river 
Riverine Habitat(s): BIG RIVER, CREEK, Low gradient, MEDIUM RIVER, Pool 
Lacustrine Habitat(s): Deep water, Shallow water 
Palustrine Habitat(s): FORESTED WETLAND, Riparian 
Special Habitat Factors: Benthic, Burrowing in or using soil 
Habitat Comments: Habitat consists of slow-moving, deep water of rivers, sloughs, oxbows, and canals or lakes associated with rivers 
(e.g., large impoundments) (Ernst et al. 1994); also swamps, bayous, and ponds near rivers, and shallow creeks that are tributary to 
occupied rivers, sometimes including swift upland streams (Phelps 2004). This turtle sometimes enters brackish waters near river 
mouths. Usually it occurs in water with a mud bottom and some aquatic vegetation but may use sand-bottomed creeks (D. Jackson, 
pers. comm., 1992). Within streams, alligator snapping turtles may occur under or in logjams, beneath undercut banks, unde rock 
shelters, or in deep holes (Jensen et al. 2008). These turtles are highly aquatic and rarely are found out of water (except during nesting). 
In Tennessee, F. Scott (pers. comm., 1992) most often found radio-tagged turtles in less than 3 meters of water. In northeast Louisiana, 
Sloan and Taylor (1987) found that native turtles preferred flotant (dense floating vegetation mat) with cypress or buttonbush habitat. The 

+, Muddy Boggy (11140103)+, Kiamichi (11140105)+, Upper Little (11140107)+, Mountain Fork (11140108)
+, Lower Little (11140109)+, Black Lake Bayou (11140209)+, Caddo Lake (11140306)+ 

12 Middle Sabine (12010002)+, Lower Sabine (12010005)+, Upper Trinity (12030105)+, Lower Trinity-
Tehuacana (12030201)+, Buffalo-San Jacinto (12040104)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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turtles frequently used openings in the flotant beneath cypress trees. In the same region, Harrel et al. (1996) documented a preference 
for baldcypress forest by subadults; most occupied sites were associated with logs.  
 
Ewert (1976) provided a description of nesting habitat. He observed 16 nests from the Apalachicola River, Florida, and one from Lake 
Iamonia which adjoins the Ochlockonee River, Florida. The turtles chose a variety of situations for nesting, from sand mounds along the 
river banks to sandbars within the stream, to a 1.5 m high steep cut bank. Conditions at the Apalachicola sites included xeric exposed 
sites (three nests), more mesic sites with trees nearby but open above (three nests), partially shaded sites (4 nests), and deeply shaded 
sites (six nests, one well within a three to five m cane stand with a completely closed canopy). Ewert suggested that many of the turtles 
emerged from quiet backwaters of the flooded forest, rather than the river proper. The Apalachicola nests' distance from the nearest 
water averaged 12 m. The one nest on an island in Lake Iamonia was in the open and was 72 m from the nearest water. Ewert and 
Jackson (1994) expanded this data set but not greatly altered these proportions. Jackson and Jensen (2003) reported nest sites that 
were about 30 and 70 m from streams. 
Adult Food Habits: Carnivore, Herbivore, Invertivore, Piscivore 
Immature Food Habits: Carnivore, Herbivore, Invertivore, Piscivore 
Food Comments: Diet includes various aquatic animals, vertebrate and invertebrate, carrion, and some plant material (Sloan et al. 
1996). This is mainly a bottom feeder that sometimes uses an appendage on the tongue as a fish lure (most common in young).  
 
See Tucker and Fitzsimmons (1992, Herpetol. Rev. 23:113-115) for information on a method of fecal analysis for determining diet. 
Adult Phenology: Crepuscular, Nocturnal 
Immature Phenology: Crepuscular, Nocturnal 
Phenology Comments: Probably this turtle is inactive during cold periods in winter in the northern part of the range. Most activity 
apparently is nocturnal or crepuscular. 
Length: 66 centimeters 
Weight: 68000 grams 
Economic Attributes  
Economic Comments: This species has been subject to commercial (though often illegal) harvest (Pritchard 1992). 
Management Summary  
Stewardship Overview: This large, long-lived aquatic turtle of the southeastern U.S. and Lower Mississippi drainage has declined at 
least in the northern reaches of its range and in Louisiana where it has been subjected to commercial harvest. However, documentation 
of population size is so scant that it is not possible to quantify the decline reliably, or to establish the current status range-wide. It is clear 
that prolonged heavy harvest cannot be withstood. This is evident from the decline in both size and numbers in the Louisiana alligator 
snapper harvest. Although the turtle is late maturing, it is long-lived, has relatively large clutches and may be able to sustain a minimal 
level of collection (D. Jackson, pers. comm., 1992). Unfortunately, the data are lacking to quantify the level of sustained harvest that can 
be tolerated. Elimination of commercial harvest throughout the range would allow alligator snapper populations to recover. Research on 
the nesting requirements, movements of individuals, population dynamics, and general natural history is needed. Information on range-
wide status and population trends is also needed before strong proposals for protection can be justified. 
Restoration Potential: With adequate protection of habitat and enforced restrictions on harvest, restoration potential is high (D. 
Jackson, pers. comm., 1992; Riedle et al., in press). This turtle has relatively large clutches and adults are expected to survive for many 
years and to reproduce many times in the course of a lifetime. Monitoring nest predation and providing some protection may be 
necessary to allow a population to rebound from low numbers (D. Jackson, pers. comm., 1992). While captive breeding may be feasible 
(Capron 1987), it is probably unnecessary in most cases. 
Preserve Selection & Design Considerations: Protection requires the preservation of occupied riverine habitat to maintain its 
ecological integrity. Preserves should not be negatively influenced by dams, pollution, or alterations of hydrology, stream course, or bank 
vegetation. Natural upland buffers large enough to accomodate undisturbed nesting should be included. At this time, minimum preserve 
size needed for viable populations is unknown. 
Management Requirements: Ecological integrity of occupied river systems should be maintained, and river banks should be protected 
from disturbance. Protection from commercial collection and limits on personal collection are needed (Pritchard 1978). It may be 
important to improve the potential for migration past dams.  
 
Ewert and Jackson (1994) made recommendations for maintenance of appropriate nesting conditions. Perpetuation of early 
successional vegetation may be appropriate along some rivers.  
 
As sex in this species is determined by temperature in the nest, the degree of shading of nests may be important to population 
demography. This may be an additional management concern (D. Jackson, pers. comm., 1992). 
Monitoring Requirements: Monitoring is difficult, especially in the northern reaches where populations tend to be very sparse. Jackson 
(pers. comm., 1992) suggested that a trapping program conducted by trained personnel would yield good results where populations are 
still sizeable. With more knowledge of reproductive chronology and habits of hatchlings and very young juveniles, it may become 
possible to focus monitoring on this stage of life history also. Radio telemetry can be used to study movements of adults.  
 
See Powell and Knesel (1992, Herpetol. Rev. 23:19) for information on a blood collection technique. 
Management Research Needs: Research is needed on basic ecology and responses to human-induced habitat modifications: e.g., 
studies of movement patterns of all demographic categories, use of artificial (e.g., spoil mound) vs. natural nesting substrates, impact of 
channel dredging and snag removal, effect of harvest, growth rates, hatchling and juvenile ecology, tolerance of pollutants, 
bioaccumulation of pesticides and heavy metals (e.g., mercury). 
Biological Research Needs: Better information is needed on abundance, nesting distribution, and trends. 
Population/Occurrence Delineation  
Use Class: Not applicable  
Minimum Criteria for an Occurrence: Occurrences are based on evidence of historical presence, or current and likely recurring 
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presence, at a given location. Such evidence minimally includes collection or reliable observation and documentation of one or more 
individuals (including eggs) in or near appropriate habitat where the species is presumed to be established and breeding.  
Mapping Guidance: Occurrences should include known nesting areas.  
Separation Barriers: Large dam; upland habitat.  
Separation Distance for Unsuitable Habitat: 1 km  
Separation Distance for Suitable Habitat: 30 km  
Separation Justification: Alligator snapping turtles tend to be distributed in a more or less linear fashion along riverine systems, with 
most nesting on high ground in streamside locations (though infrequent nesting occurs farther from streams) (Jackson and Ewert 1994). 
Thus only major stream obstructions and steep upland ridges are recognized as barriers. Separation distance for unsuitable habitat 
refers to upland habitat. Separation distance for suitable habitat pertains to stream kilometers along a riverine system or across other 
suitable aquatic or wetland habitat.  
Sloan and Taylor (1987) studied movements of 11 radio-tagged turtles in northeastern Louisiana in a lake and impounded bayou for 
three months (August to November). Six were native to the study site, and five were introduced, but no difference was found between 
introduced and native turtles in minimum home range or daily distance traveled. The native turtles all stayed within the lake or bayou 
where they were captured. Of the five introduced turtles, three moved between the lake and bayou. The range of daily travel distances 
for native turtles was 28 to 109 m per day. Estimated minimum home range size was 18 to 196 ha for natives. In the same region, Harrel 
et al. (1996) found that home range length averaged 3495 m in subadult males and 1423 m in subadult females.  
In Arkansas, 11 PIT-tagged individuals moved both upstream and downstream with a maximum recorded distance of 1.8 km (Trauth et 
al. 1998). The separation distance of 30 km equals approximately ten times the largest known average home range length (3.5 km). This 
large distance is appropriate because these turtles likely do not live in isolated populations but rather throughout a river.  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 3.5 km  
Date: 30Jan2002 
Author: Hammerson, G. 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 30Jan2009 
NatureServe Conservation Status Factors Author: Hammerson, G., D. R. Jackson, and J. Soule 
Management Information Edition Date: 23Sep1992 
Management Information Edition Author: SOULE, JUDITH D. 
Management Information Acknowledgments: Special thanks to all those Heritage staff people who responded to requests for 
information: Arkansas - Bill Shepherd; Florida - Dale Jackson; Georgia - Jonathon Ambrose; Illinois - Jean Karnes; Indiana - Michelle 
Martin; Iowa - Daryl Howell; Kansas - Bill Busby; Kentucky - Brainard Palmer-Ball; Louisiana - Richard Martin; Oklahoma - Mark 
Lomolino; Missouri - Leslie Burger; Mississippi - Tom Mann. Thanks also to Dr. Floyd Scott of Austin Peay St. University, Clarksville, 
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any other documents which are referenced by or linked to this server, including but not limited to all implied warranties and conditions 
of merchantibility, fitness for a particular purpose, and non-infringement. NatureServe makes no representations about the suitability 
of the information delivered from this server or any other documents that are referenced to or linked to this server. In no event shall 
NatureServe be liable for any special, indirect, incidental, consequential damages, or for damages of any kind arising out of or in 
connection with the use or performance of information contained in any documents provided by this server or in any other documents 
which are referenced by or linked to this server, under any theory of liability used. NatureServe may update or make changes to the 
documents provided by this server at any time without notice; however, NatureServe makes no commitment to update the information 
contained herein. Since the data in the central databases are continually being updated, it is advisable to refresh data retrieved at 
least once a year after its receipt. The data provided is for planning, assessment, and informational purposes. Site specific projects or 
activities should be reviewed for potential environmental impacts with appropriate regulatory agencies. If ground-disturbing activities 
are proposed on a site, the appropriate state natural heritage program(s) or conservation data center can be contacted for a site-
specific review of the project area (see Visit Local Programs). 

Feedback Request: NatureServe encourages users to let us know of any errors or significant omissions that you find in the data 
through (see Contact Us). Your comments will be very valuable in improving the overall quality of our databases for the benefit of all 
users. 
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Genus Size: B - Very small genus (2-5 species) 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1957. The A.O.U. Check-list of North American Birds, 5th ed. Port City 
Press, Inc., Baltimore, MD. 691 pp. 
Concept Reference Code: B57AOU01HQUS 
Name Used in Concept Reference: Tympanuchus cupido attwateri 
Conservation Status  

NatureServe Status 

Global Status: G4T1  
Global Status Last Reviewed: 28Nov2000 
Global Status Last Changed: 28Nov2000 
Rounded Global Status: T1 - Critically Imperiled  
Reasons: Small, greatly diminished and fragmented range in coastal Texas; total population in 1999 was fewer than 50 at only two sites; 
dependent on introduction of birds from captive breeding program. Primary threat is habitat loss and degradation resulting from land 
development, brush encroachment, and cattle overgrazing. 
Nation: United States  
National Status: N1  
 

Other Statuses 

U.S. Endangered Species Act: LE: Listed endangered (11Mar1967)  
U.S. Fish & Wildlife Service Lead Region: R2 - Southwest  
Convention on International Trade in Endangered Species Protection Status (CITES): Appendix I  

NatureServe Conservation Status Factors 

Global Abundance: 1 - 1000 individuals 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Galliformes Phasianidae Tympanuchus

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 
United States Louisiana (SH), Texas (S1B) 

Tympanuchus cupido attwateri - Bendire, 1893  
Attwater's Greater Prairie Chicken  
Related ITIS Name(s): Tympanuchus cupido attwateri Bendire, 1893 (TSN 175837)
Unique Identifier: ELEMENT_GLOBAL.2.102588  
Element Code: ABNLC13011  
Informal Taxonomy: Animals, Vertebrates - Birds - Other Birds

Public Domain

Page 1 of 6Comprehensive Report Species - Tympanuchus cupido attwateri

10/21/2009 10:16:35 AMhttp://www.natureserve.org/explorer/servlet/NatureServe?sourceTemplate=tabular...



Global Abundance Comments: In 1999, fewer than 50 remained in the wild, despite the introduction of 167 birds from a captive 
breeding program 1995-1998. One hundred more birds will be reintroduced from the captive breeding program in 1999 (USFWS 1999). 
The spring 1995 survey recorded 68 individuals, down from 159 in 1994. The total population in 1982 was estimated at 1282, down to 
926 in 1988 (Matthews and Moseley 1990). The 1991 count was 484 birds, an increase of 3% over the 1990 count (End. Sp. Tech. Bull. 
16(6):9). In 1993, the three remaining populations totaled 456 birds (1993, End. Sp. Tech. Bull. 18(4):2). In Goliad County, the population 
peaked in 1974 at 486 birds, declined to 62 by 1982. The 1980 estimate for Refugio County was 726 individuals; declined to 438 by 
1982. Aransas County population in 1982 was estimated at 20. The 1982 populations in Austin and Colorado counties were 250 and 
200, respectively.  

Global Short Term Trend: Severely to rapidly declining (decline of 30% to >70%) 
Global Short Term Trend Comments: Declined from about a million in 1900 to fewer than 50 in 1999 (USFWS 1999); population today 
dependent on reintroduction of birds from captive breeding program (USFWS 1999). Less than 1 per cent of original habitat remains in 
relatively pristine condition (USFWS 1999). The total population in 1982 was estimated at 1282, down to 926 in 1988 (Matthews and 
Moseley 1990). The 1991 count was 484 birds, an increase of 3% over the 1990 count (End. Sp. Tech. Bull. 16(6):9). In 1993, the three 
remaining populations totaled 456 birds (1993, End. Sp. Tech. Bull. 18(4):2). The spring 1995 survey recorded only individuals, down 
from 159 in 1994. In Goliad County, the population peaked in 1974 at 486 birds, declined to 62 by 1982. The 1980 estimate for Refugio 
County was 726 individuals; declined to 438 by 1982. Aransas County population in 1982 was estimated at 20. The 1982 populations in 
Austin and Colorado counties were 250 and 200, respectively.  

Global Protection: Few (1-3) occurrences appropriately protected and managed 
Global Protection Comments: Protected at Attwater's Prairie Chicken National Wildlife Refuge and Galveston Bay Coastal Prairie 
Preserve (TNC).  
Global Protection Needs: Refuge areas have been established (e.g., Attwater's Prairie Chicken NWR and Galveston Bay Prairie 
Preserve) but habitat loss has continued; protection of larger blocks of native prairie is needed. 

Degree of Threat: A 
Threats: Primary threat is loss, fragmentation, and degradation of coastal prairie habitat, which has been converted to rice cultivation or 
overgrazed and invaded by brush (King 1979). Residential and urban development, and oil and gas development also contributed to the 
habitat loss. Habitat loss continues. Status of the Galveston County population is precarious, due to surrounding petrochemical plants. 
Fire ants may have reduced insect populations (food resources). Other possible threats include: increased predation as a result of 
habitat fragmentation; disease (a new parasite, possibly transmitted from Canada Geese); catastrophic weather events; and inbreeding 
(USFWS 1999).  

Distribution  
U.S. States and Canadian Provinces 
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NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for 
common species have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status 
refers to the status as a non-breeder; these errors will be corrected in future versions of these maps. A species is not shown in a 
jurisdiction if it is not known to breed in the jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species 
may occur in a jurisdiction as a seasonal non-breeding resident or as a migratory transient but this will not be indicated on these maps. 
See other maps on this web site that depict the Western Hemisphere ranges of these species at all seasons of the year.  
Endemism: endemic to a single nation 
 

 
Range Map 
No map available. 
 
Global Range: 250-20,000 square km (about 100-8000 square miles) 
Global Range Comments: Formerly throughout Gulf Coast prairies of southwestern Louisiana and Texas, south to the Rio Grande. 
Presently restricted to narrow band along Texas coast, some offshore islands, and remnant inland populations (three populatins in five 
counties). As of 1991, over 2/3 of the wild population (318 birds) occurred in a contiguous area of primarily private land (O'Conner 
Ranch) in Aransas, Goliad, and Refugio counties, with a few birds on the nearby Tatun Unit of Aransas National Wildlife Refuge; about 
1/4 (126 birds) of the remaining population occurred in Austin and Colorado counties, mostly on Attwater's Prairie Chicken NWR; about 
30 birds survived on a 120-ha island of prairie habitat in Galveston County, and another 18 birds occurred in Victoria County (End. Sp. 
Tech. Bull. 16(6):9). 
 

U.S. & Canada State/Province Distribution 
United States LA, TX 

Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
TX Austin (48015), Colorado (48089), Fort Bend (48157), Galveston (48167), Goliad (48175), Refugio (48391), 

Victoria (48469) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
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Ecology & Life History  
Basic Description: A large chickenlike bird (prairie chicken). 
General Description: Chunky, henlike bird, heavily barred above and below with dark brown, cinnamon, and pale buff; short rounded 
tail is black in males, barred in females; male has fleshy yellow-orange eye combs; both sexes have elongate dark neck feathers, longer 
and erected during courtship in males; males have an inflatable golden sacs on each side of the neck (NGS 1983). Males average 1014 
g, females 730 g (Dunning 1993). 
Diagnostic Characteristics: Differs from subspecies PINNATUS in being smaller, darker in general coloration, tawnier above, usually 
with more pronounced cinnamon-rufous on the neck; also the tarsi are longer and much more scantily feathered, with feathers never 
extending down to the base of the toes, and the rear side of the tarsus has a broad naked strip even in winter (Ridgway and Friedmann 
1946). 
Reproduction Comments: Males gather for communal courtship (10-30 birds). Breeding begins early April. Clutch size averages about 
12. Incubation lasts 23-24 days. Young leave nest a few hours after hatching; tended by female. 
Ecology Comments: Winter flocks may be all male, all female, or combined (Ehrlich et al. 1992). Home ranges vary tremendously. 
Males had ranges from 28 to 211 hectares in extent; female ranges were smallest in summer (10-111 hectares) and largest in winter (47-
910 hectares; Horkel 1979). 
Non-Migrant: Y 
Locally Migrant: N 
Long Distance Migrant: N 
Terrestrial Habitat(s): Cropland/hedgerow, Grassland/herbaceous 
Habitat Comments: Coastal prairie; most of habitat dominated by tall dropseed, little bluestem, sumpweed, broomweed, ragweed, and 
big bluestem; uses shorter grasses for courtship and feeding, tall grasses for nesting, feeding, and loafing (Matthews and Moseley 
1990). Also uses fallow rice fields and other combinations of pasture and croplands. A mosaic of well-drained prairie and fallow rice fields 
apparently can support more birds than can uniform prairie (King 1979). Courtship areas ("booming grounds") may be natural grassy flat 
with low vegetation, or artificially maintained surfaces such as little-used roads, airport runways, or oil well pads (Matthews and Moseley 
1990). Nests typically in tall grasses. 
Adult Food Habits: Frugivore, Granivore, Herbivore, Invertivore 
Immature Food Habits: Frugivore, Granivore, Herbivore, Invertivore 
Food Comments: Summer diet primarily insects, especially grasshoppers. At other times of year eats plant food: fruit, leaves, flowers, 
shoots, seeds, grain. Picks food items from substrate. 
Adult Phenology: Diurnal 
Immature Phenology: Diurnal 
Colonial Breeder: Y 
Length: 43 centimeters 
Weight: 1014 grams 

Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 08Mar1996 
NatureServe Conservation Status Factors Author: Hammerson, G., revised by S. Cannings 
Element Ecology & Life History Edition Date: 08Mar1996 
Element Ecology & Life History Author(s): Hammerson, G. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors 
and cooperators (see Sources).  
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Watershed 
Region  Watershed Name (Watershed Code)

12 West Galveston Bay (12040204)+, Lower Brazos (12070104)+, San Bernard (12090401)+, Lower San 
Antonio (12100303)+, West Matagorda Bay (12100402)+, Aransas Bay (12100405)+, 
Mission (12100406)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 

Economic Attributes 
Management Summary 
Population/Occurrence Delineation

U.S. Invasive Species Impact Rank (I-Rank)  

Not yet assessed

Not yet assessed

Not yet assessed

Not yet assessed
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trademarks of their respective owners. 

Copyright Notice: Copyright © 2009 NatureServe, 1101 Wilson Boulevard, 15th Floor, Arlington Virginia 22209, U.S.A. All Rights 
Reserved. Each document delivered from this server or web site may contain other proprietary notices and copyright information 
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Full metadata for the Mammal Range Maps of North America is available at: 
http://www.natureserve.org/library/mammalsDistributionmetadatav1.pdf.  
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of the information delivered from this server or any other documents that are referenced to or linked to this server. In no event shall 
NatureServe be liable for any special, indirect, incidental, consequential damages, or for damages of any kind arising out of or in 
connection with the use or performance of information contained in any documents provided by this server or in any other documents 
which are referenced by or linked to this server, under any theory of liability used. NatureServe may update or make changes to the 
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Feedback Request: NatureServe encourages users to let us know of any errors or significant omissions that you find in the data 
through (see Contact Us). Your comments will be very valuable in improving the overall quality of our databases for the benefit of all 
users. 
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Genus Size: C - Small genus (6-20 species) 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1998. Check-list of North American birds. Seventh edition. American 
Ornithologists' Union, Washington, DC. 829 pp. 
Concept Reference Code: B98AOU01NAUS 
Name Used in Concept Reference: Aimophila aestivalis 
Taxonomic Comments: AOU (1957) recognized three subspecies (bachmani, aestivalis, and illinoensis), but most literature does not 
differentiate among them. 
Conservation Status  

NatureServe Status 

Global Status: G3  
Global Status Last Reviewed: 14Sep2007 
Global Status Last Changed: 04Dec1996 
Rounded Global Status: G3 - Vulnerable  
Reasons: Significant recent contraction of northern edge of range; local reduction in abundance or local extinctions noted in center of 
range. Habitat specialist; can be severely affected by habitat modification. 
Nation: United States  
National Status: N3B,N3N  
 

Other Statuses 

IUCN Red List Category: NT - Near threatened  

NatureServe Conservation Status Factors 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Passeriformes Emberizidae Aimophila

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Alabama (S3), Arkansas (S3B), District of Columbia (SXB), Florida (S3), Georgia (S2), Illinois (SXB,SHN), Indiana (SXB), 
Kentucky (S1B), Louisiana (S3), Maryland (SHB), Mississippi (S3B,S3S4N), Missouri (S2), North Carolina (S3B,S2N), Ohio 
(SX), Oklahoma (S2?), Pennsylvania (SX), South Carolina (S3), Tennessee (S2), Texas (S3B), Virginia (S1B), West Virginia 
(SHB) 

Aimophila aestivalis - (Lichtenstein, 1823)  
Bachman's Sparrow  
French Common Names: Bruant des pinèdes  
Related ITIS Name(s): Aimophila aestivalis (Lichtenstein, 1823) (TSN 179386) 
Unique Identifier: ELEMENT_GLOBAL.2.105170  
Element Code: ABPBX91050  
Informal Taxonomy: Animals, Vertebrates - Birds - Perching Birds

 
Search for Images on Google
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Global Abundance: 2500 - 10,000 individuals 
Global Abundance Comments: Once a common inhabitant of southern pine forests, now very local. In S. Carolina, maximum density of 
about 0.41 to 0.48 birds per hectare in suitable habitat (mature forest and clearcuts; Dunning and Watts 1990, cited in Dunning 1993). 
Suitable habitat unoccupied especially when found in isolated patches. Number of birds per BBS route highest in Louisiana (1.05), 
Florida (3.07), and Mississippi (1.22) (Dunning 1993).  

Estimated Number of Element Occurrences: 81 to >300 
Estimated Number of Element Occurrences Comments: Widely distributed but local. Apparently expanded its range early in the 20th 
Century in response to available old field habitats; recent contraction of range may be partially due to reduced availability of that habitat. 

Global Short Term Trend: Declining (decline of 10-30%) 
Global Short Term Trend Comments: Range expanded at the beginning of the 20th century and reached northern limits in northern 
Illinois, central Ohio, and southwestern Pennsylvania. Population probably expanded in the North when farms were largely abandoned. 
Population declined, especially in North, since 1930 (see Dunning and Watts 1990) probably in response to forest succession. Numbers 
increased in south during same period probably as habitat became more available following timber harvests. BBS data have show 
decreases. Decreasing in Georgia 1966-1996 (-7.1; N = 30; P less than 0.00); no increases noted for the same period. Non-significant 
decreases in Florida (1966-1996) and Louisiana (1966-1979 and 1980-1996; Sauer et al. 1997). Rangewide, BBS data show no trend 
from 1980-2002 (Sauer et al. 2003). Gradual decreasing trend seen with mapped Christmas Bird Count Data 1959-1988 (Sauer et al. 
1996).  

Global Inventory Needs: Few states within the range of this species have conducted thorough surveys. Breeding bird atlas programs 
should provide general range information, and increased Breeding Bird Survey coverage in potential habitats could provide much 
needed trend data. 

Global Protection: Unknown whether any occurrences are appropriately protected and managed 
Global Protection Comments: Federal law prohibits collection and selling. On National Audubon Society's blue list every year (1972-
1986). Considered a sensitive species on several National Forests. Also, considered a highest priority species of management concern 
by the SE region of the U.S. Fish and Wildlife Service.  
Global Protection Needs: Core areas of open, mature pine forest should be protected to provide for colonization of ephemeral habitats 
created by clearcutting and old field succession. Both breeding and wintering habitats need to be protected. 

Degree of Threat: B 
Threats: HABITAT LOSS: Conversion of longleaf pine stands to plantations of fast-growing pines, shortage of newly abandoned 
farmland, and urbanization apparently are important factors in the population decline (Dunning 1993). At least 90% of original habitat 
(mature pine forests in South) has been severely altered by conversion of natural forest to pine plantation or other forms of alternative 
land use. Isolated patches of habitat are less likely to support populations. Negatively affected by fire suppression which increases 
understory and its shrubby components. Also affected by harvest rotations that maintain unsuitable timber age classes (i.e. 15-70 years 
old). PARASITISM: Infrequently parasitized by brown-headed cowbirds (MOLOTHRUS ATER). Only three percent of eggs removed and 
replaced by cowbird eggs in one study (Haggerty 1988 cited in Dunning 1993). COMPETITION: Some have suggested that the field 
sparrow (SPIZELLA PUSILLA) may have a competitory impact, but this is not supported by any evidence (Dunning 1993). PREDATION: 
Nestlings and eggs eaten by snakes or mammals but no records of adult mortality (Dunning 1993). Nestling mortality in one study due to 
unknown predators (78 percent), starvation or disease (9 percent), snake predation (6 percent), or mammal predation (4 percent; 
Haggerty 1988, cited in Dunning 1993).  

Distribution  
U.S. States and Canadian Provinces 
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NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for 
common species have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status 
refers to the status as a non-breeder; these errors will be corrected in future versions of these maps. A species is not shown in a 
jurisdiction if it is not known to breed in the jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species 
may occur in a jurisdiction as a seasonal non-breeding resident or as a migratory transient but this will not be indicated on these maps. 
See other maps on this web site that depict the Western Hemisphere ranges of these species at all seasons of the year.  
Endemism: endemic to a single nation 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to 
appear. Not all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage 
migrant range depicted. A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp.

U.S. & Canada State/Province Distribution 
United States AL, AR, DC , FL, GA, IL , IN , KY, LA, MD, MO, MS, NC, OH , OK, PA , SC, TN, TX, VA, WV 
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Range Map Compilers: NatureServe, 2002 
 
Global Range: 20,000-2,500,000 square km (about 8000-1,000,000 square miles) 
Global Range Comments: BREEDING: (at least formerly) from southern Missouri, Illinois, central Indiana, central Ohio, southwestern 
Pennsylvania, and Maryland south to eastern Texas, Gulf Coast, and south-central Florida. Now absent or local in the northeastern 
breeding range, where now breeds only in southern Virginia and possibly West Virginia and western Virginia; extirpated from 
Pennsylvania and Maryland (USFWS 1987, LeGrand and Schneider 1992). In the southeastern U.S., fairly common, but local, in the 
outer Coastal Plain; uncommon in the inner Coastal Plain; rare in the Piedmont (Hamel 1992). See LeGrand and Schneider (1992) for 
information on status in particular states in the northeastern U.S. See Bohlen (1978), Bowles (1981), and Hands et al. (1989) for 
information on status in the north-central U.S. NON-BREEDING: southeastern U.S., north to eastern Texas, Gulf states, and 
southeastern North Carolina. Apparently fairly common in the outer Coastal Plain, uncommon in the inner Coastal Plain, but actual 
abundance poorly known (Hamel 1992). 
 
Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
AL Baldwin (01003), Jackson (01071)*, Mobile (01097) 

FL Alachua (12001), Brevard (12009), Citrus (12017), Clay (12019), Columbia (12023), Duval (12031), 
Franklin (12037), Gadsden (12039), Gilchrist (12041), Hamilton (12047), Highlands (12055), Levy (12075), 
Liberty (12077), Manatee (12081), Marion (12083), Martin (12085), Nassau (12089), Okaloosa (12091), 
Okeechobee (12093), Osceola (12097), Palm Beach (12099), Polk (12105), Putnam (12107), Santa Rosa (12113), 
Suwannee (12121), Walton (12131) 

GA Appling (13001), Baker (13007)*, Berrien (13019), Brooks (13027), Bryan (13029), Charlton (13049), Cook (13075), 
Evans (13109), Fulton (13121)*, Habersham (13137), Jeff Davis (13161), Lanier (13173), Liberty (13179), 
Long (13183), Mcintosh (13191), Stewart (13259), Tattnall (13267), Thomas (13275), Walker (13295), 
Wayne (13305) 

IN Bartholomew (18005)*, Brown (18013)*, Clark (18019)*, Crawford (18025)*, Decatur (18031)*, Fayette (18041)*, 
Franklin (18047)*, Harrison (18061)*, Jackson (18071)*, Jefferson (18077)*, Johnson (18081)*, Knox (18083)*, 
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Marion (18097)*, Monroe (18105)*, Morgan (18109)*, Owen (18119)*, Parke (18121)*, Pulaski (18131)*, 
Putnam (18133)*, Ripley (18137)*, Tippecanoe (18157)* 

KY Barren (21009)*, Bell (21013)*, Boone (21015)*, Calloway (21035)*, Carlisle (21039)*, Edmonson (21061)*, 
Fulton (21075), Graves (21083), Hardin (21093)*, Harlan (21095)*, Hart (21099)*, Henry (21103), Hickman (21105)
*, Hopkins (21107)*, Jefferson (21111)*, Kenton (21117)*, Laurel (21125)*, Logan (21141)*, Madison (21151)*, 
McCracken (21145)*, Meade (21163)*, Nelson (21179)*, Oldham (21185)*, Owen (21187)*, Pike (21195)*, 
Pulaski (21199)*, Taylor (21217)*, Trigg (21221), Union (21225)*, Warren (21227)*, Washington (21229)* 

LA Allen (22003), Beauregard (22011), Bienville (22013), Bossier (22015), Calcasieu (22019), Claiborne (22027), 
Grant (22043), Jackson (22049), Livingston (22063), Natchitoches (22069), Rapides (22079), Sabine (22085), St. 
Tammany (22103), Tangipahoa (22105), Vernon (22115) 

MD Allegany (24001)*, Garrett (24023)*, Montgomery (24031)*, Prince Georges (24033)* 

MO Barry (29009), Iron (29093), Madison (29123), Oregon (29149), Ozark (29153), Taney (29213), Texas (29215) 

MS Alcorn (28003), Benton (28009), Carroll (28015)*, Chickasaw (28017)*, Clay (28025)*, Forrest (28035), 
George (28039), Hancock (28045), Harrison (28047), Jackson (28059), Jones (28067)*, Lafayette (28071)*, 
Lamar (28073), Lee (28081)*, Marion (28091), Oktibbeha (28105), Perry (28111), Rankin (28121)*, Stone (28131), 
Tishomingo (28141)*, Union (28145)*, Winston (28159)* 

NC Bladen (37017), Brunswick (37019), Buncombe (37021)*, Carteret (37031), Chatham (37037), Columbus (37047), 
Craven (37049), Cumberland (37051), Halifax (37083), Harnett (37085), Hoke (37093), Jones (37103), 
Macon (37113)*, Moore (37125), Onslow (37133), Pender (37141), Richmond (37153), Robeson (37155)*, 
Sampson (37163), Scotland (37165), Wake (37183)*, Warren (37185) 

OH Lucas (39095)* 

OK Atoka (40005), Cherokee (40021), Creek (40037), Delaware (40041), Le Flore (40079), McCurtain (40089), 
Okmulgee (40111), Osage (40113)*, Pittsburg (40121), Pontotoc (40123)*, Pushmataha (40127) 

PA Greene (42059)*, Washington (42125)* 

SC Charleston (45019), Georgetown (45043), Jasper (45053) 

TN Cumberland (47035), Davidson (47037)*, Fayette (47047), Franklin (47051), Hamilton (47065), Henderson (47077)
*, Lawrence (47099), McNairy (47109), Montgomery (47125)*, Obion (47131)*, Putnam (47141), Rhea (47143), 
Roane (47145) 

VA Brunswick (51025), Caroline (51033), Dinwiddie (51053), Greensville (51081), Nottoway (51135), Sussex (51183) 

WV Kanawha (54039)*, Wayne (54099)* 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

02 Patuxent (02060006)+, Cacapon-Town (02070003)+, Middle Potomac-Catoctin (02070008)+, Middle 
Potomac-Anacostia-Occoquan (02070010)+, Lower Rappahannock (02080104)+, Mattaponi (02080105)+ 

03 Roanoke Rapids (03010106)+, Nottoway (03010201)+, Blackwater (03010202)+, Meheriin (03010204)+, 
Fishing (03020102)+, Bogue-Core Sounds (03020106)+, Upper Neuse (03020201)+, Lower 
Neuse (03020204)+, New (03030001)+, Haw (03030002)+, Deep (03030003)+, Upper Cape 
Fear (03030004)+, Lower Cape Fear (03030005)+, Black (03030006)+, Northeast Cape Fear (03030007)+, 
Lower Pee Dee (03040201)+, Lumber (03040203)+, Little Pee Dee (03040204)+, Waccamaw (03040206)+, 
Carolina Coastal-Sampit (03040207)+, Cooper (03050201)+, Broad (03060104)+, Lower 
Savannah (03060109)+, Lower Ogeechee (03060202)+, Canoochee (03060203)+, Ogeechee 
Coastal (03060204)+, Upper Ocmulgee (03070103)+, Altamaha (03070106)+, Ohoopee (03070107)+, St. 
Marys (03070204)+, Upper St. Johns (03080101)+, Oklawaha (03080102)+, Lower St. Johns (03080103)+, 
Kissimmee (03090101)+, Western Okeechobee Inflow (03090103)+, Everglades (03090202)+, 
Manatee (03100202)+, Crystal-Pithlachascotee (03100207)+, Withlacoochee (03100208)+, 
Waccasassa (03110101)+, Aucilla (03110103)+, Upper Suwannee (03110201)+, Alapaha (03110202)+, 
withlacoochee (03110203)+, Little (03110204)+, Lower Suwannee (03110205)+, Santa Fe (03110206)+, 
Upper Ochlockonee (03120002)+, Middle Chattahoochee-Walter F. George Reservoir (03130003)+, 
Apalachicola (03130011)+, New (03130013)+, Choctawhatchee Bay (03140102)+, Yellow (03140103)+, 
Blackwater (03140104)+, Pensacola Bay (03140105)+, Town (03160102)+, Tibbee (03160104)+, Mobile - 
Tensaw (03160204)+, Lower Leaf (03170005)+, Pascagoula (03170006)+, Black (03170007)+, 
Escatawpa (03170008)+, Mississippi Coastal (03170009)+, Upper Pearl (03180001)+, Middle Pearl-
Strong (03180002)+, Lower Pearl. Mississippi (03180004)+ 

04 Lower Maumee (04100009)+ 

05 Lower Monongahela (05020005)+, Youghiogheny (05020006)+, Upper Ohio (05030101)+, Upper 
Kanawha (05050006)+, Elk (05050007)+, Lower Kanawha (05050008)+, Tug (05070201)+, Upper 
Levisa (05070202)+, Big Sandy (05070204)+, Whitewater (05080003)+, Middle Ohio-Laughery (05090203)+, 
Licking (05100101)+, South Fork Kentucky (05100203)+, Upper Kentucky (05100204)+, Lower 
Kentucky (05100205)+, Upper Green (05110001)+, Barren (05110002)+, Middle Green (05110003)+, 
Rough (05110004)+, Lower Green (05110005)+, Pond (05110006)+, Tippecanoe (05120106)+, Middle 
Wabash-Little Vermilion (05120108)+, Sugar (05120110)+, Middle Wabash-Busseron (05120111)+, Upper 
White (05120201)+, Lower White (05120202)+, Eel (05120203)+, Driftwood (05120204)+, Upper East Fork 
White (05120206)+, Muscatatuck (05120207)+, Lower East Fork White (05120208)+, Upper 
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Ecology & Life History  
Basic Description: A large (15-cm-long) secretive sparrow with a large bill and a long, dark, rounded tail. 
General Description: A large sparrow with a large bill, fairly flat forehead, long dark rounded tail, gray upperparts heavily streaked with 
chestnut or dark brown, buffy-gray sides of head, a broad grayish-buff superciliary stripe, a thin dark russet line extending back from the 
eye, buff or gray sides and breast, and whitish belly (NGS 1983). More reddish in the western part of the range, grayer and darker in the 
south (NGS 1983). Juvenile has a distinct eye ring and streaked throat, breast, and sides; some of the streaking is retained in the first 
winter (NGS 1983). See Oberholser (1974) and Wolf (1977) for further details. Overall length is about 14-16 cm. Eggs are entirely white 
and average 19.3 mm by 15.3 mm.  
 
Song is a highly variable combination of whistles and trills on different pitches, sung from a low perch.  
 
When disturbed, often runs through the grass for several feet before flushing. 
Diagnostic Characteristics: Differs from the field sparrow (SPIZELLA PUSILLA) by being larger and having a larger bill that is not pink. 
Tail is much longer than that of the grasshopper sparrow (AMMODRAMUS SAVANNARUM). Young in summer resemble Lincoln's 
sparrow (MELOSPIZA LINCOLNII), but the latter does not occur in the south in summer. 
Reproduction Comments: In the southeastern U.S., may begin singing as early as mid-February, two months before breeding (Burleigh 
1958, Sprunt and Chamberlain 1970). Eggs are laid from late April through July or August (mostly May-June), with the earliest nests in 
the south (Burleigh 1958, Oberholser 1974, Bent 1968). Clutch size 3-5, typically 4. Often two, sometimes 3 broods per year (Sprunt and 
Chamberlain 1970). Incubation, by the female, lasts 12-14 days. Young are tended by both parents (Brooks 1938), leave nest at about 9-
10 days while unable to fly, continue to be fed by parents for about 25 days, during which time the female may initiate another nest and 
the male may assume most of the feeding responsibilities. Generally, adults do not fly directly to or from the nest (walk to or from it after 
landing or before flying). Nest failures seem to result mainly from predation (e.g., by crows or snakes); some reproductive failure or 
reduction may occur as a result of nest parasitism by brown-headed cowbirds (MOLOTHRUS ATER) (Bent 1968, Hardin and Probasco 
1983, Haggerty 1988). 
Ecology Comments: Breeding territory was 0.3-1.3 ha (average 0.62 ha) over one breeding cycle in southern Missouri (Hardin et al. 
1982), 2.49 ha over the entire breeding season in Arkansas (see LeGrand and Schneider 1992). In Missouri, distances between 
boundaries of adjacent territories were 65-100 m. 
Non-Migrant: Y 
Locally Migrant: Y 
Long Distance Migrant: Y 
Mobility and Migration Comments: Migratory north of southeastern North Carolina, resident elsewhere. Arrives in northern part of 
nesting range mainly from mid-March through April or early May, departs mainly mid-August and September, though some remain as 
late as October. 
Terrestrial Habitat(s): Old field, Savanna, Woodland - Conifer, Woodland - Hardwood 
Habitat Comments: Habitat specialist. Historically, found in mature to old growth southern pine woodland subject to frequent growing-
season fires; a fugitive species, breeding wherever fires created suitable conditions. Requires well-developed grass and herb layer with 
limited shrub and hardwood midstory components. Ideal habitat was originally the extensive longleaf pine woodlands of the south. Able 
to colonize recent clearcuts and early seral stages of old field succession but such habitat remains suitable only for a short time. Habitats 
include dry open pine (southern states) or oak woods (e.g., western portion of range) with an undercover of grasses and shrubs, hillsides 
with patchy brushy areas, overgrown fields with thickets and brambles, grassy orchards, and large clear-cuts (usually at least 20 ha in 
Virginia). In the southeastern U.S., Coastal Plain breeding habitat usually is open pine woods with thick cover of grasses or saw 
palmetto; in the Piedmont, mainly in overgrown fields with scattered saplings, occasionally in open woods with thick grass cover (Hamel 
1992). Very occasionally breeds along the edges of wheat or corn fields (Blincoe 1921, Graber and Graber 1963, Mengel 1965).  
 

Cumberland (05130101)+, Rockcastle (05130102)+, Upper Cumberland-Lake Cumberland (05130103)+, 
South Fork Cumberland (05130104)+, Caney (05130108)+, Lower Cumberland-Sycamore (05130202)+, 
Lower Cumberland (05130205)+, Red (05130206)+, Silver-Little Kentucky (05140101)+, Salt (05140102)+, 
Rolling Fork (05140103)+, Blue-Sinking (05140104)+, Highland-Pigeon (05140202)+, Lower Ohio-
Bay (05140203)+, Tradewater (05140205)+, Lower Ohio (05140206)+ 

06 Upper French Broad (06010105)+, Watts Bar Lake (06010201)+, Lower Clinch (06010207)+, 
Emory (06010208)+, Middle Tennessee-Chickamauga (06020001)+, Guntersville Lake (06030001)+, Upper 
Elk (06030003)+, Pickwick Lake (06030005)+, Lower Tennessee-Beech (06040001)+, Kentucky 
Lake (06040005)+, Lower Tennessee (06040006)+ 

08 Lower Mississippi-Memphis (08010100)+, Bayou De Chien-Mayfield (08010201)+, Obion (08010202)+, North
Fork Forked Deer (08010204)+, Upper Hatchie (08010207)+, Wolf (08010210)+, Upper St. 
Francis (08020202)+, Little Tallahatchie (08030201)+, Yocona (08030203)+, Bayou D'arbonne (08040206)+, 
Dugdemona (08040303)+, Little (08040304)+, Upper Big Black (08060201)+, Tickfaw (08070203)+, 
Tangipahoa (08070205)+, Bayou Teche (08080102)+, Mermentau Headwaters (08080201)+, Upper 
Calcasieu (08080203)+, Whisky Chitto (08080204)+, West Fork Calcasieu (08080205)+, Liberty Bayou-
Tchefuncta (08090201)+ 

11 Beaver Reservoir (11010001)+, Bull Shoals Lake (11010003)+, North Fork White (11010006)+, 
Current (11010008)+, Eleven Point (11010011)+, Lower Neosho (11070209)+, Lower Canadian-
Walnut (11090202)+, Deep Fork (11100303)+, Poteau (11110105)+, Muddy Boggy (11140103)+, 
Kiamichi (11140105)+, Upper Little (11140107)+, Mountain Fork (11140108)+, Red Chute (11140204)+, 
Lower Red-Lake Iatt (11140207)+, Black Lake Bayou (11140209)+ 

12 Lower Sabine (12010005)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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In South Carolina, higher densities were recorded in mature (more than 80 years old) pine stands than in young stands (Dunning and 
Watts 1990).  
 
In northwestern Florida, inhabited a longleaf pine stand during the first three years after annual spring fires were discontinued; canopy 
cover was 43% and ground cover was 85%. Five years after the burns stopped canopy cover increased to 91%, ground cover decreased 
to 21%, and breeding no longer occurred (Engstrom et al. 1984).  
 
In Missouri, breeding areas include red-cedar groves of limestone glades where woody plants constitute less than 33% of the plant cover
(Probasco 1978), early succession shrub and grass old fields, shrub and grass savanna, oak-hickory stands cut within the past three 
years, and stands of shortleaf pines with diameters of less than 7.6 cm (Evans and Kirkman 1981, Hardin et al. 1982). Within 13 
territories in limestone glades, shrubs had an average cover of 4.1% and tree cover averaged 2.3% (Hardin et al. 1982). See also Hardin 
and Probasco (1983).  
 
In the southern states, singing perches generally are on the dead lower branches or stubs of living pine trees (LeGrand and Schneider 
1992).  
 
Winters mainly in habitats with dense grassy cover, mostly under open pine woods, also in grassy fields, such as broomsedge (Hamel 
1992), scrub oak, and along fence rows; has been recorded in riparian habitats and sometimes along the saltwater shores of coastal 
woodlands (Burleigh 1958, Bent 1968, Sprunt and Chamberlain 1970, LeGrand and Schneider 1992).  
 
Nests on the ground in dense cover, against/under grass tuft or under low shrub (Harrison 1978), in grassy opening, field, or area with 
scattered trees. Open, domed nests are built by the female and consist of coarse dry grasses and weed stems lined with finer materials 
(Blincoe 1921, Ganier 1921, Brooks 1938). Six nests in Alabama were 18-20 cm high and 11.4 cm wide, with a smaller inner cavity 
(Weston, in Bent 1968). 
Adult Food Habits: Granivore, Invertivore 
Immature Food Habits: Granivore, Invertivore 
Food Comments: Eats insects, other invertebrates, and seeds of herbaceous plants and pines (Meanley 1959, Sprunt and Chamberlain 
1970, Oberholser 1974, Allaire and Fisher 1975, Imhoff 1976); insect portion of diet is relatively low in winter, increases in warmer 
months; forages on the ground and in dense grass, palmettos, or shrubs (Hamel 1992). Nestlings are fed insects (Meanley 1959). 
Adult Phenology: Diurnal 
Immature Phenology: Diurnal 
Length: 15 centimeters 
Weight: 20 grams 

Management Summary  
Stewardship Overview: The primary management concern for this declining species is the provision of adequate habitat, which is 
ephemeral and often declines as a result of natural vegetation succession. In the absence of naturally occurring fires, active 
management (prescribed burning, clearcutting) generally is needed. Single areas generally cannot provide continuously favorable 
habitat, so successful management in a region generally will require the provision of a mosaic of sites in different stages of vegetation 
succession. 
Species Impacts: Not known to detrimentally impact any rare, threatened, or endangered species. 
Restoration Potential: Has a moderate restoration/management potential. Probably little can be done to encourage farmers or 
landowners to abandon farmland for the bird's benefit. On the other hand, it seems likely that active management through clearcutting 
and controlled burns could easily create suitable habitat, although the proximity of existing populations to manageable sites is also an 
important consideration. At first, restoration to suitable habitats may require reintroduction. When the dispersal ability of this species is 
more clearly understood, it may be possible to design a network of managed areas that could be occupied through natural dispersal and 
colonization. The foregoing is from LeGrand and Schneider (1992). 
Preserve Selection & Design Considerations: Because this species often inhabits early successional habitats that are human-
modified and created, it is questionable whether land protection through acquisition is a suitable or feasible method of protection. 
Normally, agencies are involved in the acquisition of naturally occurring, climax habitats and natural communities, such as pine 
savannas, prairies, cedar glades, and mature hardwood forests. The acquisition of sites that require ongoing management to ensure the 
continued existence of rare species involves a long-term financial commitment that many agencies are unwilling or unable to make. 
Therefore, the identification and protection of Bachman's sparrows on sites that can be maintained through natural processes should be 
the first priority. However, in the absence of fire, it seems likely that few if any such sites remain, especially in the northeastern part of the 
range and perhaps rangewide.  
 
The second priority should be protection on sites where existing management practices easily can be modified to accommodate the 
birds' needs for nesting habitat. Some timber lands and agricultural settings may provide management opportunities that could benefit 
the sparrows and remain cost-effective. Such areas managed in this way should provide a minimum of 75 ha of suitable habitat in any 
one breeding season. Size and shape also are important. Managed areas should be somewhat square or circular, rather than long and 
narrow, because powerline clearings or other narrrow clearings do not seem to be suitable.  
 
The foregoing is from LeGrand and Schneider (1992). 
Management Requirements: Can be managed through the use of controlled burns. Timber management practices that produce 
suitable habitat for red-cockaded woodpeckers (PICOIDES BOREALIS) generally provide habitat for Bachman's sparrows (Dunning and 
Watts 1990). At Francis Marion National Forest in South Carolina, where red-cockaded woodpeckers were common prior to Hurricane 
Hugo in September 1989, forest compartments are burned on a 3-5 year rotation schedule. This burning schedule produces a dense 
ground layer of bracken fern (PTERIDIUM AQUILINUM), grasses, and blueberries (VACCINIUM spp.), and an open understory. 
However, red-cockaded woodpeckers will inhabit pine stands with hardwood midstories and no grasses whereas Bachman's sparrows 
will not (Plentovich et al. 1998). Research in Georgia, Alabama, South Carolina, and Florida has shown that a three-year burn schedule 

Economic Attributes Not yet assessed
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yields the highest density of sparrows (Johnson and Landers 1982, Dunning and Watts 1990, Gobris 1992, Shriver and Vickery 2001, 
Tucker et al. 2005). Timing of burn (growing versus dormant season) does not appear to affect sparrow abundance or reproductive 
success (King et al. 1998, Tucker 2002, Tucker et al. 2005). 
 
Where management of fire-adapted forests through the use of controlled burns is not possible, it may be feasible to manage the habitat 
through the use of clearcutting. Management should encourage clearcutting instead of selective cutting (though the latter may be 
suitable to maintain an open structure in some oak savannas and open pine woods). However, a clearcut, without burning of the tract 
following timber removal, might not provide suitable grass cover needed for foraging and nest placement. Thus, burning of a tract should 
follow cutting to ensure a dense grass cover. At present, many or most clearcuts apparently are not burned following timber harvest, and 
the cleared areas are left with a stubble of shrubs and other woody vegetation. Burning of clearcuts is favorable because fire kills or 
retards such woody and hardwood "stubble." Most importantly, burning stimulates the growth of grasses and forbs, features the sparrow 
requires in its habitat. Such habitat can remain suitable for Bachman's sparrows for 5-10 years, though it may take 1-2 years after 
clearing (with or without fire) for a dense cover of grasses to become established. After about 10 years, increasing sapling density may 
render the areas unsuitable for the sparrow (Dunning and Watts 1990). There is an important need to educate the public about the 
values of clearcutting in certain situations.  
 
In the absence of a short burning rotation, both mature stands and clearcuts quickly become unsuitable for nesting. Therefore, until we 
have better understanding of the dispersal abilities of Bachman's sparrow, it is important to provide suitable habitat near those that 
undergo succession and become too overgrown for the birds.  
 
Dunning and Watts (1990) found evidence that a site preparation technique called drumchopping reduces the suitability of clearcuts for 
Bachman's sparrows. Drumchopping is used by foresters to reduce the amount of above-ground vegetation and debris before planting. 
Dunning and Watts found that drumchopping resulted in low dense shrubs. Clearcuts that were not drumchopped had tall shrubs and 
standing dead timber that provided exposed song perches. Foresters and managers of public lands need to be informed of the 
detrimental effects of drumchopping clearcuts and the beneficial effects of burning.  
 
It may be possible, though not necessarily practical, to manage habitat without burning. Dunning and Watts (1990) found that an 
infrequently burned mature pine stand was occupied by Bachman's sparrows when an open understory was maintained by the cutting of 
saplings and girdling of older deciduous trees.  
 
Grazing probably is not a useful management tool because it results in the loss or reduction of a thick grass cover.  
 
The foregoing is from LeGrand and Schneider (1992).  
 
Little information is available on methods for maintaining old fields in suitable condition for Bachman's sparrow. In Ohio, Brooks (1938) 
noted that fields that had not been cultivated for at least four years were used by this species. 
 
Spatial configuration of managed forests is important because Bachman's sparrows apparently do not disperse well. Suitable habitat 
isolated from existing populations may not become occupied (Dunning et al. 2000). However, patch size does not seem to be very 
important. In a study in South Carolina, Bachman's sparrows occupied patches from 3-57 ha (Krementz and Christie 2000). 
Monitoring Requirements: Annual monitoring is appropriate in areas where the species is known or believed to be declining. Easily 
detected by song. Surveys should be done in the morning hours, from late April into June. Singing declines after late June, though 
surveys in July or August might not be fruitless. A tape-recording of the song played at dusk sometimes elicits a response at suitable 
habitat where no birds initially were heard (T. Haggerty, pers. comm.).  
 
Attempting to find the birds in fields by walking to flush silent individuals is both labor-intensive and inefficient. On the other hand, once 
singing birds are located, it is worthwhile to search for nests to monitor the fate of the nest and nestlings [though this could result in 
increased nest predation if predators are led to the nest through human scent or activities]. Nests are most easily located by watching 
the behavior of adult birds during nest building or feeding of the young (Haggerty 1988). Occupied sites should be monitored annually to 
determine the number of singing males, estimate annual productivity, and, if possible, assess the magnitude of nest predation and 
cowbird parasitism. Most existing general monitoring programs, such as the Breeding Bird Survey and Christmas Bird Count, do not 
provide adequate, statistically meaningful data on Bachman's sparrow or other scarce species. Projects such as breeding bird atlases 
are especially useful in locating new sites for early-successional species such as the Bachman's sparrow. However, in the northeastern 
portion of the range, the species is so uncommon that observers often are unfamiliar with the song. This increases the likelihood that the 
bird may be overlooked.  
 
Most of the foregoing is from LeGrand and Schneider (1992). 
 
Recently Conner (2002) developed an effective method to predict Bachman's sparrow habitat based on satellite imagery. 
 
Management Programs: See management requirements section for information on the management program at Francis Marion 
National Forest in South Carolina. 
Monitoring Programs: Monitored through the USFWS Breeding Bird Survey and Christmas Bird Count, but these methods generally do 
not provide adequate data pertaining to this species. 
Management Research Programs: In the early 1990s, Dunning and other researchers began addressing the reasons for population 
declines. Radio telemetry was used to help determine reproductive success. A large scale computer simulation model was developed to 
test the impact of timber cutting. Effects of fragmentation and habitat isolation were investigated, as were the effects of a one-to-three 
year burn rotation versus a four or five year rotation. Contact Dunning at the Department of Forestry and Natural Resources, Purdue 
University, 195 Marsteller Street, West Lafayette IN 47907-2033. 
. 
Management Research Needs: Determine relationship between population size (number of singing males) and vegetation succession. 
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Determine whether management can create a mosaic of adjacent sites that together provide continuously occupied habitat. Obtain more 
information on winter habitat needs. 
Biological Research Needs: Determine reasons for population declines. Determine reproductive success and population dynamics in 
different habitat types. Determine nest-site and mate fidelity of adults and philopatry of young. Determine structure and composition of 
seasonally occupied habitats. Determine impacts of predation and cowbird parasitism.  
Population/Occurrence Delineation  
Group Name: PASSERINES 
 
Use Class: Breeding  
Subtype(s): Foraging Area, Nest Site, Nesting Colony  
Minimum Criteria for an Occurrence: Evidence of historical breeding, or current and likely recurring breeding, at a given location, 
minimally a reliable observation of one or more breeding pairs in appropriate habitat. Be cautious about creating EOs for observations 
that may represent single breeding events outside the normal breeding distribution. 
 
Mapping Guidance: Breeding occurrences include nesting areas as well as foraging areas.  
 
For swallows and other species that have separate nesting and foraging areas, separations are based on nest sites or nesting areas, not 
to locations of foraging individuals. For example, nesting areas separated by a gap larger than the separation distance are different 
occurrences, regardless of the foraging locations of individuals from those nesting areas. This separation procedure is appropriate 
because nesting areas are the critical aspect of swallow breeding occurrences, tend to be relatively stable or at least somwhat 
predictable in general location, and so are the basis for effective conservation; foraging areas are much more flexible and not necessarily 
static.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Significant dispersal and associated high potential for gene flow among populations of birds separated by 
tens of kilometers (e.g., Moore and Dolbeer 1989), and increasing evidence that individuals leave their usual home range to engage in 
extrapair copulations, as well as long foraging excursions of some species, make it difficult to circumscribe occurrences on the basis of 
meaningful population units without occurrences becoming too large. Hence, a moderate, standardized separation distance has been 
adopted for songbirds and flycatchers; it should yield occurrences that are not too spatially expansive while also accounting for the 
likelihood of gene flow among populations within a few kilometers of each other.  
 
Be careful not to separate a population's nesting areas and foraging areas as different occurrences; include them in the same 
occurrence even if they are more than 5 km apart. Mean foraging radius (from nesting area) of Brown-headed Cowbird females was 4.0 
kilometers in California, 1.2 kilometers in Illinois-Missouri (Thompson 1994). Yellow-headed Blackbirds, Brewer's Blackbirds, and 
probably Red-winged Blackbirds all forage up to 1.6 kilometers away from breeding colony (Willson 1966, Horn 1968). In one study, 
Brewer's Blackbirds were found as far as 10 kilometers from nesting area (Williams 1952), but this may be unusual. 
 
For swallows and other parrerines with similar behavioral ecology, separation distance pertains to nest sites or nesting colonies, not to 
locations of foraging individuals. For example, nesting areas separated by a gap of more than 5 km are different occurrences, regardless 
of the foraging locations of individuals from those nesting areas. This separation procedure is appropriate because nesting areas are the 
critical aspect of swallow breeding occurrences, tend to be relatively stable or at least somwhat predictable in general location, and so 
are the basis for effective conservation; foraging areas are much more flexible and not necessarily static. 
 
Be cautious about creating EOs for observations that may represent single breeding events outside the normal breeding distribution. 
 
Unsuitable habitat: Habitat not normally used for breeding/feeding by a particular species. For example, unsuitable habitat for grassland 
and shrubland birds includes forest/woodland, urban/suburban, and aquatic habitats. Most habitats would be suitable for birds with 
versatile foraging habits (e.g., most corvids).  
Date: 10Sep2004 
Author: Hammerson, G. 
 
Use Class: Migratory stopover  
Subtype(s): Foraging Area, Roost Site  
Minimum Criteria for an Occurrence: For most passerines: Evidence of recurring presence of migrating individuals (including 
historical) and potential recurring presence at a given location; minimally a reliable observation of 25 birds in appropriate habitat.  
 
For swallows: Evidence of recurring presence of migrating flocks (including historical) and potential recurring presence at a given 
location; minimally a reliable observation of 100 birds in appropriate habitat (e.g., traditional roost sites).  
 
Occurrences should be locations where the species is resident for some time during the appropriate season; it is preferable to have 
observations documenting presence over at least 7 days annually.  
 
EOs should not be described for species that are nomadic during nonbreeding season: e.g., Lark Bunting. 
 
Be cautious about creating EOs for observations that may represent single events.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
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Separation Justification: Separation distance somewhat arbitrary but intended to define occurrences of managable size for 
conservation purposes. Occurrences defined primarily on the basis of areas supporting concentrations of birds, rather than on the basis 
of distinct populations. 
 
For swallows and other species with similar behavioral ecology, the separation distance pertains to communal roost sites rather than to 
foraging areas; the former tend to be more stable and specific over time than the latter. 
 
Date: 03Sep2004 
Author: Hammerson, G., and S. Cannings 
 
Use Class: Nonbreeding  
Subtype(s): Foraging Area, Roost Site  
Minimum Criteria for an Occurrence: Any area used traditionally in the nonbreeding season (used for populations that are not resident 
in a location year-round). Minimally, reliable observations of 10 or more individuals in appropriate habitat for 20 or more days at a time. 
For G1-G3 species, observations of fewer individuals could constitute an occurrence of conservation value. Sites used during migration 
should be documented under the 'migratory stopover' location use class. 
 
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Separation distance is necessarily arbitrary but attempts to balance the high mobility of birds with the need for 
occurrences of reasonable spatial scope. Note that a population's roost sites and foraging areas are parts of the same occurrence, even 
if they are more than 5 km apart. 
 
For swallows and other species with similar behavioral ecology, the separation distance pertains to communal roost sites rather than to 
foraging areas; the former tend to be more stable and specific over time than the latter.  
Date: 03Sep2004 
Author: Hammerson, G. 
 
Use Class: Not applicable  
Minimum Criteria for an Occurrence: Occurrences are based on evidence of historical presence, or current and likely recurring 
presence, at a particular location. Such evidence minimally includes collection or reliable observation and documentation of one or more 
individuals in or near appropriate habitat.  
 
These occurrence specifications are used for nonmigratory populations of passerine birds.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Significant dispersal and associated high potential for gene flow among populations of birds separated by 
tens of kilometers (e.g., Moore and Dolbeer 1989), and increasing evidence that individuals leave their usual home range to engage in 
extrapair copulations, as well as long foraging excursions of some species, make it difficult to circumscribe occurrences on the basis of 
meaningful population units without occurrences becoming too large. Hence, a moderate, standardized separation distance has been 
adopted for songbirds and flycatchers; it should yield occurrences that are not too spatially expansive while also accounting for the 
likelihood of gene flow among populations within a few kilometers of each other.  
 
Be careful not to separate a population's nesting areas and breeding-season foraging areas as different occurrences; include them in the 
same occurrence even if they are more than 5 km apart. Blue jays have small summer home ranges but fly up to 4 kilometers to harvest 
mast (Tarvin and Woolfenden 1999). Flocks of pinyon jays range over 21-29 square kilometers (Ligon 1971, Balda and Bateman 1971); 
nesting and foraging areas may be widely separated. Tricolored blackbirds forage in flocks that range widely to more than 15 kilometers 
from the nesting colony (Beedy and Hamilton 1999).  
 
Unsuitable habitat: Habitat not normally used for breeding/feeding by a particular species. For example, unsuitable habitat for grassland 
and shrubland birds includes forest/woodland, urban/suburban, and aquatic habitats. Most habitats would be suitable for birds with 
versatile foraging habits (e.g., most corvids).  
Date: 10Sep2004 
Author: Hammerson, G. 
Notes: These specs pertain to nonmigratory species. 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 14Sep2007 
NatureServe Conservation Status Factors Author: MARTIN, R.; revised by G. HAMMERSON, M. KOENEN, and D.W. MEHLMAN. 
(1999-10-30); HAMMERSON (1996-12-04 
), YOUNG (2007-09-14) 

U.S. Invasive Species Impact Rank (I-Rank)  Not yet assessed
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Management Information Edition Date: 14Sep2007
Management Information Edition Author: HAMMERSON, (1994-11-15), B. YOUNG (2007-09-14) 
Management Information Acknowledgments: Most of the stewardship information here is based on a article by Harry E. LeGrand, Jr., 
and Kathryn J. Schneider (1992) and on a draft ESA completed by R. L. Henson. 
Element Ecology & Life History Edition Date: 14Sep2007 
Element Ecology & Life History Author(s): Hammerson, G. (1994-11-14); Young, B. (2007-09-14) 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors 
and cooperators (see Sources).  
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still be referenced using the citation above;  
4. No graphics available from this server can be used, copied or distributed separate from the accompanying text. 

Any rights not expressly granted herein are reserved by NatureServe. Nothing contained herein shall be 
construed as conferring by implication, estoppel, or otherwise any license or right under any trademark of 
NatureServe. No trademark owned by NatureServe may be used in advertising or promotion pertaining to the 
distribution of documents delivered from this server without specific advance permission from NatureServe. 
Except as expressly provided above, nothing contained herein shall be construed as conferring any license or 
right under any NatureServe copyright.  

Information Warranty Disclaimer: All documents and related graphics provided by this server and any other documents which are 
referenced by or linked to this server are provided "as is" without warranty as to the currentness, completeness, or accuracy of any 
specific data. NatureServe hereby disclaims all warranties and conditions with regard to any documents provided by this server or 
any other documents which are referenced by or linked to this server, including but not limited to all implied warranties and conditions 
of merchantibility, fitness for a particular purpose, and non-infringement. NatureServe makes no representations about the suitability 
of the information delivered from this server or any other documents that are referenced to or linked to this server. In no event shall 
NatureServe be liable for any special, indirect, incidental, consequential damages, or for damages of any kind arising out of or in 
connection with the use or performance of information contained in any documents provided by this server or in any other documents 
which are referenced by or linked to this server, under any theory of liability used. NatureServe may update or make changes to the 
documents provided by this server at any time without notice; however, NatureServe makes no commitment to update the information 
contained herein. Since the data in the central databases are continually being updated, it is advisable to refresh data retrieved at 
least once a year after its receipt. The data provided is for planning, assessment, and informational purposes. Site specific projects or 
activities should be reviewed for potential environmental impacts with appropriate regulatory agencies. If ground-disturbing activities 
are proposed on a site, the appropriate state natural heritage program(s) or conservation data center can be contacted for a site-
specific review of the project area (see Visit Local Programs). 

Feedback Request: NatureServe encourages users to let us know of any errors or significant omissions that you find in the data 
through (see Contact Us). Your comments will be very valuable in improving the overall quality of our databases for the benefit of all 
users. 
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Genus Size: C - Small genus (6-20 species) 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1998. Check-list of North American birds. Seventh edition. American 
Ornithologists' Union, Washington, DC. 829 pp. 
Concept Reference Code: B98AOU01NAUS 
Name Used in Concept Reference: Haliaeetus leucocephalus 
Taxonomic Comments: The two subspecies, Haliaeetus leucocephalus leucocephalus (southern U.S. and Baja California) and H. l. 
alascanus (northern U.S. and Canada) intergrade broadly in the central and northern U.S. Constitutes a superspecies with H. albicilla 
(AOU 1998). 
Conservation Status  

NatureServe Status 

Global Status: G5  
Global Status Last Reviewed: 11Mar2005 
Global Status Last Changed: 11Mar2005 
Rounded Global Status: G5 - Secure  
Reasons: Widespread distribution in North America; large numbers of occurrences, many of high quality, particularly in Alaska and 
British Columbia, but suffered great decline in southern and eastern part of range earlier this century; still susceptible to a number of 
threats, particularly environmental contaminants and excessive disturbance by humans; recent rangewide improvement in numbers and 
the protection offered by governments prevent it from being ranked any higher. 
Nation: United States  
National Status: N5B,N5N  
Nation: Canada 
National Status: N5B,N5N (05Sep2000)  
 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Falconiformes Accipitridae Haliaeetus

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Alabama (S3B), Alaska (S5), Arizona (S2S3B,S4N), Arkansas (S2B,S4N), California (S2), Colorado (S1B,S3N), Connecticut 
(S1B,S3N), Delaware (S2B,S3N), District of Columbia (S2N,SXB), Florida (S3), Georgia (S2), Idaho (S3B,S4N), Illinois 
(S2B,S3N), Indiana (S2), Iowa (S3B,S3N), Kansas (S2B,S4N), Kentucky (S2B,S2S3N), Louisiana (S2N,S3B), Maine 
(S4B,S4N), Maryland (S2S3B), Massachusetts (S2B,S3N), Michigan (S4), Minnesota (S3B,S3N), Mississippi (S2B,S2N), 
Missouri (S3), Montana (S3), Navajo Nation (S2S3N), Nebraska (S3), Nevada (S1B,S3N), New Hampshire (S1), New Jersey 
(S1B,S2N), New Mexico (S1B,S4N), New York (S2S3B,S2N), North Carolina (S3B,S3N), North Dakota (S1), Ohio (S2), 

Haliaeetus leucocephalus - (Linnaeus, 1766)  
Bald Eagle  
Spanish Common Names: Águila Cabeza Blanca  
French Common Names: Pygargue à tête blanche  
Related ITIS Name(s): Haliaeetus leucocephalus (Linnaeus, 1766) (TSN 175420)
Unique Identifier: ELEMENT_GLOBAL.2.104470  
Element Code: ABNKC10010  
Informal Taxonomy: Animals, Vertebrates - Birds - Raptors © Jeff Nadler
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Other Statuses 

Implied Status under the U.S. Endangered Species Act: PS  
U.S. Fish & Wildlife Service Lead Region: R3 - North Central  
Committee on the Status of Endangered Wildlife in Canada (COSEWIC): Not at Risk (01Apr1984)  
IUCN Red List Category: LC - Least concern  
Convention on International Trade in Endangered Species Protection Status (CITES): Appendix II  
Comments on official statuses: Federal status is categorized by state/region, rather than by subspecies. The FWS is currently 
monitoring the following populations of the Bald eagle: 
 
Threatened: Sonoran Desert DPS (see H. leucocephalus pop. 3): Arizona: (1) Yavapai, northern Mexico. Gila, Graham, Pinal, and 
Maricopa, Counties; and (2) Southern Mohave County (that portion south and east of the center of Interstate Highway 40 and east of 
Arizona Highway 95), eastern LaPaz County (that portion east of the centerline of U.S. and Arizona Highways 95), and north of the 
centerline of Interstate Highway 8). 
 
Delisted Taxon-Recovered: U.S.A., conterminous (lower 48) States. 

NatureServe Conservation Status Factors 

Global Abundance: 10,000 - 100,000 individuals 
Global Abundance Comments: Gerrard (1983) estimated that Alaska and British Columbia have approximately 48,000 bald eagles. 
Blood and Anweiler (1991) gave North American estimates of 70,000, with 21,000 in British Columbia. Alaska population is about 
30,000, and perhaps almost that many occur in western Canada. Estimated number of breeding pairs in Canada in the early 1990s was 
15,000-20,000 (Kirk et al. 1995). The reported number of nesting territories in the lower 48 states in 1990 was 3,014 (Kjos 1990). 
Population estimates (number of occupied territories) based on the 1990 breeding season survey were as follows: northern states, 1165; 
Chesapeake Bay, 235; Pacific states, 861; southeastern states, 722; southwestern states, 27; total, 3010 (USFWS 1990). In 1992, there 
were 149 nesting pairs in New England.  
NON-BREEDING: The winter count for 1992-1993 was about 400 in Maine, 70 in Massachusetts, 61 in Connecticut, 23 in New 
Hampshire, 12 in Vermont, and a few in Rhode Island (End. Sp. Tech. Bull. 18(2):20). Winter count in late 1980s yielded about 11,250 
bald eagles in the lower 48 states.  
See Busch (1988) for information on status in the southwestern U.S. See Brown et al. (1988) for status in Sonora, Mexico.  

Estimated Number of Element Occurrences: > 300 
Estimated Number of Element Occurrences Comments: BREEDING AREA occurrences probably number over 150 in British 
Columbia and Alaska. The total number of occupied territories (not equivalent to breeding area occurrences) in British Columbia and 
Alaska is probably at least 7000 (Gerrard 1983); there are about 1000 on Vancouver Island alone (British Columbia CDC 1993). Kjos 
(1992) estimated there were 3,014 occupied bald eagle territories in the lower 48 states.  

Global Short Term Trend: Stable to increasing (+/-10% fluctuation to >10% increase) 
Global Short Term Trend Comments: As of early 1990s, populations in many areas had rebounded from the low levels that occurred 
before DDT use was banned in the U.S. The population increase in recent years has been accomplished through protection and active 
management, as well as through enhanced reproduction after the DDT ban. Populations have been increasing in the contiguous 48 
states: the number of nesting territories nearly tripled between 1980 and 1990 (Kjos 1992). In the lower 48 states, breeding population 
has doubled every 6-7 years since the late 1970s (USFWS, Federal Register, 12 July 1994, p. 35585). In Alaska and British Columbia 
numbers have been generally stable at about 48,000 (Gerrard 1983, Campbell et al. 1990). Populations are stable and "healthy" in 
Alaska and western Canada. As of the early 1980s, most Canadian populations were reasonably stable, and problem populations in 
southwestern Ontario and the maritime provinces were showing signs of recovery (Brownell and Oldham, 1984 COSEWIC report). 
Overall, populations have increased in Canada in recent decades (Kirk et al. 1995, Hunter and Baird 1995). A significant increase was 
recorded in migration counts in northeastern North America, 1972-1987 (Titus and Fuller 1990). The breeding population in the 
Chesapeake Bay region increased 12.6% per year from 1986 to 1990; the mean minimum survival rate of all eagles was 91%; however, 
eagle habitat there is being converted to human development at a rapid rate (Buehler et al. 1991). In California in the late 1980s, the 
winter population was stable, and the breeding population was increasing in numbers and range (California DF&G 1990). Increasing in 
Arizona in the 1980s (Forbis 1988).  

Global Long Term Trend: Moderate decline to relatively stable (25% change to 50% decline) 

Global Inventory Needs: Needs annual or biannual inventory until recovery goals are reached in the U.S. Then inventory could be 
reduced to longer (5-10 year) intervals at most locations.

Oklahoma (SNR), Oregon (S4B,S4N), Pennsylvania (S2B), Rhode Island (S1B,S1N), South Carolina (S2), South Dakota 
(S1B,S2N), Tennessee (S3), Texas (S3B,S3N), Utah (S1B,S3N), Vermont (S1B,S2N), Virginia (S2S3B,S3N), Washington 
(S4B,S4N), West Virginia (S2B,S3N), Wisconsin (S4B,S2N), Wyoming (S3B,S5N) 

Canada 
Alberta (S4), British Columbia (S5B,S5N), Labrador (S4B), Manitoba (S4S5B), New Brunswick (S3B), Newfoundland Island 
(S4B), Northwest Territories (SNRB), Nova Scotia (S5B,S4N), Nunavut (SNRN), Ontario (S1S2N,S4B), Prince Edward Island 
(S4B), Quebec (S3S4), Saskatchewan (S5B,S4M,S4N), Yukon Territory (S4B) 
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Global Protection: Many to very many (13 to >40) occurrences appropriately protected and managed 
Global Protection Comments: Protected in the United States by the Bald Eagle Protection Act, the Migratory Bird Treaty Act, and the 
Endangered Species Act. Listed as Endangered or Threatened in the lower 48 States, but proposed to be downlisted to Threatened in all 
48 states except portions of the American southwest, and proposed to list eagles in adjacent Mexico as endangered. Protected in 
Canada by the Migratory Bird Treaty and the Wildlife Act. Protected in Mexico by the Migratory Bird Treaty. Many occurrences are 
protected in wildlife refuges, National, state, and Provincial parks, private nature reserves, and on some TNC-owned property.  
Global Protection Needs: Acquisition of breeding territories is always a priority and is necessary for further improvement. Acquisition of 
other types of protection of winter foraging habitats and winter roosts advisable. 

Degree of Threat: Localized substantial threat 
Threat Scope: Low 
Threat Severity: Moderate 
Threat Immediacy: Moderate 
Threats: Major threats include habitat loss, disturbance by humans, biocide contamination, decreasing food supply, and illegal shooting 
(Evans 1982, Green 1985, Herkert 1992). In 1992, many died in northern Utah after eating poisoned bait set out by ranchers. Breeding 
success still is being affected by environmental contaminants in the diet along Lake Superior in Wisconsin (Kozie and Anderson 1991). 
Greatest potential threats in Florida include urban development and commercial timber harvest (Wood et al. 1989). The Chilkat Bald 
Eagle Preserve, Alaska, which supports the largest wintering population anywhere, was threatened by a proposed copper mine in the 
early 1990s (Ehrlich et al. 1992). See Witmer and O'Neil (1990) for information on estimating cumulative impacts of multiple hydroelectric 
development and logging activities in Washington. See Montopoli and Anderson (1991) for a model used to evaluate the cumulative 
effects of selected forms of human disturbance in the Greater Yellowstone ecosystem. As of the mid-1990s, the population in the 
southwestern U.S. continued to face threats and required intensive management to maintain current population levels (1994 End. Sp. 
Tech. Bull. 19(5):18).  
Generally susceptible to human intrusion, but "show a high degree of adaptability and tolerance if the human activity is not directed 
toward them" (Beebe 1974). However, chronic disturbance results in disuse of areas by eagles (Fraser 1985).  

Distribution  
U.S. States and Canadian Provinces 

   
NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for 
common species have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status 
refers to the status as a non-breeder; these errors will be corrected in future versions of these maps. A species is not shown in a 
jurisdiction if it is not known to breed in the jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species 
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may occur in a jurisdiction as a seasonal non-breeding resident or as a migratory transient but this will not be indicated on these maps. 
See other maps on this web site that depict the Western Hemisphere ranges of these species at all seasons of the year.  
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to 
appear. Not all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage 
migrant range depicted. A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp. 

 

Range Map Compilers: NatureServe, 2002; WILDSPACETM 2002 
 
Global Range: >2,500,000 square km (greater than 1,000,000 square miles) 
Global Range Comments: BREEDING: central Alaska, northern Yukon, northwestern and southern Mackenzie, northern 
Saskatchewan, northern Manitoba, central Ontario, central Quebec, Labrador, and Newfoundland, south locally to the Commander and 
Aleutian Islands, southern Alaska, Baja California (both coasts), Sonora (Brown et al. 1988), New Mexico, Arizona, Texas Gulf Coast, 
and Florida (including the Keys); very local in Great Basin and prairie and plains regions in interior North America, where breeding range 
recently has expanded to include Nebraska and Kansas. NON-BREEDING: generally throughout the breeding range except in the far 
north (AOU 1983, Sibley and Monroe 1990), most commonly from southern Alaska and southern Canada southward. The Chilkat Bald 
Eagle Preserve, Alaska, supports the largest wintering population anywhere (Ehrlich et al. 1992). Winter concentrations occur in British 
Columbia-northwestern Washington, along the Missouri and Mississippi rivers, and in northern Arkansas. One of the largest fall (mid-
October to mid-December) migrant concentrations (200-300 birds at any one time, close to a thousand individuals through the season) 
occurs at Hauser Lake near Helena, Montana. 
 

U.S. & Canada State/Province Distribution 
United 
States 

AK, AL, AR, AZ, CA, CO, CT, DC , DE, FL, GA, IA, ID, IL, IN, KS, KY, LA, MA, MD, ME, MI, MN, MO, MS, MT, NC, ND, 
NE, NH, NJ, NM, NN, NV, NY, OH, OK, OR, PA, RI, SC, SD, TN, TX, UT, VA, VT, WA, WI, WV, WY 

Canada AB, BC, LB, MB, NB, NF, NS, NT, NU, ON, PE, QC, SK, YT 
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Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
AL Autauga (01001), Baldwin (01003), Barbour (01005), Cherokee (01019), Chilton (01021), Choctaw (01023), 

Clarke (01025), Colbert (01033), Coosa (01037), Dallas (01047), Elmore (01051), Escambia (01053), 
Franklin (01059), Greene (01063), Hale (01065), Henry (01067), Houston (01069), Jackson (01071), 
Lauderdale (01077)*, Lawrence (01079), Limestone (01083), Lowndes (01085), Madison (01089), 
Marengo (01091), Marshall (01095), Montgomery (01101), Morgan (01103), Perry (01105), Pickens (01107), 
Russell (01113), Sumter (01119), Tallapoosa (01123), Tuscaloosa (01125), Wilcox (01131), Winston (01133) 

AR Arkansas (05001), Ashley (05003), Baxter (05005), Benton (05007), Cleburne (05023), Crawford (05033), 
Crittenden (05035), Cross (05037), Desha (05041), Drew (05043), Faulkner (05045), Franklin (05047), 
Fulton (05049), Garland (05051), Grant (05053), Greene (05055), Hempstead (05057)*, Jackson (05067), 
Jefferson (05069)*, Lafayette (05073), Lincoln (05079), Little River (05081), Logan (05083), Madison (05087), 
Marion (05089), Mississippi (05093), Monroe (05095), Pike (05109), Poinsett (05111), Pulaski (05119), 
Scott (05127), Sebastian (05131), Van Buren (05141) 

AZ Apache (04001), Coconino (04005), Gila (04007), Graham (04009), La Paz (04012), Maricopa (04013), 
Mohave (04015), Pinal (04021), Yavapai (04025) 

CA Alameda (06001), Alpine (06003), Butte (06007), Calaveras (06009), Colusa (06011), Contra Costa (06013), Del 
Norte (06015)*, El Dorado (06017), Fresno (06019), Glenn (06021), Humboldt (06023), Inyo (06027), Kern (06029), 
Lake (06033), Lassen (06035), Los Angeles (06037), Madera (06039), Mendocino (06045), Merced (06047), 
Modoc (06049), Mono (06051), Monterey (06053), Napa (06055), Nevada (06057), Placer (06061), 
Plumas (06063), Riverside (06065), San Benito (06069), San Bernardino (06071), San Luis Obispo (06079), Santa 
Barbara (06083), Shasta (06089), Sierra (06091), Siskiyou (06093), Stanislaus (06099), Tehama (06103), 
Trinity (06105), Tuolumne (06109), Yuba (06115) 

CO Adams (08001), Alamosa (08003)*, Archuleta (08007), Baca (08009), Bent (08011), Conejos (08021), 
Crowley (08025), Douglas (08035)*, Eagle (08037), El Paso (08041), Fremont (08043), Garfield (08045), 
Grand (08049), Gunnison (08051)*, Jackson (08057), Jefferson (08059), Kiowa (08061), La Plata (08067), 
Larimer (08069), Las Animas (08071), Logan (08075)*, Mesa (08077), Mineral (08079), Moffat (08081), 
Montezuma (08083), Montrose (08085), Morgan (08087)*, Otero (08089), Park (08093), Pitkin (08097), 
Prowers (08099), Pueblo (08101), Rio Blanco (08103), Rio Grande (08105)*, Routt (08107), Saguache (08109), 
Sedgwick (08115)*, Washington (08121)*, Weld (08123), Yuma (08125) 

CT Fairfield (09001), Hartford (09003), Litchfield (09005), Middlesex (09007), New Haven (09009), New 
London (09011), Tolland (09013) 

DE Kent (10001), New Castle (10003), Sussex (10005) 

FL Alachua (12001), Bay (12005), Bradford (12007), Brevard (12009), Broward (12011)*, Charlotte (12015), 
Citrus (12017), Clay (12019), Collier (12021), Columbia (12023), DeSoto (12027), Dixie (12029), Duval (12031), 
Flagler (12035), Franklin (12037), Gadsden (12039), Gilchrist (12041), Glades (12043), Gulf (12045), 
Hamilton (12047), Hardee (12049), Hendry (12051), Hernando (12053), Highlands (12055), Hillsborough (12057), 
Indian River (12061), Jackson (12063), Jefferson (12065), Lake (12069), Lee (12071), Leon (12073), Levy (12075), 
Liberty (12077), Manatee (12081), Marion (12083), Martin (12085), Miami-Dade (12086), Monroe (12087), 
Okaloosa (12091), Okeechobee (12093), Orange (12095), Osceola (12097), Palm Beach (12099), Pasco (12101), 
Pinellas (12103), Polk (12105), Putnam (12107), Santa Rosa (12113), Sarasota (12115), Seminole (12117), St. 
Johns (12109), St. Lucie (12111), Sumter (12119), Suwannee (12121), Taylor (12123), Union (12125), 
Volusia (12127), Wakulla (12129), Walton (12131), Washington (12133) 

GA Appling (13001)*, Baker (13007), Baldwin (13009), Bibb (13021), Brooks (13027), Bryan (13029), Bulloch (13031)*, 
Camden (13039), Chatham (13051), Chattahoochee (13053), Cherokee (13057), Clay (13061), Coffee (13069), 
Columbia (13073)*, Cook (13075), Dade (13083)*, Decatur (13087), Dougherty (13095), Early (13099), 
Glynn (13127), Greene (13133), Hancock (13141), Harris (13145), Hart (13147), Heard (13149), Henry (13151), 
Jefferson (13163), Jones (13169), Lanier (13173)*, Lee (13177), Liberty (13179), Lincoln (13181), Long (13183), 
Lowndes (13185), Mcduffie (13189), Mcintosh (13191), Mitchell (13205), Monroe (13207), Morgan (13211), 
Murray (13213), Quitman (13239), Rockdale (13247)*, Seminole (13253), Sumter (13261), Talbot (13263), 
Thomas (13275), Troup (13285), Twiggs (13289), Union (13291)*, Wilkes (13317) 

IA Adair (19001), Allamakee (19005), Appanoose (19007), Benton (19011), Black Hawk (19013), Buchanan (19019), 
Buena Vista (19021), Butler (19023), Carroll (19027), Cass (19029), Cherokee (19035), Chickasaw (19037), 
Clay (19041), Clinton (19045), Dallas (19049), Decatur (19053), Delaware (19055), Des Moines (19057)*, 
Dubuque (19061), Fayette (19065), Floyd (19067), Fremont (19071), Guthrie (19077), Hamilton (19079), 
Howard (19089), Humboldt (19091), Iowa (19095), Jackson (19097), Jefferson (19101), Johnson (19103), 
Jones (19105), Keokuk (19107), Lee (19111), Linn (19113), Louisa (19115), Lyon (19119), Mahaska (19123), 
Marion (19125), Mills (19129), Mitchell (19131), Monona (19133), Muscatine (19139), Palo Alto (19147), 
Sac (19161), Scott (19163), Van Buren (19177), Washington (19183), Wayne (19185), Winneshiek (19191), 
Woodbury (19193) 

ID Ada (16001), Adams (16003), Bannock (16005), Bear Lake (16007), Benewah (16009), Bingham (16011), 
Blaine (16013), Boise (16015), Bonner (16017), Bonneville (16019), Boundary (16021), Butte (16023), 
Canyon (16027), Caribou (16029), Cassia (16031), Clark (16033), Clearwater (16035), Custer (16037), 
Elmore (16039), Franklin (16041), Fremont (16043), Gem (16045), Gooding (16047), Idaho (16049), 
Jefferson (16051), Jerome (16053), Kootenai (16055), Lemhi (16059), Lewis (16061), Madison (16065), 
Minidoka (16067), Nez Perce (16069), Owyhee (16073), Payette (16075), Power (16077), Shoshone (16079), 
Teton (16081), Twin Falls (16083), Valley (16085), Washington (16087) 

IL Adams (17001), Alexander (17003), Bond (17005), Brown (17009), Bureau (17011), Calhoun (17013), 
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Carroll (17015), Cass (17017), Clinton (17027), Cook (17031), Crawford (17033), De Witt (17039), Fayette (17051), 
Franklin (17055), Fulton (17057), Gallatin (17059), Greene (17061), Hancock (17067), Hardin (17069), 
Henderson (17071)*, Henry (17073), Jackson (17077), Jasper (17079), Jefferson (17081), Jersey (17083), Jo 
Daviess (17085), Johnson (17087), Knox (17095), La Salle (17099), Lawrence (17101), Madison (17119), 
Marion (17121), Marshall (17123), Mason (17125), Massac (17127), Mercer (17131), Monroe (17133), 
Montgomery (17135), Morgan (17137), Ogle (17141), Peoria (17143), Perry (17145), Pike (17149), Pope (17151), 
Pulaski (17153), Putnam (17155), Randolph (17157), Rock Island (17161), Saline (17165), Sangamon (17167), 
Schuyler (17169), Scott (17171), St. Clair (17163)*, Stephenson (17177), Tazewell (17179), Union (17181), 
Vermilion (17183), Wabash (17185), Washington (17189), Wayne (17191), White (17193), Whiteside (17195), 
Will (17197), Williamson (17199), Winnebago (17201), Woodford (17203) 

IN Bartholomew (18005), Brown (18013), Carroll (18015), Cass (18017), Crawford (18025), Daviess (18027), 
Decatur (18031), Dubois (18037), Fountain (18045), Gibson (18051), Greene (18055), Harrison (18061), 
Hendricks (18063), Jackson (18071), Johnson (18081), Knox (18083), La Porte (18091), Lawrence (18093), 
Marion (18097), Martin (18101), Monroe (18105), Montgomery (18107), Morgan (18109), Orange (18117), 
Owen (18119), Parke (18121), Posey (18129), Putnam (18133), Ripley (18137), Starke (18149), Sullivan (18153), 
Tippecanoe (18157), Union (18161), Vermillion (18165), Vigo (18167), Wabash (18169), Washington (18175) 

KS Barton (20009), Coffey (20031), Douglas (20045), Ellsworth (20053), Geary (20061), Hodgeman (20083), 
Jefferson (20087), Johnson (20091), Leavenworth (20103), Miami (20121), Neosho (20133), Norton (20137), 
Osage (20139), Osborne (20141), Pottawatomie (20149), Riley (20161), Sedgwick (20173), Seward (20175), 
Shawnee (20177), Stafford (20185), Wabaunsee (20197), Wyandotte (20209) 

KY Ballard (21007), Bath (21011), Calloway (21035), Carlisle (21039), Daviess (21059), Fulton (21075), 
Grayson (21085), Henderson (21101), Henry (21103), Hickman (21105), Hopkins (21107), Larue (21123), 
Laurel (21125), Lawrence (21127), Lewis (21135), Livingston (21139), Lyon (21143), Marshall (21157), 
Mason (21161), Meade (21163), Muhlenberg (21177), Nelson (21179), Trigg (21221), Trimble (21223), 
Whitley (21235) 

LA Ascension (22005), Assumption (22007), Avoyelles (22009), Beauregard (22011), Bossier (22015), Caddo (22017), 
Calcasieu (22019), Claiborne (22027), Concordia (22029), De Soto (22031)*, East Baton Rouge (22033), 
Franklin (22041), Iberia (22045), Iberville (22047), Jackson (22049), Jefferson (22051), La Salle (22059), 
Lafourche (22057), Livingston (22063), Morehouse (22067), Natchitoches (22069), Orleans (22071), 
Ouachita (22073), Plaquemines (22075), Pointe Coupee (22077), Rapides (22079), Richland (22083), 
Sabine (22085), St. Bernard (22087), St. Charles (22089), St. James (22093), St. John the Baptist (22095), St. 
Landry (22097), St. Martin (22099), St. Mary (22101), St. Tammany (22103), Tangipahoa (22105), Tensas (22107), 
Terrebonne (22109), Union (22111), Vermilion (22113), West Baton Rouge (22121), West Feliciana (22125) 

MD Anne Arundel (24003), Baltimore (city) (24510), Baltimore County (24005), Calvert (24009), Caroline (24011), 
Carroll (24013)*, Cecil (24015), Charles (24017), Dorchester (24019), Frederick (24021), Garrett (24023), 
Harford (24025), Howard (24027), Kent (24029), Montgomery (24031), Prince Georges (24033), Queen 
Annes (24035), Somerset (24039), St. Marys (24037), Talbot (24041), Washington (24043), Wicomico (24045), 
Worcester (24047) 

ME Androscoggin (23001), Aroostook (23003), Cumberland (23005), Hancock (23009), Kennebec (23011), 
Knox (23013), Lincoln (23015), Oxford (23017), Penobscot (23019), Piscataquis (23021), Sagadahoc (23023), 
Somerset (23025), Waldo (23027), Washington (23029) 

MI Alcona (26001), Alger (26003), Allegan (26005), Alpena (26007), Antrim (26009), Arenac (26011), Baraga (26013), 
Barry (26015), Bay (26017), Benzie (26019), Calhoun (26025), Charlevoix (26029), Cheboygan (26031), 
Chippewa (26033), Clare (26035), Crawford (26039), Delta (26041), Dickinson (26043), Emmet (26047), 
Gladwin (26051), Gogebic (26053), Grand Traverse (26055), Gratiot (26057), Houghton (26061), Huron (26063), 
Ionia (26067), Iosco (26069), Iron (26071), Kalamazoo (26077), Kalkaska (26079), Keweenaw (26083), 
Lake (26085), Lapeer (26087), Leelanau (26089), Luce (26095), Mackinac (26097), Manistee (26101), 
Marquette (26103), Mason (26105), Mecosta (26107), Menominee (26109), Midland (26111), Missaukee (26113), 
Monroe (26115), Montcalm (26117), Montmorency (26119), Muskegon (26121), Newaygo (26123), 
Oceana (26127), Ogemaw (26129), Ontonagon (26131), Osceola (26133), Oscoda (26135), Otsego (26137), 
Ottawa (26139), Presque Isle (26141), Roscommon (26143), Saginaw (26145), Schoolcraft (26153), St. 
Clair (26147), Tuscola (26157), Wayne (26163), Wexford (26165) 

MN Aitkin (27001), Anoka (27003), Becker (27005), Beltrami (27007), Benton (27009), Big Stone (27011), Blue 
Earth (27013), Brown (27015), Carlton (27017), Carver (27019), Cass (27021), Chippewa (27023), 
Chisago (27025), Clay (27027), Clearwater (27029), Cook (27031), Crow Wing (27035), Dakota (27037), 
Douglas (27041), Faribault (27043), Fillmore (27045), Goodhue (27049), Grant (27051), Hennepin (27053), 
Houston (27055), Hubbard (27057), Isanti (27059), Itasca (27061), Jackson (27063), Kanabec (27065), 
Kandiyohi (27067), Kittson (27069), Koochiching (27071), Lac Qui Parle (27073), Lake (27075), Lake of the 
Woods (27077), Le Sueur (27079), Mahnomen (27087), Marshall (27089), Mcleod (27085), Meeker (27093), Mille 
Lacs (27095), Morrison (27097), Nicollet (27103), Norman (27107), Olmsted (27109), Otter Tail (27111), 
Pennington (27113), Pine (27115), Polk (27119), Pope (27121), Ramsey (27123), Redwood (27127), 
Renville (27129), Rice (27131), Roseau (27135), Scott (27139), Sherburne (27141), Sibley (27143), St. 
Louis (27137), Stearns (27145), Steele (27147), Stevens (27149), Swift (27151), Todd (27153), Traverse (27155), 
Wabasha (27157), Wadena (27159), Waseca (27161), Washington (27163), Watonwan (27165), Wilkin (27167), 
Winona (27169), Wright (27171), Yellow Medicine (27173) 

MO Adair (29001), Atchison (29005), Audrain (29007), Barry (29009), Benton (29015), Bollinger (29017), 
Boone (29019), Butler (29023), Callaway (29027), Camden (29029), Cape Girardeau (29031), Carroll (29033), 
Cedar (29039), Chariton (29041), Christian (29043), Clark (29045), Clinton (29049), Cole (29051), Cooper (29053), 
Crawford (29055), Dade (29057), Daviess (29061), Dent (29065), Douglas (29067), Dunklin (29069), 
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Franklin (29071), Greene (29077), Grundy (29079), Henry (29083), Hickory (29085), Holt (29087), Howard (29089), 
Jackson (29095), Jasper (29097), Laclede (29105), Lewis (29111), Lincoln (29113), Linn (29115), 
Livingston (29117), Macon (29121), Madison (29123), Maries (29125), McDonald (29119), Miller (29131), 
Mississippi (29133), Moniteau (29135), Monroe (29137), Morgan (29141), New Madrid (29143), Oregon (29149), 
Osage (29151), Ozark (29153), Pemiscot (29155), Perry (29157), Pettis (29159), Phelps (29161), Pike (29163), 
Pulaski (29169), Ralls (29173), Randolph (29175), Ray (29177), Ripley (29181), Saline (29195), Scott (29201)*, 
Shelby (29205), St. Charles (29183), St. Clair (29185), St. Louis (29189), Ste. Genevieve (29186), 
Stoddard (29207), Stone (29209), Taney (29213), Texas (29215), Vernon (29217), Wayne (29223), Wright (29229) 

MS Adams (28001), Bolivar (28011), Clay (28025), George (28039), Grenada (28043), Hancock (28045), 
Harrison (28047), Holmes (28051), Issaquena (28055), Itawamba (28057), Jackson (28059), Kemper (28069), 
Lafayette (28071), Lowndes (28087), Madison (28089), Monroe (28095), Noxubee (28103), Panola (28107), Pearl 
River (28109), Rankin (28121), Tate (28137), Tishomingo (28141), Tunica (28143), Warren (28149), 
Wilkinson (28157), Yalobusha (28161), Yazoo (28163) 

MT Beaverhead (30001), Big Horn (30003), Blaine (30005), Broadwater (30007), Carbon (30009), Cascade (30013), 
Chouteau (30015), Custer (30017), Dawson (30021), Deer Lodge (30023), Fergus (30027), Flathead (30029), 
Gallatin (30031), Glacier (30035), Granite (30039), Jefferson (30043), Lake (30047), Lewis and Clark (30049), 
Lincoln (30053), Madison (30057), McCone (30055), Meagher (30059), Mineral (30061), Missoula (30063), 
Musselshell (30065), Park (30067), Powell (30077), Prairie (30079), Ravalli (30081), Roosevelt (30085), 
Rosebud (30087), Sanders (30089), Silver Bow (30093), Stillwater (30095), Sweet Grass (30097), Teton (30099), 
Treasure (30103), Valley (30105), Wheatland (30107), Wibaux (30109), Yellowstone (30111) 

NC Alexander (37003), Anson (37007), Beaufort (37013), Bertie (37015), Bladen (37017), Brunswick (37019), 
Burke (37023), Camden (37029), Carteret (37031), Catawba (37035), Chatham (37037), Cherokee (37039), 
Chowan (37041), Columbus (37047)*, Craven (37049), Currituck (37053), Dare (37055), Davidson (37057), 
Durham (37063), Edgecombe (37065), Franklin (37069), Gaston (37071), Graham (37075), Granville (37077)*, 
Guilford (37081), Halifax (37083), Harnett (37085), Haywood (37087), Hyde (37095), Johnston (37101), 
Lee (37105), Lenoir (37107), Martin (37117), Mecklenburg (37119), Montgomery (37123), Nash (37127), 
Northampton (37131), Onslow (37133), Orange (37135)*, Pamlico (37137), Pasquotank (37139), Pender (37141), 
Perquimans (37143), Pitt (37147), Richmond (37153), Rowan (37159), Stanly (37167), Surry (37171), 
Swain (37173), Tyrrell (37177), Vance (37181), Wake (37183), Warren (37185), Washington (37187), 
Wayne (37191)*, Yadkin (37197) 

ND Billings (38007), Bottineau (38009), Burleigh (38015), Dunn (38025)*, McKenzie (38053), McLean (38055), 
Mercer (38057), Morton (38059), Oliver (38065), Slope (38087)* 

NE Antelope (31003), Boyd (31015), Brown (31017), Buffalo (31019), Cass (31025), Cedar (31027), Cherry (31031), 
Colfax (31037), Cuming (31039), Custer (31041), Dawson (31047), Dixon (31051), Dodge (31053), 
Douglas (31055), Gage (31067), Garden (31069), Grant (31075), Greeley (31077), Hall (31079), Harlan (31083), 
Hitchcock (31087), Holt (31089), Hooker (31091), Keith (31101), Keya Paha (31103), Knox (31107), 
Lancaster (31109)*, Lincoln (31111), Loup (31115), Morrill (31123), Nance (31125), Nemaha (31127), 
Pawnee (31133), Phelps (31137), Pierce (31139), Platte (31141), Polk (31143), Richardson (31147), 
Sarpy (31153), Saunders (31155), Scotts Bluff (31157), Sheridan (31161), Sherman (31163), Valley (31175), 
Webster (31181) 

NJ Atlantic (34001), Bergen (34003), Burlington (34005), Cape May (34009), Cumberland (34011), Gloucester (34015),
Hunterdon (34019), Mercer (34021), Middlesex (34023), Monmouth (34025), Morris (34027)*, Ocean (34029), 
Passaic (34031), Salem (34033), Sussex (34037), Warren (34041) 

NM Bernalillo (35001), Catron (35003), Colfax (35007), Mckinley (35031), San Juan (35045), Sandoval (35043), 
Sierra (35051) 

NV Churchill (32001), Elko (32007), Lyon (32019), Mineral (32021) 

NY Albany (36001), Allegany (36003), Broome (36007), Cattaraugus (36009), Cayuga (36011), Chautauqua (36013), 
Chemung (36015), Chenango (36017), Clinton (36019), Columbia (36021), Delaware (36025), Dutchess (36027), 
Erie (36029), Essex (36031), Franklin (36033), Fulton (36035), Genesee (36037), Greene (36039), 
Hamilton (36041), Jefferson (36045), Livingston (36051), Monroe (36055), Onondaga (36067), Ontario (36069), 
Orange (36071), Orleans (36073), Oswego (36075), Otsego (36077), Putnam (36079), Rensselaer (36083), 
Rockland (36087), Saratoga (36091), Schoharie (36095), Seneca (36099), St. Lawrence (36089), Steuben (36101), 
Sullivan (36105), Tioga (36107), Ulster (36111), Warren (36113)*, Washington (36115), Wayne (36117), 
Westchester (36119), Wyoming (36121), Yates (36123) 

OH Coshocton (39031), Delaware (39041), Erie (39043), Geauga (39055), Guernsey (39059), Harrison (39067), 
Henry (39069), Huron (39077), Knox (39083), Lorain (39093), Lucas (39095), Mahoning (39099), Marion (39101), 
Mercer (39107), Noble (39121), Ottawa (39123), Portage (39133), Ross (39141), Sandusky (39143), 
Seneca (39147), Trumbull (39155), Wayne (39169), Wood (39173), Wyandot (39175) 

OK Adair (40001), Alfalfa (40003)*, Caddo (40015), Cherokee (40021), Choctaw (40023), Cimarron (40025), 
Cleveland (40027), Cotton (40033), Custer (40039), Delaware (40041), Garvin (40049), Grady (40051), 
Grant (40053)*, Haskell (40061), Hughes (40063), Kay (40071), Kingfisher (40073), Logan (40083), Love (40085), 
McIntosh (40091), Muskogee (40101), Noble (40103), Oklahoma (40109), Osage (40113), Sequoyah (40135), 
Texas (40139)*, Tulsa (40143), Wagoner (40145) 

OR Baker (41001), Benton (41003), Clackamas (41005), Clatsop (41007), Columbia (41009), Coos (41011), 
Crook (41013), Curry (41015), Deschutes (41017), Douglas (41019), Grant (41023), Harney (41025), Hood 
River (41027), Jackson (41029), Jefferson (41031), Josephine (41033), Klamath (41035), Lake (41037), 
Lane (41039), Lincoln (41041), Linn (41043), Malheur (41045), Marion (41047), Multnomah (41051), Polk (41053), 
Tillamook (41057), Umatilla (41059), Union (41061), Wallowa (41063), Wasco (41065), Washington (41067), 
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Wheeler (41069), Yamhill (41071) 

PA Adams (42001), Bedford (42009), Berks (42011), Bradford (42015), Bucks (42017), Butler (42019), 
Cameron (42023), Centre (42027), Chester (42029), Clinton (42035), Columbia (42037), Crawford (42039), 
Dauphin (42043), Elk (42047), Erie (42049), Fayette (42051), Forest (42053), Fulton (42057), Huntingdon (42061), 
Lancaster (42071), Lawrence (42073), Luzerne (42079), Lycoming (42081), Mckean (42083), Mercer (42085), 
Monroe (42089), Montour (42093), Northampton (42095), Northumberland (42097), Perry (42099), 
Philadelphia (42101), Pike (42103), Schuylkill (42107), Sullivan (42113), Tioga (42117), Venango (42121), 
Warren (42123), Wayne (42127), Westmoreland (42129), Wyoming (42131), York (42133) 

RI Providence (44007) 

SC Abbeville (45001), Aiken (45003), Allendale (45005), Anderson (45007), Barnwell (45011), Beaufort (45013), 
Berkeley (45015), Calhoun (45017), Charleston (45019), Chester (45023), Clarendon (45027), Colleton (45029), 
Dillon (45033), Dorchester (45035), Edgefield (45037), Fairfield (45039), Florence (45041), Georgetown (45043), 
Greenwood (45047), Hampton (45049), Horry (45051), Jasper (45053), Kershaw (45055), Lancaster (45057), 
Lexington (45063), Marion (45067), Marlboro (45069), McCormick (45065), Newberry (45071), 
Orangeburg (45075), Richland (45079), Saluda (45081), Sumter (45085), York (45091) 

SD Bennett (46007), Bon Homme (46009), Brown (46013), Brule (46015), Buffalo (46017), Charles Mix (46023), 
Clay (46027), Custer (46033), Day (46037), Dewey (46041), Fall River (46047), Grant (46051), Gregory (46053), 
Hughes (46065), Hutchinson (46067), Lawrence (46081), Lyman (46085), Marshall (46091), Meade (46093), 
Minnehaha (46099), Moody (46101), Perkins (46105), Roberts (46109), Sanborn (46111), Spink (46115), 
Stanley (46117), Union (46127), Walworth (46129), Yankton (46135), Ziebach (46137) 

TN Benton (47005), Blount (47009), Cheatham (47021), Claiborne (47025), Clay (47027), Cocke (47029), 
Coffee (47031), DeKalb (47041), Decatur (47039), Franklin (47051), Grainger (47057), Hamblen (47063), 
Hamilton (47065), Hancock (47067), Hardin (47071), Hawkins (47073), Henry (47079), Humphreys (47085), 
Jackson (47087), Jefferson (47089), Lake (47095), Lauderdale (47097), Loudon (47105), Marion (47115), 
Meigs (47121), Monroe (47123), Obion (47131), Overton (47133), Perry (47135), Pickett (47137), Polk (47139), 
Rhea (47143), Roane (47145), Sevier (47155), Shelby (47157), Stewart (47161), Sullivan (47163), 
Sumner (47165), Union (47173), Washington (47179) 

TX Anderson (48001), Angelina (48005), Austin (48015), Bastrop (48021), Bell (48027), Bowie (48037), 
Brazoria (48039), Burnet (48053), Calhoun (48057), Cass (48067), Chambers (48071), Cherokee (48073), 
Colorado (48089), Cooke (48097), Denton (48121), Fannin (48147), Fayette (48149), Fort Bend (48157), 
Freestone (48161), Goliad (48175), Grayson (48181), Grimes (48185), Harris (48201), Henderson (48213), 
Houston (48225), Jackson (48239), Jasper (48241), Kaufman (48257), Lavaca (48285), Leon (48289), 
Liberty (48291), Limestone (48293), Llano (48299), Madison (48313), Matagorda (48321), Montgomery (48339), 
Nacogdoches (48347), Navarro (48349), Newton (48351), Panola (48365), Polk (48373), Refugio (48391), 
Robertson (48395), Rusk (48401), Sabine (48403), San Augustine (48405), San Jacinto (48407), San 
Saba (48411), Shelby (48419), Smith (48423), Trinity (48455), Tyler (48457), Victoria (48469), Walker (48471), 
Wharton (48481), Wood (48499) 

UT Beaver (49001), Box Elder (49003), Cache (49005), Carbon (49007), Daggett (49009), Davis (49011), 
Duchesne (49013), Emery (49015), Garfield (49017), Grand (49019), Iron (49021), Juab (49023), Kane (49025), 
Millard (49027), Morgan (49029), Piute (49031), Rich (49033), Salt Lake (49035), San Juan (49037), 
Sanpete (49039), Sevier (49041), Summit (49043), Tooele (49045), Uintah (49047), Utah (49049), 
Wasatch (49051), Washington (49053), Wayne (49055), Weber (49057) 

VA Accomack (51001), Albemarle (51003), Amherst (51009), Bath (51017), Campbell (51031), Caroline (51033), 
Charles City (51036), Chesterfield (51041), Culpeper (51047), Essex (51057), Fairfax (51059), Fauquier (51061), 
Gloucester (51073), Goochland (51075), Halifax (51083), Hampton (city) (51650), Hanover (51085), 
Henrico (51087), Hopewell (city) (51670), Isle of Wight (51093), James City (51095), King George (51099), King 
William (51101), King and Queen (51097), Lancaster (51103), Mathews (51115), Mecklenburg (51117), 
Middlesex (51119), New Kent (51127), Newport News (city) (51700), Northampton (51131), 
Northumberland (51133), Portsmouth (city) (51740), Powhatan (51145), Prince Edward (51147), Prince 
George (51149), Prince William (51153), Richmond (51159), Richmond (city) (51760), Rockbridge (51163), 
Southampton (51175), Stafford (51179), Suffolk (city) (51800), Surry (51181), Sussex (51183), Virginia Beach 
(city) (51810), Westmoreland (51193), York (51199) 

VT Addison (50001), Chittenden (50007), Grand Isle (50013), Rutland (50021)*, Windham (50025), Windsor (50027) 

WI Adams (55001), Ashland (55003), Barron (55005), Bayfield (55007), Brown (55009), Buffalo (55011), 
Burnett (55013), Chippewa (55017), Clark (55019), Columbia (55021), Crawford (55023), Dodge (55027), 
Door (55029), Douglas (55031), Dunn (55033), Eau Claire (55035), Florence (55037), Forest (55041), 
Grant (55043), Green (55045), Green Lake (55047), Iowa (55049), Iron (55051), Jackson (55053), Juneau (55057), 
La Crosse (55063), Langlade (55067), Lincoln (55069), Manitowoc (55071), Marathon (55073), Marinette (55075), 
Marquette (55077), Menominee (55078), Monroe (55081), Oconto (55083), Oneida (55085), Outagamie (55087), 
Pepin (55091), Pierce (55093), Polk (55095), Portage (55097), Price (55099), Richland (55103), Rusk (55107), 
Sauk (55111), Sawyer (55113), Shawano (55115), St. Croix (55109), Taylor (55119), Trempealeau (55121), 
Vernon (55123), Vilas (55125), Washburn (55129), Waupaca (55135), Waushara (55137), Winnebago (55139), 
Wood (55141) 

WV Grant (54023), Hampshire (54027), Hancock (54029), Hardy (54031), Jefferson (54037), Mineral (54057), 
Morgan (54065), Pendleton (54071), Wood (54107)* 

WY Big Horn (56003), Carbon (56007), Fremont (56013), Lincoln (56023), Niobrara (56027), Park (56029), 
Sheridan (56033), Sublette (56035), Sweetwater (56037), Teton (56039) 
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* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

01 Allagash (01010002)+, Fish (01010003)+, Aroostook (01010004)+, West Branch Penobscot (01020001)+, 
East Branch Penobscot (01020002)+, Mattawamkeag (01020003)+, Piscataquis (01020004)+, Lower 
Penobscot (01020005)+, Upper Kennebec (01030001)+, Dead (01030002)+, Lower Kennebec (01030003)+, 
Upper Androscoggin (01040001)+, Lower Androscoggin (01040002)+, St. Croix (01050001)+, Maine 
Coastal (01050002)+, St. George-Sheepscot (01050003)+, Presumpscot (01060001)+, Saco (01060002)+, 
Lower Connecticut (01080205)+, Westfield (01080206)+, Farmington (01080207)+, Narragansett (01090004)
+, Shetucket (01100002)+, Quinnipiac (01100004)+, Housatonic (01100005)+, Saugatuck (01100006)+ 

02 Lake George (02010001)+, Otter (02010002)+, Ausable (02010004)+, Lamoille (02010005)+, Great Chazy-
Saranac (02010006)+, Upper Hudson (02020001)+, Sacandaga (02020002)+, Hudson-Hoosic (02020003)+, 
Mohawk (02020004)+, Schoharie (02020005)+, Middle Hudson (02020006)+, Rondout (02020007)+, 
Hudson-Wappinger (02020008)+, Lower Hudson (02030101)+, Hackensack-Passaic (02030103)+, Sandy 
Hook-Staten Island (02030104)+, Raritan (02030105)+, Upper Delaware (02040101)+, East Branch 
Delaware (02040102)+, Lackawaxen (02040103)+, Middle Delaware-Mongaup-Brodhead (02040104)+, 
Middle Delaware-Musconetcong (02040105)+, Lehigh (02040106)+, Crosswicks-Neshaminy (02040201)+, 
Lower Delaware (02040202)+, Schuylkill (02040203)+, Brandywine-Christina (02040205)+, Cohansey-
Maurice (02040206)+, Broadkill-Smyrna (02040207)+, Mullica-Toms (02040301)+, Great Egg 
Harbor (02040302)+, Upper Susquehanna (02050101)+, Owego-Wappasening (02050103)+, 
Tioga (02050104)+, Chemung (02050105)+, Upper Susquehanna-Tunkhannock (02050106)+, Upper 
Susquehanna-Lackawanna (02050107)+, Upper West Branch Susquehanna (02050201)+, 
Sinnemahoning (02050202)+, Middle West Branch Susquehanna (02050203)+, Bald Eagle (02050204)+, 
Pine (02050205)+, Lower West Branch Susquehanna (02050206)+, Lower Susquehanna-Penns (02050301)
+, Raystown (02050303)+, Lower Juniata (02050304)+, Lower Susquehanna-Swatara (02050305)+, Lower 
Susquehanna (02050306)+, Upper Chesapeake Bay (02060001)+, Chester-Sassafras (02060002)+, 
Gunpowder-Patapsco (02060003)+, Severn (02060004)+, Choptank (02060005)+, Patuxent (02060006)+, 
Blackwater-Wicomico (02060007)+, Nanticoke (02060008)+, Pocomoke (02060009)+, 
Chincoteague (02060010)+, South Branch Potomac (02070001)+, North Branch Potomac (02070002)+, 
Cacapon-Town (02070003)+, Conococheague-Opequon (02070004)+, Shenandoah (02070007)+, Middle 
Potomac-Catoctin (02070008)+, Middle Potomac-Anacostia-Occoquan (02070010)+, Lower 
Potomac (02070011)+, Great Wicomico-Piankatank (02080102)+, Rapidan-Upper 
Rappahannock (02080103)+, Lower Rappahannock (02080104)+, Mattaponi (02080105)+, 
Pamunkey (02080106)+, York (02080107)+, Lynnhaven-Poquoson (02080108)+, Western Lower 
Delmarva (02080109)+, Eastern Lower Delmarva (02080110)+, Upper James (02080201)+, 
Maury (02080202)+, Middle James-Buffalo (02080203)+, Rivanna (02080204)+, Middle James-
Willis (02080205)+, Lower James (02080206)+, Appomattox (02080207)+, Hampton Roads (02080208)+ 

03 Middle Roanoke (03010102)+, Lower Dan (03010104)+, Roanoke Rapids (03010106)+, Lower 
Roanoke (03010107)+, Nottoway (03010201)+, Blackwater (03010202)+, Ghowan (03010203)+, 
Meheriin (03010204)+, Albemarle (03010205)+, Upper Tar (03020101)+, Lower Tar (03020103)+, 
Pamlico (03020104)+, Pamlico Sound (03020105)+, Bogue-Core Sounds (03020106)+, Upper 
Neuse (03020201)+, Middle Neuse (03020202)+, Contentnea (03020203)+, Lower Neuse (03020204)+, 
New (03030001)+, Haw (03030002)+, Upper Cape Fear (03030004)+, Lower Cape Fear (03030005)+, Upper 
Yadkin (03040101)+, Lower Yadkin (03040103)+, Upper Pee Dee (03040104)+, Lower Pee Dee (03040201)
+, Little Pee Dee (03040204)+, Black (03040205)+, Waccamaw (03040206)+, Carolina Coastal-
Sampit (03040207)+, Upper Catawba (03050101)+, Lower Catawba (03050103)+, Wateree (03050104)+, 
Lower Broad (03050106)+, Saluda (03050109)+, Congaree (03050110)+, Lake Marion (03050111)+, 
Santee (03050112)+, Cooper (03050201)+, South Carolina Coastal (03050202)+, North Fork 
Edisto (03050203)+, Edisto (03050205)+, Four Hole Swamp (03050206)+, Broad-St. Helena (03050208)+, 
Upper Savannah (03060103)+, Broad (03060104)+, Little (03060105)+, Middle Savannah (03060106)+, 
Brier (03060108)+, Lower Savannah (03060109)+, Upper Ogeechee (03060201)+, Lower 
Ogeechee (03060202)+, Canoochee (03060203)+, Ogeechee Coastal (03060204)+, Upper 
Oconee (03070101)+, Upper Ocmulgee (03070103)+, Altamaha (03070106)+, Satilla (03070201)+, 
Cumberland-St. Simons (03070203)+, Upper St. Johns (03080101)+, Oklawaha (03080102)+, Lower St. 
Johns (03080103)+, Daytona - St. Augustine (03080201)+, Cape Canaveral (03080202)+, Vero 
Beach (03080203)+, Kissimmee (03090101)+, Northern Okeechobee Inflow (03090102)+, Western 
Okeechobee Inflow (03090103)+, Lake Okeechobee (03090201)+, Everglades (03090202)+, Florida Bay-
Florida Keys (03090203)+, Big Cypress Swamp (03090204)+, Caloosahatchee (03090205)+, 
Peace (03100101)+, Myakka (03100102)+, Charlotte Harbor (03100103)+, Sarasota Bay (03100201)+, 
Manatee (03100202)+, Little Manatee (03100203)+, Alafia (03100204)+, Hillsborough (03100205)+, Tampa 
Bay (03100206)+, Crystal-Pithlachascotee (03100207)+, Withlacoochee (03100208)+, 
Waccasassa (03110101)+, Econfina-Steinhatchee (03110102)+, Aucilla (03110103)+, Upper 
Suwannee (03110201)+, Alapaha (03110202)+, withlacoochee (03110203)+, Little (03110204)+, Lower 
Suwannee (03110205)+, Santa Fe (03110206)+, Apalachee Bay-St. Marks (03120001)+, Lower 
Ochlockonee (03120003)+, Middle Chattahoochee-Lake Harding (03130002)+, Middle Chattahoochee-Walter 
F. George Reservoir (03130003)+, Lower Chattahoochee (03130004)+, Upper Flint (03130005)+, Middle 
Flint (03130006)+, Kinchafoonee-Muckalee (03130007)+, Lower Flint (03130008)+, Spring (03130010)+, 
Apalachicola (03130011)+, Chipola (03130012)+, New (03130013)+, Apalachicola Bay (03130014)+, St. 
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Andrew-St. Joseph Bays (03140101)+, Choctawhatchee Bay (03140102)+, Blackwater (03140104)+, 
Pensacola Bay (03140105)+, Lower Choctawhatchee (03140203)+, Coosawattee (03150102)+, 
Etowah (03150104)+, Upper Coosa (03150105)+, Lower Coosa (03150107)+, Middle Tallapoosa (03150109)
+, Upper Alabama (03150201)+, Cahaba (03150202)+, Middle Alabama (03150203)+, Upper 
Tombigbee (03160101)+, Middle Tombigbee-Lubbub (03160106)+, Sipsey (03160107)+, 
Noxubee (03160108)+, Lower Black Warrior (03160113)+, Middle Tombigbee-Chickasaw (03160201)+, 
Mobile - Tensaw (03160204)+, Pascagoula (03170006)+, Mississippi Coastal (03170009)+, Middle Pearl-
Strong (03180002)+, Lower Pearl. Mississippi (03180004)+ 

04 Baptism-Brule (04010101)+, Beaver-Lester (04010102)+, St. Louis (04010201)+, Cloquet (04010202)+, 
Beartrap-Nemadji (04010301)+, Bad-Montreal (04010302)+, Black-Presque Isle (04020101)+, 
Ontonagon (04020102)+, Keweenaw Peninsula (04020103)+, Sturgeon (04020104)+, Dead-
Kelsey (04020105)+, Betsy-Chocolay (04020201)+, Tahquamenon (04020202)+, Waiska (04020203)+, Lake 
Superior (04020300)+, Manitowoc-Sheboygan (04030101)+, Door-Kewaunee (04030102)+, Duck-
Pensaukee (04030103)+, Oconto (04030104)+, Peshtigo (04030105)+, Brule (04030106)+, 
Michigamme (04030107)+, Menominee (04030108)+, Cedar-Ford (04030109)+, Escanaba (04030110)+, 
Tacoosh-Whitefish (04030111)+, Fishdam-Sturgeon (04030112)+, Upper Fox (04030201)+, Wolf (04030202)
+, Lower Fox (04030204)+, Black-Macatawa (04050002)+, Kalamazoo (04050003)+, Upper 
Grand (04050004)+, Maple (04050005)+, Lower Grand (04050006)+, Thornapple (04050007)+, Pere 
Marquette-White (04060101)+, Muskegon (04060102)+, Manistee (04060103)+, Betsie-Platte (04060104)+, 
Boardman-Charlevoix (04060105)+, Manistique (04060106)+, Brevoort-Millecoquins (04060107)+, Lake 
Michigan (04060200)+, St. Marys (04070001)+, Carp-Pine (04070002)+, Lone Lake-Ocqueoc (04070003)+, 
Cheboygan (04070004)+, Black (04070005)+, Thunder Bay (04070006)+, Au Sable (04070007)+, Au Gres-
Rifle (04080101)+, Kawkawlin-Pine (04080102)+, Pigeon-Wiscoggin (04080103)+, 
Tittabawassee (04080201)+, Pine (04080202)+, Shiawassee (04080203)+, Flint (04080204)+, 
Cass (04080205)+, Saginaw (04080206)+, Lake Huron (04080300)+, St. Clair (04090001)+, Lake St. 
Clair (04090002)+, Detroit (04090004)+, Huron (04090005)+, Ottawa-Stony (04100001)+, Raisin (04100002)
+, Lower Maumee (04100009)+, Cedar-Portage (04100010)+, Sandusky (04100011)+, Huron-
Vermilion (04100012)+, Black-Rocky (04110001)+, Cuyahoga (04110002)+, Grand (04110004)+, 
Chautauqua-Conneaut (04120101)+, Cattaraugus (04120102)+, Niagara (04120104)+, Lake Erie (04120200)
+, Oak Orchard-Twelvemile (04130001)+, Upper Genesee (04130002)+, Lower Genesee (04130003)+, 
Irondequoit-Ninemile (04140101)+, Salmon-Sandy (04140102)+, Seneca (04140201)+, Oswego (04140203)
+, Chaumont-Perch (04150102)+, Upper St. Lawrence (04150301)+, Oswegatchie (04150302)+, 
Indian (04150303)+, Grass (04150304)+, Raquette (04150305)+, St. Regis (04150306)+, English-
Salmon (04150307)+ 

05 Upper Allegheny (05010001)+, Conewango (05010002)+, Middle Allegheny-Tionesta (05010003)+, 
French (05010004)+, Clarion (05010005)+, Kiskiminetas (05010008)+, Cheat (05020004)+, Upper 
Ohio (05030101)+, Shenango (05030102)+, Mahoning (05030103)+, Connoquenessing (05030105)+, Upper 
Ohio-Shade (05030202)+, Tuscarawas (05040001)+, Walhonding (05040003)+, Muskingum (05040004)+, 
Wills (05040005)+, Upper Scioto (05060001)+, Lower Scioto (05060002)+, Paint (05060003)+, Big 
Sandy (05070204)+, Whitewater (05080003)+, Ohio Brush-Whiteoak (05090201)+, Middle Ohio-
Laughery (05090203)+, Licking (05100101)+, Lower Kentucky (05100205)+, Rough (05110004)+, 
Pond (05110006)+, Upper Wabash (05120101)+, Middle Wabash-Deer (05120105)+, 
Tippecanoe (05120106)+, Middle Wabash-Little Vermilion (05120108)+, Vermilion (05120109)+, 
Sugar (05120110)+, Middle Wabash-Busseron (05120111)+, Embarras (05120112)+, Lower 
Wabash (05120113)+, Little Wabash (05120114)+, Skillet (05120115)+, Upper White (05120201)+, Lower 
White (05120202)+, Eel (05120203)+, Driftwood (05120204)+, Upper East Fork White (05120206)+, 
Muscatatuck (05120207)+, Lower East Fork White (05120208)+, Patoka (05120209)+, Upper 
Cumberland (05130101)+, Obey (05130105)+, Upper Cumberland-Cordell Hull (05130106)+, 
Caney (05130108)+, Lower Cumberland-Sycamore (05130202)+, Lower Cumberland (05130205)+, Silver-
Little Kentucky (05140101)+, Rolling Fork (05140103)+, Blue-Sinking (05140104)+, Lower Ohio-Little 
Pigeon (05140201)+, Highland-Pigeon (05140202)+, Lower Ohio-Bay (05140203)+, Saline (05140204)+, 
Tradewater (05140205)+, Lower Ohio (05140206)+ 

06 South Fork Holston (06010102)+, Watauga (06010103)+, Holston (06010104)+, Pigeon (06010106)+, Lower 
French Broad (06010107)+, Watts Bar Lake (06010201)+, Tuckasegee (06010203)+, Lower Little 
Tennessee (06010204)+, Upper Clinch (06010205)+, Middle Tennessee-Chickamauga (06020001)+, 
Hiwassee (06020002)+, Ocoee (06020003)+, Guntersville Lake (06030001)+, Wheeler Lake (06030002)+, 
Upper Elk (06030003)+, Pickwick Lake (06030005)+, Bear (06030006)+, Lower Tennessee-
Beech (06040001)+, Upper Duck (06040002)+, Lower Duck (06040003)+, Kentucky Lake (06040005)+, 
Lower Tennessee (06040006)+ 

07 Mississippi Headwaters (07010101)+, Leech Lake (07010102)+, Prairie-Willow (07010103)+, Elk-
Nokasippi (07010104)+, Pine (07010105)+, Crow Wing (07010106)+, Redeye (07010107)+, Long 
Prairie (07010108)+, Platte-Spunk (07010201)+, Sauk (07010202)+, Clearwater-Elk (07010203)+, 
Crow (07010204)+, South Fork Crow (07010205)+, Twin Cities (07010206)+, Rum (07010207)+, Upper 
Minnesota (07020001)+, Pomme De Terre (07020002)+, Lac Qui Parle (07020003)+, Hawk-Yellow 
Medicine (07020004)+, Chippewa (07020005)+, Middle Minnesota (07020007)+, Cottonwood (07020008)+, 
Blue Earth (07020009)+, Watonwan (07020010)+, Le Sueur (07020011)+, Lower Minnesota (07020012)+, 
Upper St. Croix (07030001)+, Namekagon (07030002)+, Kettle (07030003)+, Snake (07030004)+, Lower St. 
Croix (07030005)+, Rush-Vermillion (07040001)+, Cannon (07040002)+, Buffalo-Whitewater (07040003)+, 
Zumbro (07040004)+, Trempealeau (07040005)+, La Crosse-Pine (07040006)+, Black (07040007)+, 
Root (07040008)+, Upper Chippewa (07050001)+, Flambeau (07050002)+, South Fork 
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Flambeau (07050003)+, Jump (07050004)+, Lower Chippewa (07050005)+, Eau Claire (07050006)+, Red 
Cedar (07050007)+, Coon-Yellow (07060001)+, Upper Iowa (07060002)+, Grant-Little 
Maquoketa (07060003)+, Turkey (07060004)+, Apple-Plum (07060005)+, Maquoketa (07060006)+, Upper 
Wisconsin (07070001)+, Lake Dubay (07070002)+, Castle Rock (07070003)+, Baraboo (07070004)+, Lower 
Wisconsin (07070005)+, Kickapoo (07070006)+, Copperas-Duck (07080101)+, Upper 
Wapsipinicon (07080102)+, Lower Wapsipinicon (07080103)+, Flint-Henderson (07080104)+, South 
Skunk (07080105)+, Skunk (07080107)+, Upper Cedar (07080201)+, Shell Rock (07080202)+, Middle 
Cedar (07080205)+, Lower Cedar (07080206)+, Middle Iowa (07080208)+, Lower Iowa (07080209)+, Upper 
Rock (07090001)+, Pecatonica (07090003)+, Sugar (07090004)+, Lower Rock (07090005)+, Des Moines 
Headwaters (07100001)+, Upper Des Moines (07100002)+, East Fork Des Moines (07100003)+, 
Boone (07100005)+, North Raccoon (07100006)+, South Raccoon (07100007)+, Lake Red Rock (07100008)
+, Lower Des Moines (07100009)+, Bear-Wyaconda (07110001)+, The Sny (07110004)+, North Fork 
Salt (07110005)+, South Fork Salt (07110006)+, Salt (07110007)+, Cuivre (07110008)+, Peruque-
Piasa (07110009)+, Kankakee (07120001)+, Chicago (07120003)+, Lower Fox (07120007)+, Lower Illinois-
Senachwine Lake (07130001)+, Vermilion (07130002)+, Lower Illinois-Lake Chautauqua (07130003)+, 
Spoon (07130005)+, Lower Sangamon (07130008)+, Salt (07130009)+, Lower Illinois (07130011)+, 
Macoupin (07130012)+, Cahokia-Joachim (07140101)+, Meramec (07140102)+, Upper Mississippi-Cape 
Girardeau (07140105)+, Big Muddy (07140106)+, Whitewater (07140107)+, Cache (07140108)+, Middle 
Kaskaskia (07140202)+, Shoal (07140203)+, Lower Kaskaskia (07140204)+ 

08 Lower Mississippi-Memphis (08010100)+, Bayou De Chien-Mayfield (08010201)+, Obion (08010202)+, South
Fork Obion (08010203)+, Horn Lake-Nonconnah (08010211)+, Lower Mississippi-Helena (08020100)+, New 
Madrid-St. Johns (08020201)+, Upper St. Francis (08020202)+, Lower St. Francis (08020203)+, Little River 
Ditches (08020204)+, L'anguille (08020205)+, Cache (08020302)+, Lower White (08020303)+, Lower 
Arkansas (08020401)+, Bayou Meto (08020402)+, Lower Mississippi-Greenville (08030100)+, Little 
Tallahatchie (08030201)+, Yocona (08030203)+, Coldwater (08030204)+, Yalobusha (08030205)+, Upper 
Yazoo (08030206)+, Big Sunflower (08030207)+, Deer-Steele (08030209)+, Ouachita 
Headwaters (08040101)+, Little Missouri (08040103)+, Lower Ouachita-Bayou De Loutre (08040202)+, 
Upper Saline (08040203)+, Lower Saline (08040204)+, Bayou Bartholomew (08040205)+, Bayou 
D'arbonne (08040206)+, Lower Red (08040301)+, Castor (08040302)+, Little (08040304)+, Bayou 
Cocodrie (08040306)+, Boeuf (08050001)+, Tensas (08050003)+, Lower Mississippi-Natchez (08060100)+, 
Coles Creek (08060204)+, Homochitto (08060205)+, Buffalo (08060206)+, Lower Mississippi-Baton 
Rouge (08070100)+, Bayou Sara-Thompson (08070201)+, Amite (08070202)+, Tickfaw (08070203)+, Lake 
Maurepas (08070204)+, Tangipahoa (08070205)+, Lower Grand (08070300)+, Atchafalaya (08080101)+, 
Bayou Teche (08080102)+, Vermilion (08080103)+, Mermentau (08080202)+, Upper Calcasieu (08080203)+, 
Whisky Chitto (08080204)+, Lower Calcasieu (08080206)+, Lower Mississippi-New Orleans (08090100)+, 
Liberty Bayou-Tchefuncta (08090201)+, Lake Pontchartrain (08090202)+, Eastern Louisiana 
Coastal (08090203)+, East Central Louisiana Coastal (08090301)+, West Central Louisiana 
Coastal (08090302)+ 

09 Willow (09010004)+, Bois De Sioux (09020101)+, Mustinka (09020102)+, Otter Tail (09020103)+, Upper 
Red (09020104)+, Buffalo (09020106)+, Elm-Marsh (09020107)+, Eastern Wild Rice (09020108)+, Sandhill-
Wilson (09020301)+, Red Lakes (09020302)+, Red Lake (09020303)+, Thief (09020304)+, 
Clearwater (09020305)+, Grand Marais-Red (09020306)+, Turtle (09020307)+, Park (09020310)+, Lower 
Red (09020311)+, Two Rivers (09020312)+, Roseau (09020314)+, Rainy Headwaters (09030001)+, 
Vermilion (09030002)+, Rainy Lake (09030003)+, Upper Rainy (09030004)+, Little Fork (09030005)+, Big 
Fork (09030006)+, Rapid (09030007)+, Lower Rainy (09030008)+, Lake of the Woods (09030009)+ 

10 Belly (10010001)+, St. Mary (10010002)+, Red Rock (10020001)+, Beaverhead (10020002)+, 
Ruby (10020003)+, Big Hole (10020004)+, Jefferson (10020005)+, Boulder (10020006)+, 
Madison (10020007)+, Gallatin (10020008)+, Upper Missouri (10030101)+, Upper Missouri-
Dearborn (10030102)+, Smith (10030103)+, Sun (10030104)+, Belt (10030105)+, Two Medicine (10030201)
+, Teton (10030205)+, Bullwhacker-Dog (10040101)+, Fort Peck Reservoir (10040104)+, Upper 
Musselshell (10040201)+, Middle Musselshell (10040202)+, Lower Milk (10050012)+, Prarie Elk-
Wolf (10060001)+, Yellowstone Headwaters (10070001)+, Upper Yellowstone (10070002)+, 
Shields (10070003)+, Upper Yellowstone-Lake Basin (10070004)+, Stillwater (10070005)+, Clarks Fork 
Yellowstone (10070006)+, Upper Yellowstone-Pompeys Pillar (10070007)+, Upper Wind (10080001)+, Upper
Bighorn (10080007)+, Big Horn Lake (10080010)+, Lower Bighorn (10080015)+, Upper Tongue (10090101)+, 
Lower Tongue (10090102)+, Clear (10090206)+, Lower Yellowstone-Sunday (10100001)+, Lower 
Yellowstone (10100004)+, Middle Little Missouri (10110203)+, Lower Little Missouri (10110205)+, 
Lance (10120104)+, Angostura Reservoir (10120106)+, Middle Cheyenne-Spring (10120109)+, Lower 
Cheyenne (10120112)+, Cherry (10120113)+, Lower Belle Fourche (10120202)+, Redwater (10120203)+, 
Painted Woods-Square Butte (10130101)+, Upper Lake Oahe (10130102)+, Lower Lake Oahe (10130105)+, 
West Missouri Coteau (10130106)+, Knife (10130201)+, Grand (10130303)+, Fort Randall 
Reservoir (10140101)+, Medicine (10140104)+, Little White (10140203)+, Middle Niobrara (10150004)+, 
Snake (10150005)+, Keya Paha (10150006)+, Lower Niobrara (10150007)+, Upper James (10160003)+, 
Middle James (10160006)+, North Big Sioux Coteau (10160010)+, Lower James (10160011)+, Lewis and 
Clark Lake (10170101)+, Upper Big Sioux (10170202)+, Lower Big Sioux (10170203)+, Rock (10170204)+, 
Upper North Platte (10180002)+, Middle North Platte-Scotts Bluff (10180009)+, Upper Laramie (10180010)+, 
Lower North Platte (10180014)+, South Platte Headwaters (10190001)+, Upper South Platte (10190002)+, 
Middle South Platte-Cherry Creek (10190003)+, St. Vrain (10190005)+, Cache La Poudre (10190007)+, 
Middle South Platte-Sterling (10190012)+, Lower South Platte (10190018)+, Middle Platte-
Buffalo (10200101)+, Middle Platte-Prairie (10200103)+, Lower Platte-Shell (10200201)+, Lower 
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Platte (10200202)+, Salt (10200203)+, Upper Middle Loup (10210001)+, Lower Middle Loup (10210003)+, 
South Loup (10210004)+, Upper North Loup (10210006)+, Lower North Loup (10210007)+, 
Calamus (10210008)+, Loup (10210009)+, Upper Elkhorn (10220001)+, North Fork Elkhorn (10220002)+, 
Lower Elkhorn (10220003)+, Blackbird-Soldier (10230001)+, Little Sioux (10230003)+, Maple (10230005)+, 
Boyer (10230007)+, Keg-Weeping Water (10240001)+, West Nishnabotna (10240002)+, East 
Nishnabotna (10240003)+, Tarkio-Wolf (10240005)+, Big Nemaha (10240008)+, Platte (10240012)+, South 
Fork Republican (10250003)+, Upper Republican (10250004)+, Prairie Dog (10250015)+, Middle 
Republican (10250016)+, Lower Republican (10250017)+, Middle Smoky Hill (10260006)+, Lower North Fork 
Solomon (10260012)+, Middle Kansas (10270102)+, Delaware (10270103)+, Lower Kansas (10270104)+, 
Middle Big Blue (10270202)+, Lower Big Blue (10270205)+, Upper Grand (10280101)+, 
Thompson (10280102)+, Lower Grand (10280103)+, Upper Chariton (10280201)+, Lower 
Chariton (10280202)+, Little Chariton (10280203)+, Upper Marais Des Cygnes (10290101)+, Lower Marais 
Des Cygnes (10290102)+, Harry S. Missouri (10290105)+, Sac (10290106)+, Pomme De Terre (10290107)+, 
South Grand (10290108)+, Lake of the Ozarks (10290109)+, Niangua (10290110)+, Lower 
Osage (10290111)+, Upper Gasconade (10290201)+, Big Piney (10290202)+, Lower Gasconade (10290203)
+, Lower Missouri-Crooked (10300101)+, Lower Missouri-Moreau (10300102)+, Lamine (10300103)+, Lower 
Missouri (10300200)+ 

11 Beaver Reservoir (11010001)+, James (11010002)+, Bull Shoals Lake (11010003)+, North Fork 
White (11010006)+, Upper Black (11010007)+, Current (11010008)+, Spring (11010010)+, Eleven 
Point (11010011)+, Upper White-Village (11010013)+, Little Red (11010014)+, Upper Arkansas (11020002)+, 
Fountain (11020003)+, Upper Arkansas-Lake Meredith (11020005)+, Horse (11020008)+, Upper Arkansas-
John Martin (11020009)+, Purgatoire (11020010)+, Two Butte (11020013)+, Pawnee (11030005)+, 
Cow (11030011)+, Middle Arkansas-Slate (11030013)+, North Fork Ninnescah (11030014)+, Upper 
Cimarron (11040002)+, Bear (11040005)+, Upper Cimarron-Liberal (11040006)+, Lower Cimarron-
Skeleton (11050002)+, Kaw Lake (11060001)+, Lower Salt Fork Arkansas (11060004)+, Black Bear-Red 
Rock (11060006)+, Caney (11070106)+, Bird (11070107)+, Upper Neosho (11070204)+, Middle 
Neosho (11070205)+, Lake O' the Cherokees (11070206)+, Spring (11070207)+, Elk (11070208)+, Lower 
Neosho (11070209)+, Canadian headwaters (11080001)+, Cimarron (11080002)+, Mora (11080004)+, Lower
Canadian-Walnut (11090202)+, Little (11090203)+, Lower Canadian (11090204)+, Upper Beaver (11100101)
+, Middle Beaver (11100102)+, Coldwater (11100103)+, Middle North Canadian (11100301)+, Lower North 
Canadian (11100302)+, Polecat-Snake (11110101)+, Dirty-Greenleaf (11110102)+, Illinois (11110103)+, 
Robert S. Kerr Reservoir (11110104)+, Poteau (11110105)+, Frog-Mulberry (11110201)+, Dardanelle 
Reservoir (11110202)+, Lake Conway-Point Remove (11110203)+, Lower Arkansas-Maumelle (11110207)+, 
Farmers-Mud (11130201)+, Northern Beaver (11130208)+, Washita headwaters (11130301)+, Upper 
Washita (11130302)+, Middle Washita (11130303)+, Bois D'arc-Island (11140101)+, Kiamichi (11140105)+, 
Pecan-Waterhole (11140106)+, Lower Little (11140109)+, Mckinney-Posten Bayous (11140201)+, Loggy 
Bayou (11140203)+, Red Chute (11140204)+, Bodcau Bayou (11140205)+, Lower Red-Lake Iatt (11140207)
+, Black Lake Bayou (11140209)+, Lower Sulphur (11140302)+, Cross Bayou (11140304)+ 

12 Middle Sabine (12010002)+, Lake Fork (12010003)+, Toledo Bend Reservoir (12010004)+, Lower 
Sabine (12010005)+, Upper Neches (12020001)+, Middle Neches (12020002)+, Lower Neches (12020003)+, 
Upper Angelina (12020004)+, Lower Angelina (12020005)+, Elm Fork Trinity (12030103)+, Upper 
Trinity (12030105)+, Cedar (12030107)+, Richland (12030108)+, Chambers (12030109)+, Lower Trinity-
Tehuacana (12030201)+, Lower Trinity-Kickapoo (12030202)+, Lower Trinity (12030203)+, West Fork San 
Jacinto (12040101)+, Spring (12040102)+, Buffalo-San Jacinto (12040104)+, East Galveston Bay (12040202)
+, North Galveston Bay (12040203)+, Austin-Oyster (12040205)+, Navasota (12070103)+, Lower 
Brazos (12070104)+, Lampasas (12070203)+, San Saba (12090109)+, Buchanan-Lyndon B (12090201)+, 
Lower Colorado-Cummins (12090301)+, Lower Colorado (12090302)+, San Bernard (12090401)+, East 
Matagorda Bay (12090402)+, Lavaca (12100101)+, Navidad (12100102)+, Lower Guadalupe (12100204)+, 
Lower San Antonio (12100303)+, West Matagorda Bay (12100402)+, East San Antonio Bay (12100403)+ 

13 Rio Grande headwaters (13010001)+, Alamosa-Trinchera (13010002)+, San Luis (13010003)+, 
Saguache (13010004)+, Conejos (13010005)+, Rio Grande-Albuquerque (13020203)+, Caballo (13030101)+ 

14 Colorado headwaters (14010001)+, Eagle (14010003)+, Roaring Fork (14010004)+, Colorado headwaters-
Plateau (14010005)+, Parachute-Roan (14010006)+, East-Taylor (14020001)+, Westwater 
Canyon (14030001)+, San Miguel (14030003)+, Upper Colorado-Kane Springs (14030005)+, Upper 
Green (14040101)+, Upper Green-Slate (14040103)+, Upper Green-Flaming Gorge Reservoir (14040106)+, 
Upper Yampa (14050001)+, Upper White (14050005)+, Lower White (14050007)+, Lower Green-
Diamond (14060001)+, Ashley-Brush (14060002)+, Duchesne (14060003)+, Strawberry (14060004)+, Lower 
Green-Desolation Canyon (14060005)+, Price (14060007)+, Lower Green (14060008)+, San 
Rafael (14060009)+, Muddy (14070002)+, Fremont (14070003)+, Dirty Devil (14070004)+, 
Escalante (14070005)+, Upper San Juan (14080101)+, Piedra (14080102)+, Animas (14080104)+, Middle 
San Juan (14080105)+, Chaco (14080106)+, Mancos (14080107)+, Mcelmo (14080202)+, Chinle (14080204)
+, Lower San Juan (14080205)+ 

15 Lower Colorado-Marble Canyon (15010001)+, Kanab (15010003)+, Upper Virgin (15010008)+, Little 
Colorado headwaters (15020001)+, Upper Puerco (15020006)+, Canyon Diablo (15020015)+, Havasu-
Mohave Lakes (15030101)+, Big Sandy (15030201)+, Burro (15030202)+, Bill Williams (15030204)+, San 
Francisco (15040004)+, Upper Gila-San Carlos Reservoir (15040005)+, San Carlos (15040007)+, Middle 
Gila (15050100)+, Black (15060101)+, Upper Salt (15060103)+, Tonto (15060105)+, Lower Salt (15060106)
+, Upper Verde (15060202)+, Lower Verde (15060203)+, Agua Fria (15070102)+ 

16 Upper Bear (16010101)+, Central Bear (16010102)+, Bear Lake (16010201)+, Middle Bear (16010202)+, 
Little Bear-Logan (16010203)+, Lower Bear-Malad (16010204)+, Upper Weber (16020101)+, Lower 
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Ecology & Life History  

Weber (16020102)+, Utah Lake (16020201)+, Spanish Fork (16020202)+, Provo (16020203)+, 
Jordan (16020204)+, Pine Valley (16020302)+, Rush-Tooele Valleys (16020304)+, Skull Valley (16020305)+, 
Southern Great Salt Lake Desert (16020306)+, Northern Great Salt Lake Desert (16020308)+, Curlew 
Valley (16020309)+, Great Salt Lake (16020310)+, Upper Sevier (16030001)+, East Fork Sevier (16030002)
+, Middle Sevier (16030003)+, San Pitch (16030004)+, Lower Sevier (16030005)+, Escalante 
Desert (16030006)+, Beaver Bottoms-Upper Beaver (16030007)+, Lower Beaver (16030008)+, Sevier 
Lake (16030009)+, Lake Tahoe (16050101)+, Truckee (16050102)+, Upper Carson (16050201)+, Middle 
Carson (16050202)+, Carson Desert (16050203)+, West Walker (16050302)+, Walker Lake (16050304)+, 
Spring-Steptoe Valleys (16060008)+ 

17 Upper Kootenai (17010101)+, Fisher (17010102)+, Yaak (17010103)+, Lower Kootenai (17010104)+, 
Moyie (17010105)+, Upper Clark Fork (17010201)+, Flint-Rock (17010202)+, Blackfoot (17010203)+, Middle 
Clark Fork (17010204)+, Bitterroot (17010205)+, North Fork Flathead (17010206)+, Middle Fork 
Flathead (17010207)+, Flathead Lake (17010208)+, South Fork Flathead (17010209)+, Stillwater (17010210)
+, Swan (17010211)+, Lower Flathead (17010212)+, Lower Clark Fork (17010213)+, Pend Oreille 
Lake (17010214)+, Priest (17010215)+, Pend Oreille (17010216)+, Coeur D'alene Lake (17010303)+, St. 
Joe (17010304)+, Upper Spokane (17010305)+, Snake headwaters (17040101)+, Gros Ventre (17040102)+, 
Greys-Hobock (17040103)+, Palisades (17040104)+, Salt (17040105)+, Idaho Falls (17040201)+, Upper 
Henrys (17040202)+, Lower Henrys (17040203)+, Teton (17040204)+, Willow (17040205)+, American 
Falls (17040206)+, Blackfoot (17040207)+, Portneuf (17040208)+, Lake Walcott (17040209)+, 
Raft (17040210)+, Upper Snake-Rock (17040212)+, Salmon Falls (17040213)+, Beaver-Camas (17040214)
+, Medicine Lodge (17040215)+, Birch (17040216)+, Little Lost (17040217)+, Big Wood (17040219)+, 
Camas (17040220)+, Little Wood (17040221)+, C. J. Idaho (17050101)+, Bruneau (17050102)+, Middle 
Snake-Succor (17050103)+, Upper Owyhee (17050104)+, South Fork Owyhee (17050105)+, Middle 
Owyhee (17050107)+, North and Middle Forks Boise (17050111)+, Boise-Mores (17050112)+, South Fork 
Boise (17050113)+, Lower Boise (17050114)+, Middle Snake-Payette (17050115)+, Upper 
Malheur (17050116)+, South Fork Payette (17050120)+, Middle Fork Payette (17050121)+, 
Payette (17050122)+, North Fork Payette (17050123)+, Weiser (17050124)+, Brownlee 
Reservoir (17050201)+, Burnt (17050202)+, Powder (17050203)+, Hells Canyon (17060101)+, Lower Snake-
Asotin (17060103)+, Upper Grande Ronde (17060104)+, Wallowa (17060105)+, Lower Grande 
Ronde (17060106)+, Upper Salmon (17060201)+, Pahsimeroi (17060202)+, Middle Salmon-
Panther (17060203)+, Lemhi (17060204)+, Middle Salmon-Chamberlain (17060207)+, South Fork 
Salmon (17060208)+, Lower Salmon (17060209)+, Lochsa (17060303)+, Middle Fork Clearwater (17060304)
+, South Fork Clearwater (17060305)+, Clearwater (17060306)+, Lower North Fork Clearwater (17060308)+, 
Middle Columbia-Lake Wallula (17070101)+, Umatilla (17070103)+, Middle Columbia-Hood (17070105)+, 
Upper John Day (17070201)+, North Fork John Day (17070202)+, Middle Fork John Day (17070203)+, Upper
Deschutes (17070301)+, Little Deschutes (17070302)+, Beaver-South Fork (17070303)+, Upper 
Crooked (17070304)+, Lower Crooked (17070305)+, Lower Deschutes (17070306)+, Trout (17070307)+, 
Lower Columbia-Sandy (17080001)+, Lower Columbia-Clatskanie (17080003)+, Lower Columbia (17080006)
+, Middle Fork Willamette (17090001)+, Coast Fork Willamette (17090002)+, Upper Willamette (17090003)+, 
Mckenzie (17090004)+, North Santiam (17090005)+, South Santiam (17090006)+, Middle 
Willamette (17090007)+, Yamhill (17090008)+, Molalla-Pudding (17090009)+, Tualatin (17090010)+, 
Clackamas (17090011)+, Lower Willamette (17090012)+, Necanicum (17100201)+, Nehalem (17100202)+, 
Wilson-Trusk-Nestuccu (17100203)+, Siletz-Yaquina (17100204)+, Alsea (17100205)+, Siuslaw (17100206)
+, Siltcoos (17100207)+, North Umpqua (17100301)+, South Umpqua (17100302)+, Umpqua (17100303)+, 
Coos (17100304)+, Coquille (17100305)+, Sixes (17100306)+, Upper Rogue (17100307)+, Middle 
Rogue (17100308)+, Applegate (17100309)+, Lower Rogue (17100310)+, Illinois (17100311)+, Harney-
Malheur Lakes (17120001)+, Silvies (17120002)+, Donner Und Blitzen (17120003)+, Silver (17120004)+, 
Summer Lake (17120005)+, Lake Abert (17120006)+ 

18 Smith (18010101)+, Mad-Redwood (18010102)+, Upper Eel (18010103)+, Big-Navarro-Garcia (18010108)+, 
Williamson (18010201)+, Sprague (18010202)+, Upper Klamath Lake (18010203)+, Lost (18010204)+, 
Butte (18010205)+, Upper Klamath (18010206)+, Shasta (18010207)+, Lower Klamath (18010209)+, 
Trinity (18010211)+, South Fork Trinity (18010212)+, Goose Lake (18020001)+, Upper Pit (18020002)+, 
Lower Pit (18020003)+, Mccloud (18020004)+, Sacramento headwaters (18020005)+, Sacramento-Lower 
Cow-Lower Clear (18020101)+, Lower Cottonwood (18020102)+, Sacramento-Lower Thomes (18020103)+, 
Sacramento-Upper Clear (18020112)+, Upper Stony (18020115)+, Upper Cache (18020116)+, Upper 
Putah (18020117)+, Upper Cow-Battle (18020118)+, Mill-Big Chico (18020119)+, Upper Butte (18020120)+, 
North Fork Feather (18020121)+, East Branch North Fork Feather (18020122)+, Middle Fork 
Feather (18020123)+, Upper Yuba (18020125)+, North Fork American (18020128)+, South Fork 
American (18020129)+, Tulare-Buena Vista Lakes (18030012)+, Middle San Joaquin-Lower (18040001)+, 
Middle San Joaquin-Lower (18040002)+, Upper San Joaquin (18040006)+, Upper Chowchilla-Upper 
Fresno (18040007)+, Upper Tuolumne (18040009)+, Upper Stanislaus (18040010)+, Upper 
Calaveras (18040011)+, Upper Cosumnes (18040013)+, San Pablo Bay (18050002)+, San Francisco 
Bay (18050004)+, Pajaro (18060002)+, Salinas (18060005)+, Santa Ynez (18060010)+, San Pedro Channel 
Islands (18070107)+, San Jacinto (18070202)+, Santa Ana (18070203)+, Santa Margarita (18070302)+, 
Madeline Plains (18080002)+, Honey-Eagle Lakes (18080003)+, Crowley Lake (18090102)+, 
Mojave (18090208)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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Basic Description: Bald eagle. Mature adults have a white head and tail.
General Description: Adults have a white head, white tail, and a large bright yellow bill; elsewhere the plumage is dark. Immatures 
are dark with variable amounts of light splotching on the body, underwing coverts, flight feathers, and tail base; averages 79-94 cm long, 
178-229 cm wingspan (NGS 1983). 
Diagnostic Characteristics: Adults differ from other eagles in having both a white head and white tail (head of white-tailed eagle may 
look white at a distance). Bald eagle has a proportionately larger head and bill than does the golden eagle, in the immatures of which the 
white is confined to the base of the primaries and the base of the tail. Bald eagle lacks the long wedge-shaped tail of Steller's sea-eagle. 
Bald eagle's neck is shorter and tail is longer than in white-tailed eagle. 
Reproduction Comments: Clutch size is 1-3 (usually 2). Incubation lasts about 5 weeks, by both sexes. Second hatched young often 
dies. Young first fly at 10-12.5 weeks, cared for by adults and may remain around nest for several weeks after fledging. Generally first 
breeds at about 5-6 years. Adults may not lay every year. 
Ecology Comments: Commonly roosts communally, especially in winter. See Curnutt (1992) for information on the dynamics of a year-
round communal roost in southern Florida.  
 
In Montana, the introduction of shrimp (MYSIS RELICTA) had a cascading effect through the food chain, ultimately causing displacement 
of bald eagles (Spencer et al. 1991). 
Non-Migrant: Y 
Locally Migrant: Y 
Long Distance Migrant: Y 
Mobility and Migration Comments: Most eagles that breed in Canada and the northern U.S. move south for winter. Migrates widely 
over most of North America (AOU 1983); moves generally E-SE across Canada and the Great Lakes region to the northeast coast of the 
U.S. In the northern Chesapeake Bay region, radio-tagged northern migrants arrived in late fall (mean date 21 December) and departed 
in early spring (mean date 27 March); radio-tagged southern migrants arrived throughout April-August and departed June-October 
(Buehler et al. 1991). See Palmer (1988) for fairly detailed review of seasonal movements in various regions. 
 
Defended territories are relatively small; fourteen in Alaska varied from 11-45 hectares and averaged 23 ha (Hensel and Troyer 1964), 
and territory radius around active nests averaged 0.6 km in Minnesota (Mahaffy and Frenzel 1987). Feeding home ranges surrounding 
active nests are undoubtedly much larger, depending on proximity to food sources and abundance of food. Minimum home range of 
breeding birds in Saskatchewan was 7 square kilometers (Gerrard et al. 1992); on the Columbia River, Oregon, breeding home ranges 
averaged 21.6 square kilometers (Garrett et al. 1993).  
 
Winter home ranges can be very large, especially for nonbreeding birds. An immature wintered in Arizona over an area of >40,000 
square kilometers and spent the summer in the Northwest Territories over a summer range of >55,000 square kilometers (Grubb et al. 
1994). Maximum distance between feeding area and night roost site was less than 16 km in winter in Missouri (Griffin et al. 1982). In 
north-central Arizona, February-April home range of immatures averaged 400 square kilometers; birds moved frequently and roosted 
singly or in small groups (Grubb et al. 1989). 
Marine Habitat(s): Near shore 
Estuarine Habitat(s): Bay/sound, Lagoon, River mouth/tidal river, Tidal flat/shore 
Riverine Habitat(s): BIG RIVER, MEDIUM RIVER 
Lacustrine Habitat(s): Deep water, Shallow water 
Palustrine Habitat(s): FORESTED WETLAND, Riparian 
Terrestrial Habitat(s): Cliff, Forest - Conifer, Forest - Hardwood, Forest - Mixed, Woodland - Conifer, Woodland - Hardwood, Woodland 
- Mixed 
Special Habitat Factors: Standing snag/hollow tree 
Habitat Comments: Breeding habitat most commonly includes areas close to (within 4km) coastal areas, bays, rivers, lakes, or other 
bodies of water that reflect the general availability of primary food sources including fish, waterfowl, and seabirds (Andrew and Mosher 
1982, Green 1985, Campbell et al. 1990). Preferentially roosts in conifers or other sheltered sites in winter in some areas; typically 
selects the larger, more accessible trees (Buehler et al. 1991, 1992). Perching in deciduous and coniferous trees is equally common in 
other areas (e.g., Bowerman et al. 1993). Communal roost sites used by two or more eagles are common, and some may be used by 
100 or more eagles during periods of high use. Winter roost sites vary in their proximity to food resources (up to 33 km) and may be 
determined to some extent by a preference for a warmer microclimate at these sites. Available data indicate that energy conservation 
may or may not be an important factor in roost-site selection (Buehler et al. 1991). In Saskatchewan lakes, density was positively 
correlated with abundance of large fishes (Dzus and Gerrard 1993). In winter, may associate with waterfowl concentrations or 
congregate in areas with abundant dead fish (Griffin et al. 1982); often roosts communally at night in trees that are used in successive 
years. Wintering areas are commonly associated with open water though in some areas eagles use habitats with little or no open water if 
other food resources (e.g. rabbit or deer carrion) are readily available. Avoids areas with nearby human activity (boat traffic, pedestrians) 
and development (buildings) (Buehler et al. 1991). BREEDING: Usually nests in tall trees or on cliffs near water. Nest trees include 
pines, spruce, firs, cottonwoods, oaks, populars, and beech. Ground nesting has been reported on the Aleutian Islands in Alaska, in 
Canada's Northwest Territories, and in Ohio, Michigan, and Texas. Nests located on cliffs and rock pinnacles have been reported 
historically in California, Kansas, Nevada, New Mexico and Utah, but currently are known to occur only in Alaska and Arizona. Same 
nest may be used year after year, or may alternate between two nest sites in successive years. In British Columbia, nests with overhead 
canopy of foliage were most successful (Palmer 1988). See Livingston et al. (1990) for model of nesting habitat in Maine, Wood et al. 
(1989) for characteristics of nesting habitat in Florida (most nests in live pine trees). In Oregon, most nests were within 1.6 km of water, 
usually in largest tree in stand (Anthony and Isaacs 1989). In Colorado and Wyoming, forest stands containing nest trees varied from 
old-growth ponderosa pine to narrow strips of riparian vegetation surrounded by rangeland (Kralovec et al. 1992). 
Adult Food Habits: Carnivore, Piscivore 
Immature Food Habits: Carnivore, Piscivore 
Food Comments: Feeds opportunistically on fishes, injured waterfowl and seabirds, various mammals, and carrion (Terres 1980). See 
Haywood and Ohmart (1986), Kralovec et al. (1992), Brown (1993), and Grubb (1995) for diet of inland breeding populations in Arizona, 
Colorado, and Wyoming. Hunts live prey, scavenges, and pirates food from other birds (e.g., osprey) and, in Alaska, sea otter (Watt et al. 
1995, Condor 97:588-590). See Palmer (1988) for further information on hunting methods. In the Columbia River estuary, tidal flats and 
water less than 4 m deep were important foraging habitats (Watson et al. 1991). See Caton et al. (1992) for information on foraging 
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perches used in Montana. Sheep carcasses were significant food sources in winter in Oregon (Marr et al. 1995, Wilson Bulletin 107:251-
257). 
Adult Phenology: Crepuscular, Diurnal 
Immature Phenology: Crepuscular, Diurnal 
Phenology Comments: In the Columbia River estuary, foraging activity was most common at low tide and first daylight (Watson et al. 
1991). In Arizona, foraging activity during the breeding season peaked at 0800-1000 and 1600-1900 MST (Grubb 1995). 
Length: 94 centimeters 
Weight: 5244 grams 
Economic Attributes  
Economic Comments: Eagle feathers are used for religious and cultural purposes by Native Americans, and the Department of the 
Interior is responsible for facilitating the distribution of eagle carcasses for these purposes (executive directive, 29 April 1994). 
Management Summary  
Management Requirements: Recovery has been assisted by intensive management that included systematic monitoring, enhanced 
protection, captive breeding, relocation of wild birds, and publicity (Matthews and Moseley 1990).  
 
Knight and Knight (1984) recommended a 450 m buffer between a human in a canoe and a feeding eagle. For northern Chesapeake 
Bay, Buehler et al. (1991) recommended a 1360-m-wide shoreline management zone that extends 1400 m inland to encompass 
nonbreeding roost sites and provide a buffer from human disturbance. Another study recommended a 250-m buffer between a human on 
land and an eagle in a shoreline tree. A 500-m buffer around the nest may be adequate (see Fraser et al. 1985). In Michigan, 75% of all 
alert and flight responses to human activity occurred when activity was within 500 m and 200 m, respectively; vehicles and pedestrians 
elicited the highest response frequencies. Anthony and Isaacs (1989) made recommendations for Oregon: size of areas for nest-site 
management should be 50-250 ha, with size and shape depending on surrounding vegetation, topography, and eagle behavior; human 
activities within 800 m of nests should be restricted from 1 January to 31 August; clearcut logging, road building, hiking trails, and boat 
launch facilities should not be allowed within 400 m of nests. In Arizona, pedestrians were the most disturbing human activity; eagles 
were more often flushed from perches than from nests and were most easily disturbed when foraging; eagle response to disturbance 
frequencies were 64% at distances less than 216 m, 45% at 216-583 m, and 24% at distances greater than 583 m (Grubb and King 
1991). Along northern Chesapeake Bay, flush distances because of approaching boats averaged 204 m in winter, 176 m in summer 
(Buehler et al. 1991, which see for further information on the effects of human activity).  
 
In the Columbia River estuary, management of eagle foraging habitats should emphasize protection and enhancement of tidal flats 
(Watson et al. 1991).  
 
See Busch (1988) for a discussion of management activities in the southwestern U.S., Lefranc and Glinski (1988) for management 
recommendations.  
 
Supplemental feeding can be used in efforts to replace diminished supplies of natural foods, provide food free of environmental 
contaminants, provide essential nutrients, enhance survival of subadults, manipulate distribution of populations, increase nesting 
success, support released captive-bred birds, and/or afford opportunities for public viewing and education; potential disadvantages of 
supplemental feeding include prohibitive costs, the loss of natural and cautious behavior, dependence on these food supplies which may 
alter migration patterns, and increased potential for disease transmission (Knight and Anderson 1990).  
 
See Grubb (1980) for information on construction and use of an artificial nest structure. 
Monitoring Requirements: See Fraser et al. (1983) for information on scheduling reproductive surveys. See Britten et al. (1995) for 
information on satellite telemetry. 
Population/Occurrence Delineation  
Use Class: Breeding  
Subtype(s): Foraging area, Nest site  
Minimum Criteria for an Occurrence: Evidence of historical breeding, or current and likely recurring breeding, at a given location, 
minimally a reliable observation of one or more breeding pairs in appropriate habitat. Be cautious about creating EOs for observations 
that may represent single breeding events outside the normal breeding distribution. Occurrence includes not only the nest sites, but also 
the surrounding areas used for feeding during the nesting season.  
Mapping Guidance: If feeding grounds are separated from nest site(s) by unsuitable habitat, they should be mapped as a separate 
polygon within the same occurrence.  
Separation Barriers: None.  
Alternate Separation Procedure: Each nesting territory or nest is regarded as a separate occurrence.  
Separation Justification: Thousands of raptor breeding occurrences, as circumscribed by heritage programs and conservation data 
centers, have been based on individual nests or territories. Accordingly, we have adopted this procedure as the standard for these 
species. Although in general we regard metapopulations and groups of ecogeographically associated territories as the most meaningful 
entities for conservation purposes on a range-wide scale, we believe that the costs of changing established occurrence delineation 
procedures for raptors outweigh the benefits. Also, given the mobility of these birds, any designation of a specific separation distance 
would not identify metapopulations in the usual sense of that concept.  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 2 km  
Inferred Minimum Extent Justification: No information found on actual feeding home ranges, but this distance is presented as a 
minimum. 
Date: 21Dec2005 
Author: Hammerson, G., and S. Cannings 
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Use Class: Nonbreeding  
Subtype(s): Feeding area, Roosting area  
Minimum Criteria for an Occurrence: Evidence of historic, and/or present recurring feeding or roosting concentrations in the non-
breeding season; minimally a reliable observation of 10 birds in appropriate habitat. Be cautious about creating EOs for observations that 
may represent single or very infrequent events.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 10 km  
Separation Distance for Suitable Habitat: 10 km  
Separation Justification: Separation distance arbitrary. Wintering birds exhibit large movements from day to day and week to week, but 
feeding concentration areas are largely defined by the distribution of the high quality food resource (e.g. salmon) rather than the 
movements of the eagles.  
Date: 19Sep2001 
Author: Cannings, S. 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 10Apr1995 
NatureServe Conservation Status Factors Author: Cannings, S.C., E. West, and G. Hammerson 
Element Ecology & Life History Edition Date: 27Dec2005 
Element Ecology & Life History Author(s): Hammerson, G. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors 
and cooperators (see Sources).  
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Genus Size: C - Small genus (6-20 species) 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1998. Check-list of North American birds. Seventh edition. American 
Ornithologists' Union, Washington, DC. 829 pp. 
Concept Reference Code: B98AOU01NAUS 
Name Used in Concept Reference: Numenius borealis 
Taxonomic Comments: Considered conspecific with Asiatic Numenius minutus by some authors (AOU 1983). 
Conservation Status  

NatureServe Status 

Global Status: GH  
Global Status Last Reviewed: 26Aug2002 
Global Status Last Changed: 28Feb2001 
Rounded Global Status: GH - Possibly Extinct  
Reasons: Formerly abundant, now nearly extinct or perhaps extinct; no recovery of depleted populations after hunting stopped; winter 
and migratory stopover habitat lost and degraded due to agriculture and commercial development; present breeding and wintering areas 
unknown; no reliable sightings since 1987. 
Nation: United States  
National Status: NHB  
Nation: Canada 
National Status: NHB (11Dec2000)  
 

Other Statuses 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Charadriiformes Scolopacidae Numenius

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Alaska (SH), Arkansas (SNA), Colorado (SX), Connecticut (SHN), Illinois (SXN), Indiana (SXN), Iowa (SXN), Kansas (SHN), 
Louisiana (SHN), Maine (SXN), Maryland (SXN), Massachusetts (SX), Minnesota (SXM), Missouri (SNA), Nebraska (SX), 
New Jersey (SXN), New York (SXN), North Dakota (SNA), Ohio (SNA), Oklahoma (SXN), Rhode Island (SNA), South 
Carolina (SX), South Dakota (SNA), Texas (SH), Wyoming (SX) 

Canada 
Alberta (SH), Labrador (SHN), New Brunswick (SXM), Newfoundland Island (SHN), Northwest Territories (SHB), Nova 
Scotia (SXM), Ontario (SHN), Prince Edward Island (SHN), Quebec (SX), Saskatchewan (SHM) 

Numenius borealis - (Forster, 1772)  
Eskimo Curlew  
Spanish Common Names: Zarapito Boreal, Playero Esquimal  
French Common Names: Courlis esquimau  
Other Common Names: Maçarico-Esquimó  
Related ITIS Name(s): Numenius borealis (Forster, 1772) (TSN 176605) 
Unique Identifier: ELEMENT_GLOBAL.2.100370  
Element Code: ABNNF07010  
Informal Taxonomy: Animals, Vertebrates - Birds - Shorebirds

 
Search for Images on Google
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U.S. Endangered Species Act: LE: Listed endangered (02Jun1970)  
U.S. Fish & Wildlife Service Lead Region: R7 - Alaska  
Canadian Species at Risk Act (SARA) Schedule 1/Annexe 1 Status: E (05Jun2003)  
Committee on the Status of Endangered Wildlife in Canada (COSEWIC): Endangered (01May2000)  
IUCN Red List Category: CR - Critically endangered  
Convention on International Trade in Endangered Species Protection Status (CITES): Appendix I  

NatureServe Conservation Status Factors 

Global Abundance: Zero to 50 individuals 
Global Abundance Comments: Global population estimated to be less than 50, if the species is still extant (Morrison et al. 2001). 
Occasional unsubstantiated sightings offer hope that the species is still extant; latest of these was of a bird seen in southwestern 
Manitoba, May 1996 (Waldon 1966, Gill et al. 1998). Latest records from wintering grounds (again unsubstantiated) were of four birds 
near Cordoba, Argentina, October 1990 (Michelutti 1991). Four "apparently reliable" sightings in Texas in 1987 (Gollop 1988).  
Most recent reliable sightings were at three separate locations in 1987: Mormon Island, Nebraska; Lac Rendezvous, Northwest 
Territories; and North Haven Island, Maine; only single birds were observed. A flock of 23 was observed on Atkinson Island, Texas in 
1981. See Johnson and Herter (1989) for account of sightings in 1980s in Beaufort Sea area. See Gollop et al. (1986) for accounts of 
occurrences in individual states, provinces, and countries. See also Faanes and Senner (1991). Surveys in Argentina and Uruguay in 
1992-1993 yielded no confirmed sightings, but previously unknown suitable habitat was found (Blanco et al. 1993; Castro et al. 1994, 
Endangered Species Update 11(3&4):5).  

Estimated Number of Element Occurrences: 0 - 5 
Estimated Number of Element Occurrences Comments: No known breeding occurrences; possibly extinct.  

Global Short Term Trend: Unknown 

Global Long Term Trend: Very large decline (decline of >90%, with <10% of population size, range extent, area occupied, and/or 
number or condition of occurrences remaining) 
Global Long Term Trend Comments: Declined from a population originally numbering in the hundreds of thousands (Gill et al. 1998). 
Marked decline began around 1870, began decreasing rapidly in 1880s (Gill et al. 1998); already rare by 1900 and thought to be extinct 
in 1905. Last specimen taken in Barbados in 1963 (Bond 1965). Now extremely rare or extinct (Gollop et al. 1986, Gill et al. 1998, 
Morrison et al. 2001).  

Global Inventory Needs: Continual survey needed in areas where they were formerly concentrated, including breeding, wintering, and 
migratory stop over areas. Suggested areas for survey are: fall, coast of Labrador (Hamilton Inlet, Sandwich Bay, and south to the Strait 
of Belle Isle), from third week of August to mid-September; and spring, coast of Texas (Galveston Island) from mid-March to mid-April 
(Iversen 1989). 

Global Protection: None. No occurrences appropriately protected and managed 
 
Global Protection Needs: Protect any breeding, wintering, or migration areas that may be discovered. 

Degree of Threat: Substantial, imminent threat 
Threat Scope: High 
Threat Severity: High 
Threat Immediacy: High 
Threats: Decline almost certainly due to a combination of overhunting on spring migration for commercial markets and conversion of 
spring migration habitat to agriculture (Faanes and Senner 1990, Gill et al. 1998). Spring migration route through tallgrass and to a lesser
extent mixed-grass prairies; only 4 percent of the former ecosystem remains (Samson and Knopf 1994). Fire suppression has further 
altered remnant prairie ecosystems. Agricultural conversion also apparently caused the demise of what may have been a key prey 
species during spring migration, the Rocky Mountain grasshopper, MELANOPLUS SPRETUS (Gill et al. 1998), and probably resulted in 
declines in other grasshopper species as well (Lockwood and DeBrey 1990, Gill et al. 1998).  
Any recovery has been hampered by this species' former reliance on shifting, patchy, fire-dependent habitats during spring migration, its 
conservative life history (e.g. long migration with few, but strictly traditional stopover sites), and its highly social behavior (Gill et al. 1998).
Former breeding range has now apparently been taken over by the slightly larger Whimbrel, which may displace the few remaining 
individuals (Gollop et al. 1986). The recent expansion of diamond exploration activities and establishment of diamond mines within the 
known breeding range of this species may put additional pressure on any remnant population (Gill et al. 1998).  

Fragility: Environmental Specificity: Very narrow. Specialist or community with key requirements scarce. 

Distribution  
U.S. States and Canadian Provinces 
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NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for 
common species have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status 
refers to the status as a non-breeder; these errors will be corrected in future versions of these maps. A species is not shown in a 
jurisdiction if it is not known to breed in the jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species 
may occur in a jurisdiction as a seasonal non-breeding resident or as a migratory transient but this will not be indicated on these maps. 
See other maps on this web site that depict the Western Hemisphere ranges of these species at all seasons of the year.  
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to 
appear. Not all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage 
migrant range depicted. A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp.

U.S. & Canada State/Province Distribution 
United 
States 

AK, AR, CO , CT, IA , IL , IN , KS, LA, MA , MD , ME , MN , MO, ND, NE , NJ , NY , OH, OK , RI, SC , SD, TX, 
WY  

Canada AB, LB, NB , NF, NS , NT, ON, PE, QC , SK 
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Range Map Compilers: NatureServe, 2002; WILDSPACETM 2002 
 
Global Range: <100-250 square km (less than about 40-100 square miles) 
Global Range Comments: BREEDING: confirmed in only two areas in Northwest Territories: base of Bathurst Peninsula, and near 
Point Lake, 750 kilometers southeast; probably between these areas as well. Possibly west to western Alaska (Gill et al. 1998). NON-
BREEDING: formerly from south-central Brazil south through Paraguay and Uruguay to southern Argentina and Chile. MIGRATION: 
formerly in spring through central plains, west of Mississippi River; in fall, most flew east to Labrador , then over water to South America.
 

Ecology & Life History  
Basic Description: A shorebird (curlew). 

Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
AK North Slope (02185)* 

NE Adams (31001)*, Clay (31035)*, Hall (31079)*, Merrick (31121)* 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed Region 

 Watershed Name (Watershed Code)

10 Middle Platte-Buffalo (10200101)+, Middle Platte-Prairie (10200103)+, West Fork Big 
Blue (10270203)+, Upper Little Blue (10270206)+ 

19 Camden Bay (19060502)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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Reproduction Comments: Lays clutch of 3-4 (usually 4) eggs, late May-June or early July.
Non-Migrant: N 
Locally Migrant: N 
Long Distance Migrant: Y 
Mobility and Migration Comments: Probably began northward migration in late February or March. Arrived in breeding areas 
beginning in late May in Alaska and Northwest Territories; migrated inland through central prairies of North America (along valleys of the 
Mississippi, Missouri, and Platte rivers) in spring, arriving in Texas and Louisiana in early March (most likely to be observed in March and 
April), and migrating through the Great Plains from late March to mid-May; remained in nesting areas until early August; in fall, most 
migrated eastward from breeding areas and across northern Hudson Bay to Labrador and Newfoundland (most likely present from mid-
August to late September), where they fed prior to flight across Atlantic to northern South America (perhaps arriving in October), thence 
along coast to wintering areas; some birds migrated southward along west shore of Hudson and James bays, then southeastward across 
Quebec and northeastern states before crossing the Atlantic (Gollop et al. 1986, Johnson and Herter 1989). Storm-blown migrants could 
appear on the coast of the Canadian Atlantic provinces, New England, or Bermuda from late August to mid-October. 
Estuarine Habitat(s): Tidal flat/shore 
Palustrine Habitat(s): HERBACEOUS WETLAND 
Terrestrial Habitat(s): Cropland/hedgerow, Grassland/herbaceous, Tundra 
Habitat Comments: Nonbreeding: grasslands, pastures, plowed fields, and less frequently, marshes and mudflats (AOU 1983). Favored 
headlands and hills within a few kilometers of the sea. Burned over prairies and marshes particularly attractive during migration. Roosted 
on beaches along coast but rarely found near water in midwestern states (Gollop et al. 1986).  
 
Nests in open arctic tundra, usually in an open site with a wide view (Harrison 1978). Upland grassy tundra or tundra interspersed with 
scattered trees (Johnson and Herter 1989). Tundra marshes and tidal marshes near Arctic Ocean (Matthews and Moseley 1990). 
Adult Food Habits: Frugivore, Invertivore 
Immature Food Habits: Frugivore, Invertivore 
Food Comments: Recorded foods include grasshoppers and their eggs, crickets, grubs and cutworms, ants, moths, spiders, small 
snails, earthworms, freshwater insects, seeds and berries (e.g., crowberry, EMPETRUM) (USFWS 1980, Gollop et al. 1986). Picks items 
from substrate, probes into sand or mud in or near shallow water, or takes prey from water column (Ehrlich et al. 1992). 
Adult Phenology: Diurnal 
Immature Phenology: Diurnal 
Length: 36 centimeters 

Population/Occurrence Delineation  
Group Name: SHOREBIRDS 
 
Use Class: Breeding  
Subtype(s): Breeding Site, Feeding Area  
Minimum Criteria for an Occurrence: Evidence of historical breeding, or current and likely recurring breeding, at a given location, 
minimally a reliable observation of one or more breeding pairs in appropriate habitat. Be cautious about creating EOs for observations 
that may represent single breeding events outside the normal breeding distribution.  
Mapping Guidance: Breeding occurrences include nesting areas as well as foraging areas of nesting adults and broods. Because 
separations are based on nesting areas, the foraging areas of different occurrences may overlap if nesting birds are traveling to distant 
places to feed.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Separation distance pertains specifically to nesting areas, not to locations of dispersed foraging individuals. 
For example, nesting areas separated by a gap of more than 5 km are different occurrences, regardless of the foraging locations of 
individuals from those nesting areas.  
 
The separation distance is an arbitrary value; it is impractical to attempt to delineate shorebird occurrences on the basis of dispersal 
patterns or metapopulation dynamics. Foraging ranges of some nesting shorebird species (see following) may suggest use of a larger 
separation distance, but this likely would result in occurrences that are too large and less effective for conservation planning.  
 
Separation distance based on larger 'typical' breeding home ranges with diameters of 1.5 to 3 kilometers. Semipalmated Plovers have 
breeding home ranges up to 3 square kilometers, i.e. a diameter of just under 2 kilometers (Nol and Blanken 1999). Red-necked 
Phalaropes have a core home range of 1-3 hectares, but occasionally travel 1.5 kilometers to feed (Rubega et al. 2000). Stilt Sandpipers 
can forage up to 8 kilometers from nest (Jehl 1973). Mountain Plovers have an average home range of 56.6 hectares (Knopf 1996) but 
broods typically move 1-2 kilometers shortly after hatching (Knopf and Rupert 1996). 
 
Territories: Common Snipe, 6.4-28.6 hectares (Mueller 1999); Long-billed Dowitcher, 100-300 meter diameter (Johnsgard 1981); golden-
plovers, average 10-59 hectares (Johnson and Connors 1996); Long-billed Curlew, 6-20 hectares (Johnsgard 1981).  
 
Nesting densities: Black-bellied Plover, 0.3-2.3 pairs per square kilometer (44 ha per pair at latter density; Hussell and Page 1976, 
Parmelee et al. 1967); Marbled Godwit, maximum density 1 pair/32 hectares (Stewart and Kantrud 1972).  
 
Foraging distances: Greater and Lesser Yellowlegs, up to 13 kilometers from nest (Elphick and Tibbits 1998, Tibbits and Moskoff 1999).

Economic Attributes 
Management Summary 

Not yet assessed

Not yet assessed
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Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 1.5 km  
Inferred Minimum Extent Justification: Based on a smaller 'typical' home ranges (see Separation Justification). 
Date: 25Mar2004 
Author: Hammerson, G., and S. Cannings 
 
Use Class: Migratory stopover  
Subtype(s): Foraging concentration area, Roost  
Minimum Criteria for an Occurrence: Evidence of recurring presence of migrating flocks (including historical); and potential recurring 
presence at a given location, minimally a reliable observation of 25 birds in appropriate habitat (minimum can be reduced in the case of 
rarer species). Occurrences should be locations where the species is resident for some time during the appropriate season; it is 
preferable to have observations documenting presence over at least 7 days annually. Be cautious about creating EOs for observations 
that may represent single events.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Separation distance somewhat arbitrary; set at 5 kilometers to define occurrences of managable size for 
conservation purposes. Occurrences defined primarily on the basis of areas supporting concentrations of foraging or roosting birds, 
rather than on the basis of distinct populations.  
Date: 15Apr2002 
Author: Cannings, S. 
 
Use Class: Nonbreeding  
Subtype(s): Roost, Winter Feeding Area  
Minimum Criteria for an Occurrence: Evidence of recurring presence of wintering flocks (including historical); and potential recurring 
presence at a given location, minimally a reliable observation of 25 birds in appropriate habitat. Occurrences should be locations where 
the species is resident for some time during the appropriate season; it is preferable to have observations documenting presence over at 
least 20 days annually. Be cautious about creating EOs for observations that may represent single events.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Separation distance somewhat arbitrary; set at 5 kilometers to define occurrences of managable size for 
conservation purposes. Occurrences defined primarily on the basis of areas supporting concentrations of foraging or roosting birds, 
rather than on the basis of distinct populations.  
Date: 25Mar2004 
Author: S. Cannings 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 26Aug2002 
NatureServe Conservation Status Factors Author: Hammerson, G., D.W. Mehlman; revised by S. Cannings 
Element Ecology & Life History Edition Date: 28Mar1995 
Element Ecology & Life History Author(s): Hammerson, G. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors 
and cooperators (see Sources).  
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Genus Size: D - Medium to large genus (21+ species) 

Concept Reference  
Concept Reference: Frost, D. R. 1985. Amphibian species of the world. A taxonomic and geographical reference. Allen Press, Inc., and 
The Association of Systematics Collections, Lawrence, Kansas. v + 732 pp. 
Concept Reference Code: B85FRO01HQUS 
Name Used in Concept Reference: Bufo houstonensis 
Taxonomic Comments: Treated as a subspecies of B. AMERICANUS in older literature. Natural hybridization with B. VALLICEPS and with 
B. WOODHOUSII has been recorded (Brown 1973). A study of the taxonomic relationship between B. HOUSTONENSIS and B. 
AMERICANUS CHARLESMITHI was underway in 1990 (USFWS 1990). 
Conservation Status  

NatureServe Status 

Global Status: G1  
Global Status Last Reviewed: 29Mar2002 
Global Status Last Changed: 15Oct2001 
Rounded Global Status: G1 - Critically Imperiled  
Reasons: Small range in Texas; populations are few, small, and declining, due mainly to habitat destruction. 
Nation: United States  
National Status: N1  
 

Other Statuses 

U.S. Endangered Species Act: LE: Listed endangered (13Oct1970)  
U.S. Fish & Wildlife Service Lead Region: R2 - Southwest  
IUCN Red List Category: EN - Endangered  

NatureServe Conservation Status Factors 

Global Abundance: 1000 - 2500 individuals 
Global Abundance Comments: At least 2000 adults occur in Bastrop County; unknown numbers in 7 other counties 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Amphibia Anura Bufonidae Bufo

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 
United States Texas (S1) 

Bufo houstonensis - Sanders, 1953  
Houston Toad  
Related ITIS Name(s): Bufo houstonensis Sanders, 1953 (TSN 173488)  
Unique Identifier: ELEMENT_GLOBAL.2.103748  
Element Code: AAABB01090  
Informal Taxonomy: Animals, Vertebrates - Amphibians - Frogs and Toads

Public Domain
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(http://www.tpwd.state.tx.us/nature/endang/htoad.htm). Fairly common in the vicinity of a few ponds (Bartlett and Bartlett 1999).  

Estimated Number of Element Occurrences: Unknown 
Estimated Number of Element Occurrences Comments: Difficult to specify number, but relatively few occurrences.  

Global Short Term Trend: Declining (decline of 10-30%) 
Global Short Term Trend Comments: Recent trend analyses suggest that Houston toads are declining in Bastrop State Park, which lies 
near the center of its critical habitat in Bastrop County.  

Global Long Term Trend: Moderate decline (decline of 25 - 50%) 
Global Long Term Trend Comments: Data are few, but probably has declined to at least a moderate degree for most trend criteria.  

Global Protection: Few (1-3) occurrences appropriately protected and managed 
Global Protection Comments: Several breeding sites are on protected park lands (Bartlett and Bartlett 1999). Occurs in a state park in 
Bastrop County. Critical habitat was designated in 1978 in Bastrop and Burleson counties, in areas supporting the largest populations known 
at that time. The population within critical habitat in Burleson County has not been seen since 1983. The University of Texas Environmental 
Science Park, comprising several hundred hectares, is managed as toad habitat.  
Global Protection Needs: Protect several EOs in widespread areas to preserve genetic diversity of population. 

Degree of Threat: Localized substantial threat 
Threat Scope: Unknown 
Threat Severity: Moderate 
Threat Immediacy: High 
Threats: Habitat conversion poses the most serious threat to the Houston toad. Several populations were eliminated with the expansion of 
Houston, and the largest remaining population in Bastrop County is also under intense and immediate threat from urban development.  
Many Houston toads are killed each year by automobiles. Roadway mortality will increase as human populations continue to increase within 
the species¿ habitat and as the habitat continues to be dissected by more roads. Road construction further isolates populations and disrupts 
or prevents the movement of individual toads between populations. This movement of toads is necessary to maintain gene flow, and thus 
genetic diversity, and to supplement small or declining local populations. It is possible to build roads with underpasses or other structures that 
allow toads and other wildlife to pass safely beneath the roads.  
While converting woodlands to pastures or plowed fields destroys Houston toad habitat and favors the proliferation of other toad species, 
certain agricultural practices can be beneficial to Houston toads. These include maintaining low to moderate numbers of livestock to avoid 
overgrazing, protecting pond habitat from livestock and predatory fishes, planting native bunchgrasses instead of sod-forming grasses, such 
as Bermuda grass, which are difficult for the toads to move through, and conserving large blocks of woodlands.  
Certain forestry practices may benefit the Houston toad, while others, such as clearcutting, are harmful. Thinning and burning have been 
shown to benefit some species of amphibians and reptiles by opening up the forest canopy and allowing more sunlight to reach the forest 
floor. This practice encourages the growth of vegetation and, in turn, increases insect numbers. This may be beneficial to the Houston toad. 
Other threats that often appear in conjunction with the factors outlined above include drought and the presence of fire ants, an unwelcome 
species from Brazil. Fire ants have been observed preying on toadlets as they leave their breeding pond. Fire ants thrive in open, sunny 
areas where the soil has been disturbed and woody vegetation uprooted, as in agricultural fields and urban areas. Protecting large forested 
areas is one of the most effective deterrents to fire ants. Where fire ant control with pesticides is necessary, mounds should be treated 
individually, rather than broadcasting the chemicals, to avoid impacting other invertebrates that the Houston toad eats.  
This information is from a USFWS website: http://ifw2es.fws.gov/HoustonToad.  

Fragility: Environmental Specificity: Moderate to broad. 

Distribution  
U.S. States and Canadian Provinces 
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Endemism: endemic to a single state or province 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to appear. 
Not all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage migrant range 
depicted. A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp. 

U.S. & Canada State/Province Distribution 
United States TX 
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Range Map Compilers: IUCN, Conservation International, NatureServe, and collaborators, 2004  
 
Global Range: 5000-20,000 square km (about 2000-8000 square miles) 
Global Range Comments: Historically, this toad ranged across the central coastal region of Texas. Houston toads disappeared from the 
Houston area (Harris, Fort Bend and Liberty counties) during the 1960s following an extended drought and the rapid urban expansion of the 
city of Houston. Although this species has been found in nine additional counties (Austin, Bastrop, Burleson, Colorado, Lavaca, Lee, Leon, 
Milam, Robertson) as recently as the 1990s, several of these populations have not been seen since they were first discovered (recorded in 
Lee County in 2001; Gaston et al. 2001). Of the few remaining populations, the largest is in Bastrop County. 
 
Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
TX Austin (48015), Bastrop (48021), Brazos (48041)*, Burleson (48051), Colorado (48089), Fort Bend (48157), 

Freestone (48161), Harris (48201), Lavaca (48285), Leon (48289), Liberty (48291)*, Milam (48331), Robertson (48395) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)
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Ecology & Life History  
Basic Description: A 2- to 3-inch toad with (usually) a light middorsal stripe. 
Reproduction Comments: Most breeding occurs February-April, when minimum air temperature is above 14 C; breeding reported as late as 
June. Larvae hatch in 4-7 days, metamorphose in 3-9 weeks, depending on water temperature. Males sexually mature in 1 year, females 
possibly in 2 years. See Jacobson (1989). 
Non-Migrant: N 
Locally Migrant: Y 
Long Distance Migrant: N 
Mobility and Migration Comments: Migrates between breeding and nonbreeding habitats. 
Palustrine Habitat(s): TEMPORARY POOL 
Terrestrial Habitat(s): Forest - Conifer, Forest - Hardwood, Grassland/herbaceous, Woodland - Conifer, Woodland - Hardwood, Woodland - 
Mixed 
Special Habitat Factors: Benthic, Burrowing in or using soil, Fallen log/debris 
Habitat Comments: Restricted to areas with soft sandy soils; pine forest, mixed deciduous forest, coastal prairie. Extant populations occur in 
sandy forested areas with pine. When inactive, occupies burrows in soil or seeks refuge in leaf litter or under objects.  
 
Eggs and larvae develop in shallow water of roadside ditches, temporary ponds in residential areas and pastures, and other seasonally 
flooded low spots; for successful breeding, water must persist for at least 60 days. 
Adult Food Habits: Invertivore 
Immature Food Habits: Herbivore 
Food Comments: Metamorphosed toads probably eat various small terrestrial arthropods. Larvae eat suspended material, organic debris, 
algae, and plant tissue. 
Adult Phenology: Circadian, Hibernates/aestivates 
Immature Phenology: Circadian, Hibernates/aestivates 
Phenology Comments: Inactive during hot, dry season and during coldest months. 
Colonial Breeder: Y 
Length: 8 centimeters 

Management Summary  
Monitoring Requirements: Sporatic activity and secretive behavior make it relatively difficult to find new populations or to relocate 
previously identified ones (Matthews and Moseley 1990). 
Management Research Needs: Research is urgently needed to determine the status of Houston toad populations outside of Bastrop County 
and promote conservation efforts in these areas. Research is also critical to determine which management practices are most conducive to 
the Houston toad and the ecosystem on which it depends. 
Population/Occurrence Delineation  
Group Name: BUFONID TOADS 
 
Use Class: Not applicable  
Subtype(s): Breeding Site  
Minimum Criteria for an Occurrence: Occurrences are based on evidence of historical presence, or current and likely recurring presence, 
at a given location. Such evidence minimally includes collection or reliable observation and documentation of one or more individuals 
(including larvae or eggs) in or near appropriate habitat where the species is presumed to be established and breeding.  
Separation Barriers: Busy major highway such that toads rarely if ever cross successfully; roads with nonpermeable barriers to toad 
movement; urbanized areas dominated by buildings and pavement.  
Separation Distance for Unsuitable Habitat: 1 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Opportunistic observations of various toad species in lowland habitats indicate regular movements of up to at least
several hundred meters from the closest known breeding site (G. Hammerson, pers. obs.). Sweet (1993) recorded movements of up to 1 km 
in Bufo californicus. In defining critical habitat for B. californicus, USFWS (2000) included breeding streams and upland areas within a 25-m 
elevational range of each essential stream reach and no more than 1.5 km away from the stream. In northwestern Utah, Thompson (2004) 
recorded movements of Bufo boreas of up to 5 km across upland habitat between two springs during the summer-fall season. Another toad 
moved 1.3 km between May of one year and May of the next year; the following June it was back at the original breeding location (Thompson 
2004). Most studies of toad movements have not employed radiotelemetry and were not designed to detect long-range movements or 
dispersal.  
 
The separation distance for unsuitable habitat reflects the nominal minimum value of 1 km. The separation distance for suitable habitat 
reflects the good vagility of toads, their ability to utilize ephemeral or newly created breeding sites, and the consequent likely low probability 
that two occupied locations separated by less than several kilometers of suitable habitat would represent truly independent populations over 
the long term.  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): .5 km  
Date: 27Apr2005 

12 Lower Trinity-Tehuacana (12030201)+, Lower Trinity (12030203)+, Buffalo-San Jacinto (12040104)+, West 
Galveston Bay (12040204)+, Austin-Oyster (12040205)+, Lower Brazos-Little Brazos (12070101)+, 
Yegua (12070102)+, Navasota (12070103)+, Lower Brazos (12070104)+, Lower Colorado-
Cummins (12090301)+, Lower Colorado (12090302)+, San Bernard (12090401)+, Navidad (12100102)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 

Economic Attributes Not yet assessed
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Author: Hammerson, G. 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 29Mar2002 
NatureServe Conservation Status Factors Author: Wahl, R., J. Griffin, G. Hammerson, and U.S. Fish and Wildlife Service 
Element Ecology & Life History Edition Date: 03Apr1995 
Element Ecology & Life History Author(s): Hammerson, G. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors and 
cooperators (see Sources).  
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Genus Size: B - Very small genus (2-5 species) 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1957. The A.O.U. Check-list of North American Birds, 5th ed. Port City 
Press, Inc., Baltimore, MD. 691 pp. 
Concept Reference Code: B57AOU01HQUS 
Name Used in Concept Reference: Sterna antillarum athalassos 
Taxonomic Comments: Formerly (AOU 1983, 1998) included in the genus Sterna but separated on the basis of genetic data that 
correspond to plumage patterns (Bridge et al. 2005). 
 
Thompson et al. (1992) examined morphological and electrophoretic variation and found little evidence of differentiation among populations 
of the nominal subspecies antillarum, athalassos, and browni; they recommended that the subspecific taxonomy of the S. antillarum 
complex be reassessed. Johnson et al. (1998) used a quantitative colorimetry analysis to study variation among antillarum, athalassos, and 
browni and found differences significant enough to warrant the validity of the taxa and their importance as entities for conservation. 
Conservation Status  

NatureServe Status 

Global Status: G4T2Q  
Global Status Last Reviewed: 27Nov1996 
Global Status Last Changed: 27Nov1996 
Rounded Global Status: T2 - Imperiled  
Reasons: Interior populations of the Least Tern, formerly well distributed in the Mississippi Basin, now survive only in scattered remnants; 
habitat has been decimated by extensive water management projects and increased use of beaches and sandbars; interior populations 
generally are not recognized as a distinct taxonomic entity; see files for S. ANTILLARUM. 
Nation: United States  
National Status: NNR  
Nation: Canada 
National Status: NNR  
 

Other Statuses 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Charadriiformes Laridae Sternula

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Arkansas (S2B), Colorado (S1B), Illinois (SNR), Indiana (S1B), Iowa (S1B,S1N), Kansas (S1B), Kentucky (S2B), Louisiana 
(S1B), Mississippi (S2B), Missouri (S1), Montana (SNR), Nebraska (S2), New Mexico (S1B,S2N), North Dakota (SNR), Ohio 
(SX), Oklahoma (S2B), South Dakota (S2B), Tennessee (S2S3B), Texas (S1B) 

Sternula antillarum athalassos - (Burleigh and Lowery, 1942)
Interior Least Tern  
Other Related Name(s): Sterna antillarum athalassos  
Unique Identifier: ELEMENT_GLOBAL.2.103386  
Element Code: ABNNM08102  
Informal Taxonomy: Animals, Vertebrates - Birds - Other Birds

Public Domain
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Implied Status under the U.S. Endangered Species Act: PS:LE
U.S. Fish & Wildlife Service Lead Region: R3 - North Central  
Comments on official statuses: Listed by USFWS as Endangered with the following caveats: Louisiana, Mississippi River and tributaries 
north of Baton Rouge; Mississippi, Mississippi River only, and Texas, everywhere except the Texas coast and a 50 mile zone inland from 
the the coast (May 28, 1985; Federal Register 50:21792). 
 
NatureServe Conservation Status Factors 

Distribution  
U.S. States and Canadian Provinces 

   
NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for common 
species have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status refers to the 
status as a non-breeder; these errors will be corrected in future versions of these maps. A species is not shown in a jurisdiction if it is not 
known to breed in the jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species may occur in a jurisdiction 
as a seasonal non-breeding resident or as a migratory transient but this will not be indicated on these maps. See other maps on this web 
site that depict the Western Hemisphere ranges of these species at all seasons of the year.  
Endemism: occurs (regularly, as a native taxon) in multiple nations, but breeds in a single nation 
 

 
Range Map 
No map available. 
 
Global Range: 200,000-2,500,000 square km (about 80,000-1,000,000 square miles) 
Global Range Comments: BREEDING: Locally along the Colorado, Red, Arkansas, Missouri, Ohio, and Mississippi river systems; formerly 
more widespread and common; has been eliminated from much of former habitat; now breeds locally in this region, north to Montana and 
North Dakota, east to southwestern Indiana, central Kentucky, and western Tennessee, west to eastern Colorado. 
 

U.S. & Canada State/Province Distribution 
United States AR, CO, IA, IL, IN, KS, KY, LA, MO, MS, MT, ND, NE, NM, OH , OK, SD, TN, TX 

Natural heritage records exist for the following U.S. counties 
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Ecology & Life History  
Basic Description: A small, gray, white, and black water bird (interior population of least tern). 
Non-Migrant: N 

State County Name (FIPS Code)
AR Chicot (05017), Conway (05029), Crawford (05033), Crittenden (05035), Desha (05041), Faulkner (05045), 

Hempstead (05057), Jefferson (05069), Johnson (05071), Lafayette (05073), Lee (05077), Lincoln (05079), Little 
River (05081), Logan (05083), Miller (05091), Mississippi (05093), Perry (05105), Phillips (05107), Pope (05115), 
Pulaski (05119), Sebastian (05131), Yell (05149) 

IA Woodbury (19193) 

IL Alexander (17003) 

IN Dearborn (18029), Gibson (18051), Posey (18129), Spencer (18147) 

KY Ballard (21007), Carlisle (21039), Fulton (21075), Hancock (21091), Hickman (21105), Jefferson (21111)*, 
Livingston (21139), Marshall (21157), Union (21225) 

LA Bossier (22015), Caddo (22017), Concordia (22029), East Carroll (22035), Madison (22065), Natchitoches (22069), 
Red River (22081), Tensas (22107) 

MO Cape Girardeau (29031), Chariton (29041), Mississippi (29133), New Madrid (29143), Pemiscot (29155), 
Perry (29157), Scott (29201) 

MS Bolivar (28011), Coahoma (28027), DeSoto (28033), Tunica (28143), Warren (28149), Washington (28151) 

NE Boyd (31015), Brown (31017), Buffalo (31019), Butler (31023), Cass (31025), Cedar (31027), Colfax (31037), 
Cuming (31039), Custer (31041), Dawson (31047), Dixon (31051), Dodge (31053), Douglas (31055), Hall (31079), 
Hamilton (31081), Holt (31089), Howard (31093), Keith (31101), Keya Paha (31103), Knox (31107), Lincoln (31111), 
Madison (31119), Merrick (31121), Nance (31125), Phelps (31137), Platte (31141), Polk (31143), Rock (31149), 
Sarpy (31153), Saunders (31155), Sherman (31163), Stanton (31167), Valley (31175) 

NM Chaves (35005), Otero (35035) 

SD Bennett (46007), Bon Homme (46009), Campbell (46021), Charles Mix (46023), Clay (46027), Corson (46031), 
Dewey (46041), Haakon (46055), Hughes (46065), Lyman (46085)*, Meade (46093), Pennington (46103), 
Potter (46107), Stanley (46117), Sully (46119), Turner (46125), Union (46127), Walworth (46129), Yankton (46135), 
Ziebach (46137) 

TN Dyer (47045), Lake (47095), Lauderdale (47097), Shelby (47157), Tipton (47167) 

TX Baylor (48023), Bowie (48037), Childress (48075), Dallas (48113), Freestone (48161), Grayson (48181), Hall (48191), 
Hemphill (48211), Leon (48289), Red River (48387), Tom Green (48451), Val Verde (48465), Webb (48479), 
Zapata (48505) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

05 Lower Great Miami (05080002)+, Lower Wabash (05120113)+, Silver-Little Kentucky (05140101)+, Lower 
Ohio-Little Pigeon (05140201)+, Highland-Pigeon (05140202)+, Lower Ohio-Bay (05140203)+, Lower 
Ohio (05140206)+ 

06 Lower Tennessee (06040006)+ 

07 Upper Mississippi-Cape Girardeau (07140105)+ 

08 Lower Mississippi-Memphis (08010100)+, Bayou De Chien-Mayfield (08010201)+, Obion (08010202)+, Horn 
Lake-Nonconnah (08010211)+, Lower Mississippi-Helena (08020100)+, New Madrid-St. Johns (08020201)+, 
Lower Arkansas (08020401)+, Lower Mississippi-Greenville (08030100)+, Lower Mississippi-
Natchez (08060100)+ 

10 Middle Cheyenne-Elk (10120111)+, Lower Cheyenne (10120112)+, Upper Lake Oahe (10130102)+, Lower 
Lake Oahe (10130105)+, Fort Randall Reservoir (10140101)+, Little White (10140203)+, Ponca (10150001)+, 
Middle Niobrara (10150004)+, Lower Niobrara (10150007)+, Lewis and Clark Lake (10170101)+, 
Vermillion (10170102)+, Lower North Platte (10180014)+, Lower South Platte (10190018)+, Middle Platte-
Buffalo (10200101)+, Wood (10200102)+, Middle Platte-Prairie (10200103)+, Lower Platte-Shell (10200201)+, 
Lower Platte (10200202)+, Salt (10200203)+, Lower Middle Loup (10210003)+, Lower North Loup (10210007)
+, Loup (10210009)+, Upper Elkhorn (10220001)+, Lower Elkhorn (10220003)+, Blackbird-Soldier (10230001)
+, Keg-Weeping Water (10240001)+, Lower Grand (10280103)+ 

11 Middle Canadian-Spring (11090106)+, Frog-Mulberry (11110201)+, Dardanelle Reservoir (11110202)+, Lake 
Conway-Point Remove (11110203)+, Lower Arkansas-Maumelle (11110207)+, Lower Prairie Dog Town Fork 
Red (11120105)+, Wichita (11130206)+, Southern Beaver (11130207)+, Lake Texoma (11130210)+, Bois 
D'arc-Island (11140101)+, Pecan-Waterhole (11140106)+, Lower Little (11140109)+, Mckinney-Posten 
Bayous (11140201)+, Middle Red-Coushatta (11140202)+, Lower Red-Lake Iatt (11140207)+ 

12 Upper Trinity (12030105)+, Lower Trinity-Tehuacana (12030201)+, Navasota (12070103)+, North 
Concho (12090104)+ 

13 Amistad Reservoir (13040212)+, Lower Devils (13040302)+, Tularosa Valley (13050003)+, Upper Pecos-Long 
Arroyo (13060007)+, San Ambrosia-Santa Isabel (13080002)+, International Falcon Reservoir (13080003)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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Locally Migrant: N 
Long Distance Migrant: N 

Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 22Feb1995 
Element Ecology & Life History Edition Date: 11Mar1996 
Element Ecology & Life History Author(s): HAMMERSON, G. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors and 
cooperators (see Sources).  
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Concept Reference  
Concept Reference: Kartesz, J.T. 1994. A synonymized checklist of the vascular flora of the United States, Canada, and Greenland. 
2nd edition. 2 vols. Timber Press, Portland, OR. 
Concept Reference Code: B94KAR01HQUS 
Name Used in Concept Reference: Abronia macrocarpa 
Conservation Status  

NatureServe Status 

Global Status: G2  
Global Status Last Reviewed: 10Apr2003 
Global Status Last Changed: 18Dec1998 
Rounded Global Status: G2 - Imperiled  
Reasons: The few known occurrences of Abronia macrocarpa all occur within a 3-county area in eastern Texas. Habitat is sandy soils in 
openings in post oak savannah (USFWS 1992). Abronia macrocarpa is threatened by residential development, oil field development, fire 
suppression, recreational use, and non-native pasture grasses. 
Nation: United States  
National Status: N2  
 

Other Statuses 

U.S. Endangered Species Act: LE: Listed endangered (28Sep1988)  
U.S. Fish & Wildlife Service Lead Region: R2 - Southwest  
Comments on official statuses: Abronia macrocarpa was proposed endangered on June 16, 1987 and determined endangered on 
September 28, 1988. 

NatureServe Conservation Status Factors 

Global Abundance Comments: Total population in three locations estimated at several thousand (USFWS 1992). 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Plantae Anthophyta Dicotyledoneae Caryophyllales Nyctaginaceae Abronia

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 
United States Texas (S2) 

Abronia macrocarpa - L.A. Gal.  
Large-fruit Sand-verbena  
Other Common Names: largefruit sand-verbena  
Related ITIS Name(s): Abronia macrocarpa L.A. Gal. (TSN 19561)  
Unique Identifier: ELEMENT_GLOBAL.2.159233  
Element Code: PDNYC010D0  
Informal Taxonomy: Plants, Vascular - Flowering Plants - Four-O'clock Family

 
Search for Images on Google

Page 1 of 5Comprehensive Report Species - Abronia macrocarpa

10/22/2009 3:21:20 PMhttp://www.natureserve.org/explorer/servlet/NatureServe?sourceTemplate=tabular_r...



Estimated Number of Element Occurrences:   
Estimated Number of Element Occurrences Comments: As of 1998 there are a few known occurrences in east Texas. As of 1986, 
bronia macrocarpa was known only from the type locality in a small localized sand dune area of approximately 30 acres. In 1971 the 
population consisted on fewer than 200 plants, in 1978 & 1979 500 plants were observed at the site, in 1984 15 plants were found and 
the area was reported to have received much "abuse from the human population" (A84POO01HQUS), particularly from off-road vehicles. 
In 1986, the last year for which population size was reported, the U.S. Fish & Wildlife Service estimated that the population contained 
about 250 plants (N87RUT03HQUS).  

Degree of Threat: Widespread, low-severity threat 
Threat Scope: Moderate 
Threat Severity: Low 
Threat Immediacy: Moderate 
Threats: The foreseeable threat with the greatest impact is habitat degradation/loss. Abronia macrocarpa is threatened by residential 
development, oil field development, introduction of pasture grasses including coastal bermuda (Cynodon dactylon) and weeping love 
grass (Eragrostis curvula), fire suppression, off-road vehicles, and horseback riding (USFWS 1992). Other threats may include browsing 
by native and non-native herbivores, insect predation, and overcollection (USFWS 1992).  

Distribution  
U.S. States and Canadian Provinces 

   
 

 
Range Map 
No map available. 
 
Global Range Comments: Known only from a 3-county area in eastern Texas (USFWS 1992). 
 

U.S. & Canada State/Province Distribution 
United States TX 

Natural heritage records exist for the following U.S. counties 
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Ecology & Life History  
Basic Description: An herbaceous perennial, 5 dm tall, with showy, pink-purple, spherical flower clusters in the spring. 
Technical Description: Somewhat erect, herbaceous perennial with stems to 50 cm long, viscid, glandular-pubescent; petioles 0.5-4 cm 
long; leaf blades ovate, elliptic to suborbicular, 2-5 cm long, 1.5-3.5 cm wide, glandular-puberulent; bracts ovate to elliptic, 7-13 mm long, 
4-6 mm wide, glandular-pubescent; flowers 20-75 per inflorescence; perianth tube 18-32 mm long; perianth limbs 8-10 mm wide, 
magenta; anthocarps papery, turbinate, 8-15 mm long, 5-12 mm wide, 5-winged with wings often somewhat twisted; achenes 2.2-3.5 
mm long, brown. 18-30 mm long, magenta; anthocarps scarious, papery, turbinate, five-winged, 8-15 mm long, 5-12 mm wide. 
Diagnostic Characteristics: This species is characterized by its large, thin-walled anthocarps; texture is thinner and more papery than 
in any other species of Abronia; anthocarps are among the largest in the genus, anthocarps of Abronia fragrans and A. ameliae are 
shorter, much narrower, and much more indurate than those of A. macrocarpa. 
Duration: PERENNIAL 
Ecology Comments: Plants are psammophilic and grow best under at least mildly alkaline conditions. 
Habitat Comments: Deep, well-drained sands, sometimes on actively blowing sand dunes, within a post oak-grassland mosaic 
vegetation type. The species is one of many herbaceous plants that temporarily dominate these bare sands during spring. 

Population/Occurrence Delineation  
Alternate Separation Procedure: Use the Habitat-based Plant Element Occurrence Delimitation Guidance (2004).  
Date: 01Oct2004 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 18Dec1998 
NatureServe Conservation Status Factors Author: J. Poole/K. Maybury, rev. A. Olivero (2003) 
Element Ecology & Life History Edition Date: 27Dec1989 

Botanical data developed by NatureServe and its network of natural heritage programs (see Local Programs), The North Carolina 
Botanical Garden, and other contributors and cooperators (see Sources). 
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State County Name (FIPS Code)
TX Freestone (48161), Leon (48289), Robertson (48395) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed Region  Watershed Name (Watershed Code)
12 Lower Trinity-Tehuacana (12030201)+, Navasota (12070103)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 

Economic Attributes 
Management Summary 

U.S. Invasive Species Impact Rank (I-Rank)  

Not yet assessed

Not yet assessed

Not yet assessed
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 Williamson, P.S., L. Muliana, and G.K. Janssen. 1994. Pollination biology of Abronia macrocarpa (Nyctaginaceae), an 
endangered Tesas species. Southwest Naturalist 39: 336-341. 
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NatureServe. No trademark owned by NatureServe may be used in advertising or promotion pertaining to the 
distribution of documents delivered from this server without specific advance permission from NatureServe. 
Except as expressly provided above, nothing contained herein shall be construed as conferring any license or 
right under any NatureServe copyright.  

Information Warranty Disclaimer: All documents and related graphics provided by this server and any other documents which are 
referenced by or linked to this server are provided "as is" without warranty as to the currentness, completeness, or accuracy of any 
specific data. NatureServe hereby disclaims all warranties and conditions with regard to any documents provided by this server or 
any other documents which are referenced by or linked to this server, including but not limited to all implied warranties and conditions 
of merchantibility, fitness for a particular purpose, and non-infringement. NatureServe makes no representations about the suitability 
of the information delivered from this server or any other documents that are referenced to or linked to this server. In no event shall 
NatureServe be liable for any special, indirect, incidental, consequential damages, or for damages of any kind arising out of or in 
connection with the use or performance of information contained in any documents provided by this server or in any other documents 
which are referenced by or linked to this server, under any theory of liability used. NatureServe may update or make changes to the 
documents provided by this server at any time without notice; however, NatureServe makes no commitment to update the information 
contained herein. Since the data in the central databases are continually being updated, it is advisable to refresh data retrieved at 
least once a year after its receipt. The data provided is for planning, assessment, and informational purposes. Site specific projects or 
activities should be reviewed for potential environmental impacts with appropriate regulatory agencies. If ground-disturbing activities 
are proposed on a site, the appropriate state natural heritage program(s) or conservation data center can be contacted for a site-
specific review of the project area (see Visit Local Programs). 

Feedback Request: NatureServe encourages users to let us know of any errors or significant omissions that you find in the data 
through (see Contact Us). Your comments will be very valuable in improving the overall quality of our databases for the benefit of all 
users. 
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Concept Reference  
Concept Reference: Kartesz, J.T. 1994. A synonymized checklist of the vascular flora of the United States, Canada, and Greenland. 2nd edition. 2 vols. 
Timber Press, Portland, OR. 
Concept Reference Code: B94KAR01HQUS 
Name Used in Concept Reference: Spiranthes parksii 
Taxonomic Comments: Taxonomy still questionable, possibly a polypoid member of the S. cernua complex, or may be a non-persisting hybrid of S. lacera 
var. gracilis and S. cernua. This taxon is variable and robust, exhibiting hybrid vigor. 
Conservation Status  

NatureServe Status 

Global Status: G3  
Global Status Last Reviewed: 16Jan2002 
Global Status Last Changed: 14Nov1989 
Rounded Global Status: G3 - Vulnerable  
Reasons: Primarily known from 2 river drainages in east-central Texas, with 1 location in east Texas. Although about 100 populations with a total of about 
10,000 plants are currently known, many of the sites are threatened by strip mining. Rapid urban expansion has also encroached on some of the species' 
habitat. 
Nation: United States  
National Status: N3  
 

Other Statuses 

U.S. Endangered Species Act: LE: Listed endangered (06May1982)  
U.S. Fish & Wildlife Service Lead Region: R2 - Southwest  

NatureServe Conservation Status Factors 

Global Abundance Comments: Roughly 2,000 individuals.  

Estimated Number of Element Occurrences:   
Estimated Number of Element Occurrences Comments: Unknown.

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Plantae Anthophyta Monocotyledoneae Orchidales Orchidaceae Spiranthes

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 
United States Texas (S3) 

Spiranthes parksii - Correll  
Navasota Ladies'-tresses  
Other Common Names: Navasota ladies'-tresses  
Related ITIS Name(s): Spiranthes parksii Correll (TSN 43472)  
Unique Identifier: ELEMENT_GLOBAL.2.146077  
Element Code: PMORC2B0R0  
Informal Taxonomy: Plants, Vascular - Flowering Plants - Orchid Family

© Alfred R. Schotz
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Threats: Commercial develpment, lignite mining, cattle grazing, road building and maintenance.

Distribution  
U.S. States and Canadian Provinces 

   
 

 
Range Map 
No map available. 
 
Global Range Comments: Endemic to eastern Texas, Navasota River, in Brazos County. Also in Burleson, Grimes and Navasota Counties. 
 

Ecology & Life History  
Basic Description: A perennial herb, up to 3 dm tall. Produces a solitary spike of bracts and white flowers in a loose, braid-like spiral up the stem. The 
small, fragrant flowers bloom from late October-early November. 
Habitat Comments: Margins of post oak (Quercus stellata) woodlands in sandy loams along intermittent tributaries of rivers. Often in areas where edaphic 
or hydrologic factors (such as high levels of aluminum in the soil or a perched water table) limit competing vegetation in the herbaceous layer. Besides post 
oak, associated species include water oak (Q. nigra), blackjack oak (Q. marilandica), and yaupon (Ilex vomitoria). 

U.S. & Canada State/Province Distribution 
United States TX 

Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
TX Brazos (48041), Burleson (48051), Freestone (48161), Grimes (48185), Jasper (48241), Leon (48289), Madison (48313), 

Robertson (48395), Washington (48477) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

12 Lower Angelina (12020005)+, Lower Trinity-Tehuacana (12030201)+, Lower Trinity-Kickapoo (12030202)+, Lower 
Brazos-Little Brazos (12070101)+, Yegua (12070102)+, Navasota (12070103)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 

Economic Attributes 
Management Summary 

Not yet assessed

Not yet assessed

Not yet assessed
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Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 28Aug1987 
NatureServe Conservation Status Factors Author: Ogle, Y., rev. C. Russell, rev. Poole/Maybury (1996) 

Botanical data developed by NatureServe and its network of natural heritage programs (see Local Programs), The North Carolina Botanical Garden, and 
other contributors and cooperators (see Sources). 

References  

 Kartesz, J.T. 1994. A synonymized checklist of the vascular flora of the United States, Canada, and Greenland. 2nd edition. 2 vols. Timber Press, 
Portland, OR. 

 Poole, J.M., and D.H. Riskind. 1987. Endangered, threatened, or protected native plants of Texas. Texas Parks Wildlife Dept., Austin, TX. 

Use Guidelines & Citation  

Population/Occurrence Delineation 

U.S. Invasive Species Impact Rank (I-Rank)  

Use Guidelines and Citation  

The Small Print: Trademark, Copyright, Citation Guidelines, Restrictions on Use, and Information Disclaimer. 

Note:All species and ecological community data presented in NatureServe Explorer at http://www.natureserve.org/explorer were updated to be current 
with NatureServe's central databases as of July 17, 2009.  
Note: This report was printed on October 22, 2009  

Trademark Notice: "NatureServe", NatureServe, NatureServe Explorer, The NatureServe logo, and all other names of NatureServe programs 
referenced herein are trademarks of NatureServe. Any other product or company names mentioned herein are the trademarks of their respective 
owners. 

Copyright Notice: Copyright © 2009 NatureServe, 1101 Wilson Boulevard, 15th Floor, Arlington Virginia 22209, U.S.A. All Rights Reserved. Each 
document delivered from this server or web site may contain other proprietary notices and copyright information relating to that document. The following 
citation should be used in any published materials which reference the web site.  

Citation for data on website including State Distribution, Watershed, and Reptile Range maps:  
NatureServe. 2009. NatureServe Explorer: An online encyclopedia of life [web application]. Version 7.1. NatureServe, 
Arlington, Virginia. Available http://www.natureserve.org/explorer. (Accessed: October 22, 2009 ).  

Citation for Bird Range Maps of North America:  
Ridgely, R.S., T.F. Allnutt, T. Brooks, D.K. McNicol, D.W. Mehlman, B.E. Young, and J.R. Zook. 2003. Digital Distribution 
Maps of the Birds of the Western Hemisphere, version 1.0. NatureServe, Arlington, Virginia, USA.  

Acknowledgement Statement for Bird Range Maps of North America:  
"Data provided by NatureServe in collaboration with Robert Ridgely, James Zook, The Nature Conservancy - Migratory Bird 
Program, Conservation International - CABS, World Wildlife Fund - US, and Environment Canada - WILDSPACE."  

Citation for Mammal Range Maps of North America:  
Patterson, B.D., G. Ceballos, W. Sechrest, M.F. Tognelli, T. Brooks, L. Luna, P. Ortega, I. Salazar, and B.E. Young. 2003. 
Digital Distribution Maps of the Mammals of the Western Hemisphere, version 1.0. NatureServe, Arlington, Virginia, USA.  

Acknowledgement Statement for Mammal Range Maps of North America:  
"Data provided by NatureServe in collaboration with Bruce Patterson, Wes Sechrest, Marcelo Tognelli, Gerardo Ceballos, 
The Nature Conservancy-Migratory Bird Program, Conservation International-CABS, World Wildlife Fund-US, and 
Environment Canada-WILDSPACE."  

Citation for Amphibian Range Maps of the Western Hemisphere:  
IUCN, Conservation International, and NatureServe. 2004. Global Amphibian Assessment. IUCN, Conservation 
International, and NatureServe, Washington, DC and Arlington, Virginia, USA.  

Acknowledgement Statement for Amphibian Range Maps of the Western Hemisphere:  
"Data developed as part of the Global Amphibian Assessment and provided by IUCN-World Conservation Union, 
Conservation International and NatureServe."  

NOTE: Full metadata for the Bird Range Maps of North America is available at: 
http://www.natureserve.org/library/birdDistributionmapsmetadatav1.pdf.  

Full metadata for the Mammal Range Maps of North America is available at: 
http://www.natureserve.org/library/mammalsDistributionmetadatav1.pdf.  

Not yet assessed
Not yet assessed

Not yet assessed
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NatureServe Version 7.1 (2 February 2009) 

Data last updated: July 17, 2009 

Restrictions on Use: Permission to use, copy and distribute documents delivered from this server is hereby granted under the following conditions: 

1. The above copyright notice must appear in all copies;  
2. Any use of the documents available from this server must be for informational purposes only and in no instance for commercial 

purposes;  
3. Some data may be downloaded to files and altered in format for analytical purposes, however the data should still be referenced 

using the citation above;  
4. No graphics available from this server can be used, copied or distributed separate from the accompanying text. Any rights not 

expressly granted herein are reserved by NatureServe. Nothing contained herein shall be construed as conferring by implication, 
estoppel, or otherwise any license or right under any trademark of NatureServe. No trademark owned by NatureServe may be 
used in advertising or promotion pertaining to the distribution of documents delivered from this server without specific advance 
permission from NatureServe. Except as expressly provided above, nothing contained herein shall be construed as conferring any 
license or right under any NatureServe copyright.  

Information Warranty Disclaimer: All documents and related graphics provided by this server and any other documents which are referenced by or 
linked to this server are provided "as is" without warranty as to the currentness, completeness, or accuracy of any specific data. NatureServe hereby 
disclaims all warranties and conditions with regard to any documents provided by this server or any other documents which are referenced by or linked 
to this server, including but not limited to all implied warranties and conditions of merchantibility, fitness for a particular purpose, and non-infringement. 
NatureServe makes no representations about the suitability of the information delivered from this server or any other documents that are referenced to 
or linked to this server. In no event shall NatureServe be liable for any special, indirect, incidental, consequential damages, or for damages of any kind 
arising out of or in connection with the use or performance of information contained in any documents provided by this server or in any other documents 
which are referenced by or linked to this server, under any theory of liability used. NatureServe may update or make changes to the documents 
provided by this server at any time without notice; however, NatureServe makes no commitment to update the information contained herein. Since the 
data in the central databases are continually being updated, it is advisable to refresh data retrieved at least once a year after its receipt. The data 
provided is for planning, assessment, and informational purposes. Site specific projects or activities should be reviewed for potential environmental 
impacts with appropriate regulatory agencies. If ground-disturbing activities are proposed on a site, the appropriate state natural heritage program(s) or 
conservation data center can be contacted for a site-specific review of the project area (see Visit Local Programs). 

Feedback Request: NatureServe encourages users to let us know of any errors or significant omissions that you find in the data through (see Contact 
Us). Your comments will be very valuable in improving the overall quality of our databases for the benefit of all users. 
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Genus Size: D - Medium to large genus (21+ species) 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1998. Check-list of North American birds. Seventh edition. American Ornithologists' 
Union, Washington, DC. 829 pp. 
Concept Reference Code: B98AOU01NAUS 
Name Used in Concept Reference: Charadrius melodus 
Taxonomic Comments: Electrophoretic analyses (Haig and Oring 1988) did not support current subspecific designations (2 subspecies, C. m. 
circumcinctus in the northern Great Plains, C. m melodus on the Atlantic coast, with intermediates in the Great Lakes region). However, a more 
recent study of the species' genetics suggests that the Atlantic population is in fact reproductively isolated from the interior population, and Great 
Lakes individuals do not differ genetically from those on the Great Plains and Canadian Prairies (S. Haig, personal communication, cited in Boyne 
2000). 
Conservation Status  

NatureServe Status 

Global Status: G3  
Global Status Last Reviewed: 23Dec2004 
Global Status Last Changed: 11Jan2001 
Rounded Global Status: G3 - Vulnerable  
Reasons: Widespread but local breeder in North America; major rangewide declines followed by some recovery; some regional declines still 
occurring. Strong threats related primarily to human activity; disturbance by humans, predation, and development pressure are pervasive threats 
along the Atlantic coast; inappropriate water management a threat on the northern Great Plains. Current favorable population trends depend on 
intensive management. 
Nation: United States  
National Status: N3B,N3N  
Nation: Canada 
National Status: N2B (22Jan2001)  
 

Other Statuses 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Charadriiformes Charadriidae Charadrius

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Alabama (S1N), Arkansas (SNA), Colorado (S1B), Connecticut (S1B), Delaware (S1B), Florida (S2), Georgia (S1), Illinois (SH), Indiana 
(SXB), Iowa (S1B), Kansas (S1B,S2N), Kentucky (SNA), Louisiana (S2N), Maine (S2B), Maryland (S1B), Massachusetts (S2B), 
Michigan (S1), Minnesota (S1B), Mississippi (S2N), Missouri (SNA), Montana (S2B), Nebraska (S2), New Hampshire (S1), New Jersey 
(S1B), New York (S3B), North Carolina (S2B,S2N), North Dakota (S1S2), Ohio (SX), Oklahoma (SNRN), Pennsylvania (SX), Rhode 
Island (S1B,S1N), South Carolina (SNRN), South Dakota (S2B), Tennessee (S2N), Texas (S2), Virginia (S2B,S1N), Wisconsin (S1) 

Canada 
Alberta (S2), Manitoba (S1B), New Brunswick (S2B), Newfoundland Island (S1B), Nova Scotia (S1B), Ontario (S1B), Prince Edward 
Island (S1B), Quebec (S2), Saskatchewan (SNA) 

Charadrius melodus - Ord, 1824  
Piping Plover  
Spanish Common Names: Chorlo Chiflador  
French Common Names: Pluvier siffleur  
Related ITIS Name(s): Charadrius melodus Ord, 1824 (TSN 176507)
Unique Identifier: ELEMENT_GLOBAL.2.106046  
Element Code: ABNNB03070  
Informal Taxonomy: Animals, Vertebrates - Birds - Shorebirds © Dennis Donohue
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U.S. Endangered Species Act: LE, LT: Listed endangered, listed threatened (11Dec1985)  
Committee on the Status of Endangered Wildlife in Canada (COSEWIC): Non-active/Nonactive  
Implied Status under the Committee on the Status of Endangered Wildlife in Canada (COSEWIC):E  
IUCN Red List Category: VU - Vulnerable  
Comments on official statuses: Listed by USFWS as Endangered in Great Lakes watersheds of Illinois, Indiana, Michigan, Minnesota, New York, 
Ohio, Pennsylvania, and Wisconsin; Threatened elsewhere (Federal Register, 11 December 1985). Draft revised recovery plan (1994) suggested 
that status in the Northern Great Plains should be changed to Endangered. 

NatureServe Conservation Status Factors 

Global Abundance: 2500 - 10,000 individuals 
Global Abundance Comments: No comprehensive surveys since 1996. The 1996 International Piping Plover Census yielded the following: 5913 
plovers on the breeding grounds; Atlantic coast population increased to 2581 individuals, Great Lakes population increased to 48, and Northern 
Great Plains population decreased to 3284 adults (Plissner and Haig 2000). The 1996 International Winter Census yielded of 2541 individuals; the 
Gulf Coast counts were hampered by weather and tides (Plissner and Haig 1997). The 1991 international census estimated the number of breeding 
pairs in the Northern Great Plains at 1486, with 897 pairs in the U.S. and 589 pairs in Canada (USFWS 1994). Estimates for the Atlantic coast were 
702 pairs in the U.S. and 236 pairs in Canada. The Great Lakes population included only 17 pairs, all in Michigan. The range-wide population in the 
early 1990s, based on intensive surveys, was 5482 breeding adults and 3451 wintering birds (Haig 1992, Haig and Plissner 1993). USFWS (1994) 
reported the range-wide population at 2441 breeding pairs, based on the 1991 census. The Atlantic coast population was 1150 pairs in 1994 
(USFWS, Federal Register, 6 February 1995, p. 7067; USFWS 1995). Morrison (1993/1994) estimated the population in Canada at 1950 
individuals.  

Estimated Number of Element Occurrences: 81 to >300 
Estimated Number of Element Occurrences Comments: Number of occurrences difficult to determine from available literature - most reports 
state number of pairs only.  

Global Short Term Trend: Stable (unchanged or within +/- 10% fluctuation in population, range, area occupied, and/or number or condition of 
occurrences) 
Global Short Term Trend Comments: Generally increasing, but trend varies with region. International censuses in 1991 and 1996 revealed a 
rangewide increase of 7.7 per cent over that five-year period, from 5488 individuals to 5913 individuals.  
 
ATLANTIC COAST: there has been a 50-80 percent decline over the past 50 years. The Long Island, New York population declined from over 500 
pairs (Wilcox 1939) to about 100 pairs in 1988 (Cairns and McLaren 1980, USFWS 1988). In 1980 the Atlantic coast population was estimated at 
910 pairs (Cairns and McLaren 1980); this estimate declined to 790 pairs in 1986 (550 pairs in the U.S. and 240 pairs in Canada) (USFWS 1988). 
However, many populations have increased with management attention since the mid-1980s. Most of the increase since 1989 has been in New 
England; the Mid-Atlantic and Canadian Atlantic populations have declined somewhat since 1989 (USFWS 1995). The 1991-1996 international 
census data indicate an overall increase of 30.4 per cent, from about 1979 individuals to 2581 (Plissner and Haig 2000). However, the Canadian 
Atlantic populations declined 16.6 per cent over the same period, from about 513 individuals to 428 (Plissner and Haig 2000). Subsequently, these 
numbers began to increase again, reaching 475 in 1999 (Boyne 2000). 
 
GREAT LAKES: Long-term declines followed by recent small increases. Viable populations have disappeared from eight states (Minnesota, 
Wisconsin, Illinois, Indiana, Michigan, Ohio, Pennsylvania, and New York) during last 50 years. Now extirpated in Minnesota, Wisconsin and 
southern Ontario (U.S. Fish and Wildlife Service 1988, Boyne 2000). In Michigan, reduced range and essentially eliminated from the southern 
portion of the state (Cottrille 1957, Lambert and Ratcliff 1979). USFWS (1990) categorized the Great Lakes population as declining, but Powell 
(1991) found that the population has remained stable since its listing in 1986; reproductive success has been low in recent years (Evers 1992, 
Powell and Cuthbert 1992). The 1991-1996 international census data indicate an increase of 20 per cent, from 40 to 48 individuals (Flemming 1994, 
Plissner and Haig 2000). Subsequently, 60-62 individuals were counted on the U.S. Great Lakes in 1998, a further increase of about 27 per cent (J. 
Hathaway, unpublished data cited in Boyne 2000). At Long Point, Ontario there were over 100 pairs in 1928 (Snyder 1931). Populations in Ontario 
dropped to an estimated 50 birds in the early 1930s (Sheppard 1935). Seven pairs were reported from Ontario in 1961-1965 (Hussel and 
Montgomerie 1966), and two pairs in 1976-1977 (Bradstreet et al. 1977). One pair of piping plovers nested along Lake Ontario in 1984 (Zickefoose, 
pers. comm.). No breeding pairs seen along the Canadian shores of the Great Lakes in the 1991 and 1996 censuses (Boyne 2000). 
 
GREAT PLAINS: As of 1993, declining more than 7 percent annually (Ryan et al. 1993). International censuses in 1991 and 1996 revealed a 17.4 
per cent increase in Canadian Great Plains populations and a 21.4 per cent decline in U.S. populations. Overall, there was a small decline over the 
five year period, from 3469 to 3284 individuals (Flemming 1994, Plissner and Haig 2000).  

Global Inventory Needs: Annual surveys of population abundance, disturbance, and productivity. Further research is needed on wintering areas in 
the Bahamas, Greater Antilles, and Mexico (Nichols and Baldasarre 1990). 

Global Protection: Many to very many (13 to >40) occurrences appropriately protected and managed 
Global Protection Comments: Many occurrences protected. All populations benefit from U.S. Federal listing; additionally, some states list plover 
as state endangered. Level of protection of sites varies greatly; few areas enjoy total protection, even if land is in conservation ownership. On 10 
July 2001, the U.S. Fish and Wildlife Service designated 137 areas as Critical Habitat under the US Endangered Species Act for the wintering 
population (approximately 2,892 kilometers of mapped shoreline, 66,881 hectares) along the coasts of Georgia, North Carolina, South Carolina, 
Florida, Alabama, Mississippi, Louisiana, and Texas (USFWS 2001). On September 11, 2002, the U.S. Fish and Wildlife Service designated 19 
areas (totalling about 74,228 hectares) and portions of four rivers (1943 stream kilometers) in the northern Great Plains region as Critical Habitat 
under the US Endangered Species Act (USFWS 2002).  
Global Protection Needs: 1) It is critically important to eliminate or reduce human disturbance. 2) Prohibit free-running dogs. 3) Restrict vehicles 
during late-May to late-July. 4) Post signs and mount public relations campaign to reduce impact on nesting areas. 5) Use fences and other barriers 
to reduce predation. 6) Protect breeding sites from habitat alteration and recreational overuse. 7) Protect wintering grounds. 

Degree of Threat: A 
Threats: Primary threats are destruction and degradation of summer and winter habitat, shoreline erosion, human disturbance of nesting and 
foraging birds, and predation (Burger 1993).  
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HUMAN DISTURBANCE: Disturbance during nesting is the major factor in many areas, and is the most serious threat in Canada (Flemming et al. 
1988). Human presence may inhibit courtship, incubation, and brooding (Haig 1983). Nests may also be trampled and destroyed (Lambert and 
Ratcliff 1979, Haig 1983, Cuthbert and Wiens 1982). Cairns (1977) found that reproductive success was lower on beaches used for recreation in 
Nova Scotia. Lambert and Ratcliff (1979) found very low reproductive success (30 percent hatching rate, 0.6 young fledged per pair) at a Michigan 
state park with heavily used beaches. Compression of beaches by vehicular traffic may also reduce invertebrate prey populations (Ryan 1996).  
 
HABITAT ALTERATION: Habitat alteration and destruction is an additional concern. Rising lake levels in the Great Lakes narrowed beaches and 
may have caused habitat loss (Bradstreet et al. 1977). Hay and Lingle (1981) discuss destruction of nests due to flooding. In the Great Plains, 
lowering of the water table due to irrigation projects and strip mines is a growing concern (Kantrud 1979, Dinsmore 1981, USFWS 1988). On the 
Canadian Prairies, reservoir water management is a major concern; water is impounded in the spring, causing levels to rise throughout the breeding 
season, flooding nests and reducing brood rearing habitat (Boyne 2000). Woody species encroachment of lake shorelines and riverbanks may be 
responsible for habitat loss (Dinsmore 1981, Haig 1983, Hay and Lingle 1981, USFWS 1988; Lingle, pers. comm.). Invasion of sites by Marram 
Grass (Ammophila breviligulata), Bayberry (Myrica pensylvanica), and even spruces (Picea sp.) is a problem on the east coast; areas may need to 
be weeded (Haig 1992, Master, pers. comm.). Plans for dredging and recreational developmen along the Gulf of Mexico coast, particularly on 
Laguna Madre in Texas, pose a serious threat (USFWS 1994).  
 
PREDATION AND DISTURBANCE: Greatest threat to nest success in South Dakota (Gaines and Ryan 1988) is nest predation. In Massachusetts, 
predators, primarily Red Fox (Vulpes vulpes), destroyed 52-81 percent of nests in one study area (MacIvor et al. 1990). On Assateague Island, 
Maryland and Virginia, predators, mainly red fox and raccoon (Procyon lotor), accounted for about 90 percent of the known causes of nest loss 
(Patterson et al. 1992). Gulls potentially disastrous to plovers. Cartar (1976) reported that nest sites at Long Point, Ontario were invaded by large 
flocks of Herring Gulls (Larus argentatus) that destroyed nests. Nol (1980) documented adverse effects of non-breeding gull flocks on Piping Plover 
and Killdeer (Charadrius vociferus). Other important predators include Virginia Opossums (Didelphis virginiana), Striped Skunks (Mephitis mephitis),
grackles (Quiscalus spp.), Fish Crows (Corvus ossifragus), and domestic cats and dogs (Patterson et al. 1990). Free-running dogs may be a major 
concern (Cairns and McLaren 1980, Quinn and Walden 1966, Lambert and Ratcliff 1979, USFWS 1988; Master, pers. comm.). Halbeisen (1977) 
found that dogs frighten snowy plovers from nests an average of twice as long (5.8 versus 2.8 minutes) compared to people. This increases the 
chance of egg failure and chick mortality from overexposure, starvation, and predation. Cattle trampling along alkali lakes may also be a problem.  
 
POLLUTION: Wilcox (1959) observed adult mortality following oiling from highway tars. Dinsmore (1981) speculates that pesticides may be a major 
concern. Wintering populations along the Gulf Coast are potentially threatened by major oil spills (USFWS 1994). 
 
HUNTING: In the mid-1800's piping plovers were harvested for food and brought to the verge of extinction (Bent 1929, Hull 1981). Piping plovers 
were protected from hunting by legislation in 1913, but populations have not increased to former levels (Hull 1981).  

Other Considerations: Highly variable annual reproductive success. Ephemeral habitats.  

Distribution  
U.S. States and Canadian Provinces 
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NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for common species 
have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status refers to the status as a non-
breeder; these errors will be corrected in future versions of these maps. A species is not shown in a jurisdiction if it is not known to breed in the 
jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species may occur in a jurisdiction as a seasonal non-breeding 
resident or as a migratory transient but this will not be indicated on these maps. See other maps on this web site that depict the Western 
Hemisphere ranges of these species at all seasons of the year.  
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to appear. Not all 
vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage migrant range depicted. A 
shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp. 

 

Range Map Compilers: NatureServe, 2002; NatureServe, 2003; WILDSPACETM 2002 
 
Global Range: 200,000 to >2,500,000 square km (about 80,000 to >1,000,000 square miles) 
Global Range Comments: BREEDING: Locally in the northern Great Plains region from southern Alberta, northern Saskatchewan, southern 
Manitoba, northwestern and (formerly) southwestern Ontario, south to eastern Montana, the Dakotas, southeastern Colorado (Andrews and Righter 
1992), Iowa, Minnesota, and Nebraska; sporadic nesting occurs in Oklahoma; breeding birds are widely distributed in small populations (Haig 1992, 
Haig and Plissner 1993). Formerly throughout much of the Great Lakes region, now locally only in northern Michigan (Haig 1992, Evers 1992). On 
the Atlantic coast from Newfoundland, southeastern Quebec, and New Brunswick to North Carolina (Haig 1992); 82 percent of nesting pairs in 
Massachusetts, New York, New Jersey, and Virginia (USFWS 1992). See USFWS (1994) for further information on breeding distribution in 
particular states. 
 
NON-BREEDING: Complete winter distribution is not known. Birds have been reported wintering from North Carolina south to Florida, the Gulf coast 
states, Mexico, and the Caribbean. About 5 percent of the total North American breeding population and 14 percent of the entire Atlantic coast 
breeding population winters from North Carolina through Florida. Plovers wintering on the Atlantic coast occurred most frequently in Georgia and 
least frequently in Florida. Approximately 35 percent of the total breeding population winters along the gulf coast from Florida to Texas and 
represents 56 percent of the Great Lakes/Great Plains population. Also in small numbers in the Bahamas and Greater Antilles, and probably 

U.S. & Canada State/Province Distribution 
United 
States 

AL, AR, CO, CT, DE, FL, GA, IA, IL, IN , KS, KY, LA, MA, MD, ME, MI, MN, MO, MS, MT, NC, ND, NE, NH, NJ, NY, OH , OK, PA
, RI, SC, SD, TN, TX, VA, WI 

Canada AB, MB, NB, NF, NS, ON, PE, QC, SK 
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eastern Mexico. See Nicholls and Baldasarre (1990) and Haig and Plissner (1993) for further information on winter distribution in the southeastern 
U.S., including listings of important sites. 
 
Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
AL Baldwin (01003), Mobile (01097) 

CO Bent (08011), Kiowa (08061), Prowers (08099) 

CT Fairfield (09001), Middlesex (09007), New Haven (09009), New London (09011) 

DE Sussex (10005) 

FL Bay (12005), Charlotte (12015), Citrus (12017), Collier (12021), Duval (12031), Escambia (12033), Franklin (12037), 
Gulf (12045), Lee (12071), Manatee (12081), Miami-Dade (12086), Monroe (12087), Pasco (12101), Pinellas (12103), St. 
Johns (12109), Taylor (12123), Volusia (12127) 

GA Camden (13039), Chatham (13051), Glynn (13127), Liberty (13179), Mcintosh (13191) 

IA Harrison (19085), Kossuth (19109), Pottawattamie (19155), Poweshiek (19157)*, Wapello (19179)*, Woodbury (19193) 

IN Lake (18089)* 

KS Barton (20009), Douglas (20045), Jefferson (20087), Pottawatomie (20149), Riley (20161), Russell (20167), 
Shawnee (20177), Stafford (20185), Wabaunsee (20197) 

LA Cameron (22023), Jefferson (22051), Lafourche (22057), Plaquemines (22075), St. Bernard (22087), St. Mary (22101), 
Terrebonne (22109), Vermilion (22113) 

MD Worcester (24047) 

ME Cumberland (23005), Sagadahoc (23023), York (23031) 

MI Alger (26003), Alpena (26007), Benzie (26019), Berrien (26021)*, Charlevoix (26029), Cheboygan (26031), 
Chippewa (26033), Delta (26041), Emmet (26047), Huron (26063)*, Iosco (26069), Leelanau (26089), Luce (26095), 
Mackinac (26097), Mason (26105), Muskegon (26121)*, Schoolcraft (26153) 

MN Lake of the Woods (27077), Marshall (27089)*, St. Louis (27137), Traverse (27155)* 

MS Harrison (28047) 

MT Garfield (30033), McCone (30055), Phillips (30071), Pondera (30073), Richland (30083), Roosevelt (30085), 
Sheridan (30091), Valley (30105) 

NC Brunswick (37019), Carteret (37031), Currituck (37053), Dare (37055), Hyde (37095), New Hanover (37129), 
Onslow (37133), Pender (37141) 

ND Benson (38005), Bottineau (38009), Burke (38013), Burleigh (38015), Divide (38023), Dunn (38025), Eddy (38027), 
Emmons (38029), Kidder (38043), Logan (38047), McHenry (38049), McIntosh (38051), McKenzie (38053), McLean (38055), 
Mercer (38057), Morton (38059), Mountrail (38061), Nelson (38063)*, Oliver (38065), Pierce (38069), Ramsey (38071)*, 
Renville (38075), Rolette (38079), Sargent (38081), Sheridan (38083), Sioux (38085), Slope (38087), Stutsman (38093), 
Ward (38101), Williams (38105) 

NE Boyd (31015), Brown (31017), Buffalo (31019), Butler (31023), Cass (31025), Cedar (31027), Colfax (31037), 
Cuming (31039), Custer (31041), Dawson (31047), Dixon (31051), Dodge (31053), Douglas (31055), Hall (31079), 
Hamilton (31081), Holt (31089), Howard (31093), Keith (31101), Keya Paha (31103), Knox (31107), Lincoln (31111), 
Madison (31119), Merrick (31121), Nance (31125), Phelps (31137), Platte (31141), Polk (31143), Rock (31149), 
Sarpy (31153), Saunders (31155), Stanton (31167), Valley (31175) 

NJ Atlantic (34001), Cape May (34009), Monmouth (34025), Ocean (34029) 

NY Bronx (36005), Nassau (36059), Oswego (36075), Queens (36081), Suffolk (36103) 

OK Cleveland (40027) 

PA Erie (42049)* 

RI Newport (44005), Washington (44009) 

SD Bon Homme (46009), Campbell (46021), Charles Mix (46023), Clay (46027), Codington (46029)*, Corson (46031), 
Day (46037), Dewey (46041), Fall River (46047), Harding (46063)*, Hughes (46065), Hyde (46069), Kingsbury (46077), 
Potter (46107), Stanley (46117), Sully (46119), Union (46127), Walworth (46129), Yankton (46135) 

TX Aransas (48007), Calhoun (48057), Cameron (48061), Galveston (48167), Kenedy (48261), Kleberg (48273), 
Matagorda (48321), Nueces (48355), San Patricio (48409), Willacy (48489) 

VA Accomack (51001), Hampton (city) (51650), Northampton (51131), Portsmouth (city) (51740) 

WI Ashland (55003), Door (55029)*, Douglas (55031), Jefferson (55055)*, Kenosha (55059)*, Marinette (55075), Oconto (55083)
*, Sheboygan (55117)* 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

01 St. George-Sheepscot (01050003)+, Presumpscot (01060001)+, Piscataqua-Salmon Falls (01060003)+, Lower 
Connecticut (01080205)+, Cape Cod (01090002)+, Pawcatuck-Wood (01090005)+, Thames (01100003)+, 
Quinnipiac (01100004)+, Housatonic (01100005)+, Saugatuck (01100006)+, Long Island Sound (01100007)+ 

02 Bronx (02030102)+, Sandy Hook-Staten Island (02030104)+, Northern Long Island (02030201)+, Southern Long 
Island (02030202)+, Delaware Bay (02040204)+, Mullica-Toms (02040301)+, Great Egg Harbor (02040302)+, 
Chincoteague (02060010)+, Lynnhaven-Poquoson (02080108)+, Eastern Lower Delmarva (02080110)+, Hampton 
Roads (02080208)+ 

03 Albemarle (03010205)+, Pamlico Sound (03020105)+, Bogue-Core Sounds (03020106)+, New (03030001)+, Lower 
Cape Fear (03030005)+, Carolina Coastal-Sampit (03040207)+, Ogeechee Coastal (03060204)+, 
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Ecology & Life History  
Basic Description: A small shorebird (plover). 
General Description: A small plover; wings approximately 117 mm; tail 51 mm; weight 46-64 g (average 55 g); length averages about 17-18 cm 
(NGS 1983).  
 
ADULT MALE: Forehead, sides of head (including lores, underparts and collar around hindneck) plain white with a dark band across the front of the 
crown from eye-to-eye and black shoulder patches that often extend across the breast. Inland birds have more complete breast band than Atlantic 
coast birds. Nonbreeding birds lose the dark bands. Upper parts pale gray-brown, lightest on the rump and upper tail-coverts; primaries dusky-black 
at tips, the inner webs largely white, and all but the outer two or three more or less white on outer webs; secondaries largely white; greater wing-
coverts tipped with white; axillaries and lining of wing white; tail white at base with the features darkening towards the end and tipped with white; 
outer retrices mostly white. Bill dull orange, tipped with black; all dark in winter. Legs and feet orange-yellow; iris dark brown; eyelids pale yellow 
(Bent 1929, Roberts 1955, Wilcox 1959, Dinsmore 1981). Immature plumage resembles adult nonbreeding plumage; juveniles acquire adult 
plumage the spring after they fledge.  
 
VOCALIZATIONS: The call is a two-noted "peep-lo" with an organ-like sound (Robbins et al. 1983).  
 
EGGS: creamy white and spotted; 25 x 32 mm. 
Diagnostic Characteristics: The piping plover differs from the snowy plover (Charadrius alexandrinus) in having a thicker bill, generally paler 
upperparts, and orange rather than dark or grayish feet and legs. It is much paler than other plovers. 
Reproduction Comments: The breeding season begins when the adults reach the breeding grounds in mid- to late-April or in mid-May in northern 
parts of the range. The adult males arrive earliest, select beach habitats, and defend established territories against other males (Hull 1981). When 
adult females arrive at the breeding grounds several weeks later, the males conduct elaborate courtship rituals including aerial displays of circles 
and figure eights, whistling song, posturing with spread tail and wings, and rapid drumming of feet (Bent 1929, Hull 1981).  
 
Often returns to the same nesting area in consecutive years (but few return to natal sites). Sometimes shifts breeding location by up to several 
hundred kilometers between consecutive years. Wilcox (1959) has shown that only 20 percent settle at a nest site farther than 1,000 feet from the 
previous year's locality. Adult females tend to choose new nest sites within the same geographic area with over 50 percent choosing a new nest site 
over 1,000 feet from the previous year. Previous reproductive success apparently does not increase the probability of returning to specific breeding 
sites (see USFWS 1994). In Manitoba, adults that experienced nest failure the previous year usually changed general nesting location (Haig and 

Altamaha (03070106)+, Cumberland-St. Simons (03070203)+, Nassau (03070205)+, Daytona - St. 
Augustine (03080201)+, Everglades (03090202)+, Florida Bay-Florida Keys (03090203)+, Big Cypress 
Swamp (03090204)+, Charlotte Harbor (03100103)+, Sarasota Bay (03100201)+, Tampa Bay (03100206)+, Crystal-
Pithlachascotee (03100207)+, Econfina-Steinhatchee (03110102)+, New (03130013)+, Apalachicola Bay (03130014)+, 
St. Andrew-St. Joseph Bays (03140101)+, Pensacola Bay (03140105)+, Perdido Bay (03140107)+, Mobile 
Bay (03160205)+, Mississippi Coastal (03170009)+ 

04 St. Louis (04010201)+, Beartrap-Nemadji (04010301)+, Bad-Montreal (04010302)+, Betsy-Chocolay (04020201)+, 
Lake Superior (04020300)+, Manitowoc-Sheboygan (04030101)+, Door-Kewaunee (04030102)+, Duck-
Pensaukee (04030103)+, Tacoosh-Whitefish (04030111)+, Little Calumet-Galien (04040001)+, Pike-Root (04040002)
+, Pere Marquette-White (04060101)+, Betsie-Platte (04060104)+, Boardman-Charlevoix (04060105)+, Brevoort-
Millecoquins (04060107)+, Lake Michigan (04060200)+, Carp-Pine (04070002)+, Lone Lake-Ocqueoc (04070003)+, 
Cheboygan (04070004)+, Au Gres-Rifle (04080101)+, Pigeon-Wiscoggin (04080103)+, Lake Huron (04080300)+, Lake
Erie (04120200)+, Salmon-Sandy (04140102)+ 

07 Blue Earth (07020009)+, North Skunk (07080106)+, Skunk (07080107)+, Upper Rock (07090001)+ 

08 Atchafalaya (08080101)+, Mermentau (08080202)+, Lower Calcasieu (08080206)+, Lower Mississippi-New 
Orleans (08090100)+, Eastern Louisiana Coastal (08090203)+, East Central Louisiana Coastal (08090301)+, West 
Central Louisiana Coastal (08090302)+ 

09 Upper Souris (09010001)+, Des Lacs (09010002)+, Lower Souris (09010003)+, Willow (09010004)+, Deep (09010005)
+, Bois De Sioux (09020101)+, Mustinka (09020102)+, Western Wild Rice (09020105)+, Devils Lake (09020201)+, 
Upper Sheyenne (09020202)+, Middle Sheyenne (09020203)+, Thief (09020304)+, Lake of the Woods (09030009)+ 

10 Two Medicine (10030201)+, Fort Peck Reservoir (10040104)+, Big Dry (10040105)+, Middle Milk (10050004)+, 
Beaver (10050014)+, Prarie Elk-Wolf (10060001)+, Redwater (10060002)+, Charlie-Little Muddy (10060005)+, Big 
Muddy (10060006)+, Brush Lake closed basin (10060007)+, Lower Yellowstone (10100004)+, Lake 
Sakakawea (10110101)+, Little Muddy (10110102)+, Boxelder (10110202)+, Middle Little Missouri (10110203)+, 
Angostura Reservoir (10120106)+, Painted Woods-Square Butte (10130101)+, Upper Lake Oahe (10130102)+, 
Apple (10130103)+, Beaver (10130104)+, Lower Lake Oahe (10130105)+, West Missouri Coteau (10130106)+, 
Knife (10130201)+, Fort Randall Reservoir (10140101)+, Ponca (10150001)+, Middle Niobrara (10150004)+, Lower 
Niobrara (10150007)+, James Headwaters (10160001)+, Upper James (10160003)+, Elm (10160004)+, North Big 
Sioux Coteau (10160010)+, Lewis and Clark Lake (10170101)+, Vermillion (10170102)+, Middle Big Sioux 
Coteau (10170201)+, Lower North Platte (10180014)+, Lower South Platte (10190018)+, Middle Platte-
Buffalo (10200101)+, Wood (10200102)+, Middle Platte-Prairie (10200103)+, Lower Platte-Shell (10200201)+, Lower 
Platte (10200202)+, Salt (10200203)+, Lower Middle Loup (10210003)+, Lower North Loup (10210007)+, 
Loup (10210009)+, Upper Elkhorn (10220001)+, Lower Elkhorn (10220003)+, Blackbird-Soldier (10230001)+, Big 
Papillion-Mosquito (10230006)+, Keg-Weeping Water (10240001)+, Upper Saline (10260009)+, Upper 
Kansas (10270101)+, Middle Kansas (10270102)+, Delaware (10270103)+, Lower Kansas (10270104)+, Lower Big 
Blue (10270205)+ 

11 Upper Arkansas-John Martin (11020009)+, Rattlesnake (11030009)+, Cow (11030011)+, Lower Canadian-
Walnut (11090202)+ 

12 East Galveston Bay (12040202)+, West Galveston Bay (12040204)+, Lower Colorado (12090302)+, East Matagorda 
Bay (12090402)+, Central Matagorda Bay (12100401)+, West Matagorda Bay (12100402)+, East San Antonio 
Bay (12100403)+, Aransas Bay (12100405)+, North Corpus Christi Bay (12110201)+, South Corpus Christi 
Bay (12110202)+, North Laguna Madre (12110203)+, Central Laguna Madre (12110207)+, South Laguna 
Madre (12110208)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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Oring 1988).  
 
Generally monogamous during a single breeding season. Adults tend to pick new mates each year (Wilcox 1959). In southern Manitoba, most 
breeders changed mates in subsequent years (but hatching success was lower than for birds that retained mates; some birds changed mates within 
breeding season after nest destruction [Haig and Oring 1988]).  
 
Nest sites are simple depressions or scrapes in the sand (Bent 1929, Wilcox 1959). The average nest is about 6 to 8 cm in diameter, and is often 
lined with pebbles, shells, or drift wood to enhance the camouflage effect. Males make the scrapes and may construct additional (unused) nests in 
their territories, which may be used to deceive predators or may simply reflect over-zealousness (Wilcox 1959, Hull 1981). Occupied nests are 
generally 50 to 100 meters apart (Wilcox 1959, Cairns 1977, Niemi and Davis 1979, Cuthbert and Wiens 1982).  
 
Egg-laying commences soon after mating (Cuthbert and Wiens 1982, Hull 1981). Eggs are laid every second day. The average clutch size is four 
eggs (Wilcox 1959) and 3-egg clutches occur most commonly in replacement clutches. The average number of young fledged per nesting pair 
usually is two or fewer. The young hatch about 27 to 31 days after egg laying, and incubation is shared by both adults (Wilcox 1959, Hull 1981).  
 
Young leave the nest about two hours after hatching and are capable of running and swimming. The young remain within about 200 meters of the 
nest, although they do not return after hatching (Wilcox 1959, Hull 1981, Johnsgard 1979). When disturbed or threatened, the young either freeze or 
combine short runs with freezing and blend very effectively into their surroundings (Wilcox 1959, Hull 1981). The adults will feign injury to draw 
intruders away from the nest or young (Wilcox 1959, Bent 1929). Adults also defend the nest territory against other adult piping plovers, gulls, and 
song birds (Wilcox 1959, Matteson 1980). First (unsustained) flight has been observed at around 18 days, with chicks molting into first juvenile 
plumage by day 22 (Zickefoose, pers. comm.).  
 
Nest success depends heavily upon camouflage (Hull 1981). Hatching success ranges widely: 91 percent for undisturbed beaches on Long Island 
(Wilcox 1959), 76 percent for undisturbed beaches in Nova Scotia (Cairns 1977), 44 percent on relatively undisturbed beaches at Lake of the 
Woods (Cuthbert and Wiens 1982), and 30 percent maximum at disturbed Michigan beaches (Lambert and Ratcliff 1979). Will renest if first clutch is 
lost. Never raised more than one brood per season in southern Manitoba. 
Ecology Comments: Defends territory during breeding season and at some winter sites. Nesting territory may or may not contain the foraging 
area. Home range during the breeding season generally is confined to the vicinity of the nest. If nest is destroyed, may change home range before 
renesting; in Manitoba, shifts of 3-100 kilometers have occurred (Haig and Oring 1988).  
 
In the Great Plains, annual survivorship was 66 percent in adults, 60 percent in immatures; calculated that a 31 percent increase in chicks fledged 
per pair (to 1.2 chicks fledged per pair annually) was needed to stabilize the population (Root et al. 1992, Ryan et al. 1993). Data from 
Massachusetts indicate that mean annual productivity of one chick per pair will maintain a stationary population (Melvin et al. 1992).  
 
Longevity records indicate that only 13 percent of females and 28 percent of the males lived to five years. Eleven years of age is probably the 
maximum age (Wilcox 1959).  
 
In Duluth Harbor, nest within a Common Tern (STERNA HIRUNDO) colony and benefit from the terns' defense against ring-billed (LARUS 
DELAWARENSIS) and Herring Gulls (LARUS ARGENTATUS) (Niemi and Davis 1979). Great Plains populations are sometimes associated with 
Least Tern (STERNA ANTILLARUM) colonies (Faanes 1983, Hay and Lingle 1981; Dinan, pers. comm.). Most eastern sites also have Least Terns 
(Vickery, pers. comm.; L. Master, pers. comm.). Also have commensal relationship with American Avocets (RECURVIROSTRA AMERICANA) 
(Prindiville and Ryan 1984). Plovers nesting in areas used by avocets had a 62 percent nesting success, compared to a 29 percent success in 
areas without avocets. Once hatched, chick survival rates were similar, regardless of avocet presence.  
 
NON-BREEDING: In Laguna Madre, Texas, non-breeding home ranges were larger in winter than in fall or spring; overall mean was 12.6 +/- 3.3 
square kilometers (n=48, Drake et al. 2001). Mean linear distance moved was 1.9 +/-0.4 km in fall (n=13), 4.2 +/- 0.6 km in winter (n=14), and 3.6 
+/- 0.6 km in spring (n=19). 
Non-Migrant: N 
Locally Migrant: N 
Long Distance Migrant: Y 
Mobility and Migration Comments: Begins northward migration from southern U.S. wintering areas in March, arrives on nesting grounds March-
May; males arrive prior to females. Begins arriving in northern inland breeding areas in mid-April and most have arrived by mid-May (see USFWS 
1994). Begin fall migration in mid- to late summer. The juveniles may remain later but are generally gone by mid- to late August (Cuthbert and 
Wiens 1982). Breeders from Northern Great Plains and Great Lakes migrate mainly to Gulf Coast for winter; Atlantic coast breeders migrate 
primarily to Atlantic coast sites farther south (Virginia to Florida, Bahamas) (Haig and Oring 1988, Haig and Plissner 1993). In Minnesota, the 
majority of breeding adults left the nesting grounds by early August; most juveniles were gone by late August (Wiens, 1986, M.S. thesis, Univ. 
Minnesota, Duluth). 
Estuarine Habitat(s): Tidal flat/shore 
Palustrine Habitat(s): Riparian 
Terrestrial Habitat(s): Sand/dune 
Habitat Comments: BREEDING: Sandy upper beaches, especially where scattered grass tufts are present, and sparsely vegetated shores and 
islands of shallow lakes, ponds, rivers, and impoundments. Nests may also be built on sandy open flats among shells or cobble behind foredunes 
(e.g., in Michigan and New Jersey) (Master, pers. comm.).  
 
ATLANTIC COAST: breeds mainly on gently sloping foredunes and blow-out areas behind primary dunes of sandy coastal beaches, and on suitable 
dredge oil deposits (U.S. Fish and Wildlife Service 1988). In Maine, piping plovers nest only on sandy beaches notably lacking in small or large 
stones (Vickery, pers. comm.).  
 
GREAT LAKES: Breeds on sand and gravel shorelines, and behind foredune among cobble and sparse vegetation on islands (Powell and Cuthbert 
1992). Lambert and Ratcliff (1979) found that the average beach used for nest habitat in Michigan was 37 meters wide and that the nests were 
located an average of 13 meters from the water's edge (14 meters from the first dune and 109 meters from the nearest tree line). They also found a 
preference for nesting near other water bodies (beach pools, lagoons, or cuts) that may provide additional food sources. In Minnesota Point (Duluth, 
Minnesota), the average ground cover was less than 5 percent, and plants were an average of 13 centimeters tall (Niemi and Davis 1979). Niemi 
and Davis (1979) found that less than 8 percent of the available beach habitat was suitable for piping plover nesting. At Pine and Curry Islands 
(Lake of the Woods, Minnesota), nest on a sandy island where vegetation rarely exceeds 1 meter in height (Cuthbert and Wiens 1982). Vegetation 
included Salix interior, Artemisia campestris, Lathyrus japonicus, Xanthium spp., Populus balsamifera, Polygonum spp., Oenothera spp., grasses, 
and sedges.  
 

Page 7 of 17Comprehensive Report Species - Charadrius melodus

10/15/2009 10:48:38 AMhttp://www.natureserve.org/explorer/servlet/NatureServe?searchName=charadrius...



GREAT PLAINS: 60 percent of breeding birds use shorelines around small alkaline lakes, 18 percent use large reservoir beaches, 20 percent use 
river islands and adjacent sand pits, 2 percent use beaches on large lakes, and 0.4 percent use industrial pond shorelines (Haig and Plissner 1993). 
Suitable breeding habitats are wide beaches (> 20 meters) with highly clumped vegetation, having less than 5 percent overall vegetation cover 
and/or with extensive gravel (USFWS 1988).  
 
Vegetation cover on nesting islands is generally less than 25 percent (USFWS 1988). Woody species encroachment is a problem at many alluvial 
island sites due to reduced flows (Hay and Lingle 1981; Lingle, pers. comm.). This is also a problem on saline wetland shorelines due to drawdown 
and irrigation pumping (Soine, pers. comm.).  
 
NONBREEDING: Usually on ocean beaches or on sand or algal flats in protected bays (Haig 1992). Most abundant on expansive sandflats, sandy 
mudflats, and sandy beach in close proximity; usually in areas with high habitat heterogeneity. At Laguna Madre, Texas, Drake et al. (2001) found 
this species to be most abundant on algal flats in fall and spring, but used exposed sand flats more often in winter. See Nicholls and Baldasarre 
(1990) for further information on winter habitat associations in the southeastern U.S. 
Adult Food Habits: Invertivore 
Immature Food Habits: Invertivore 
Food Comments: Food consists of worms, fly larvae, beetles, crustaceans, mollusks, and other invertebrates (Bent 1928). The chicks learn to feed 
themselves and eat smaller versions adult food items (Hull 1981). Piping plovers feed more leisurely than other sandpipers, alternately running and 
pausing to search for prey (Bent 1928). Open shoreline areas are preferred, and vegetated beaches are avoided (Cuthbert and Wiens 1982).  
 
Eats various small invertebrates, though relatively little information is available on breeding and winter diet. In New Jersey, intertidal polychaetes 
were the main prey of plovers foraging at night (Staine and Burger 1994). In the Magdalen Islands, Quebec, Staphylinidae, Curculionidae, and 
Diptera were the organisms most commonly found in fecal droppings (Shaffer and Laporte 1994).  
 
Forages along ocean beaches, on intertidal flats, tidal pool edges, etc. Obtains food from surface of substrate, or occasionally probes into sand or 
mud. In Massachusetts, preferred mudflat, intertidal, and wrack habitats for foraging (Hoopes et al. 1992). On Assateague Island, bay beaches and 
island interiors were much more favorable as brood-rearing habitats than were ocean beaches (Patterson et al. 1992). 
Adult Phenology: Circadian 
Immature Phenology: Circadian 
Phenology Comments: Forages day and night (Burger 1993, Staine and Burger 1994). 
Length: 18 centimeters 
Weight: 55 grams 

Management Summary  
Stewardship Overview: In many areas, population maintenance depends on intensive management. Nesting and foraging areas need to be 
protected from human disturbances. Habitat can be created with dredge material. Predator exclosures have been used to improve nest success. 
Continued population monitoring, and research on diet and feeding habits and on the effects of pesticides and pollutants, is advisable. 
Restoration Potential: Rapid recovery is possible with intensive protection. Full recovery of the Atlantic coast population is anticipated by the year 
2010 (USFWS 1995). To acquire essential habitat, a coordinated effort between the U.S. Fish and Wildlife Service and the Canadian Wildlife 
Service is needed. Coordinated efforts between the U.S. Fish and Wildlife Service, state wildlife agencies, Army Corps of Engineers, National Park 
Service, and state conservation groups are needed to acquire and manage essential habitat. The Great Lakes and Northern Great Plains Piping 
Plover Recovery Plan (USFWS 1988) and the Atlantic Coast Piping Plover Recovery Plan (USFWS 1988) should be consulted. Future research will 
determine the recovery potential. 
Preserve Selection & Design Considerations: Access to beaches should be restricted for nesting during late May to late July. Dogs should be 
leashed, and people requested to avoid the upper beach area. In the Great Plains, preserve design considerations should include control or 
restrictions overwater flow, as reduced flows permit woody species invasion of nest habitat (Lingle, pers. comm.). Untimely flooding also can 
eliminate potential feeding or nesting habitat (Howe, pers. comm.). The shorelines of alkali lakes should be fenced to restrict cattle use. 
Management Requirements: Increasingly dependent on local conservation efforts and management (Collar et al. 1992). See draft revised 
recovery plan (USFWS 1994, 1995). Protection and management strategies employed to date (fencing, predator exclosures, etc.) generally are very 
labor-intensive and most require annual implementation (Hecht 1992), but they are effective in increasing productivity and breeding population size 
(Melvin et al. 1992). May benefit from erection of plover-permeable fencing to restrict human and carnivore access to nesting areas or specific 
nests. See Mayer and Ryan (1991) for information on the use of electric fences to reduce mammalian predation on nests and chicks. The use of 
predator exclosures increases hatching success compared to unprotected nests (Rimmer and Deblinger 1990). Cross (1992) recommended that 
managers should consider also lethal removal of predators if egg loss exceeds 25 percent.  
 
Reducing human disturbance and eliminating off-road vehicles in nesting areas has increased reproductive success (Flemming et al. 1988). Cartar 
(1976) found that reproductive success at Long Point, Ontario nearly doubled following attempts to restrict access to the nesting areas. Nightime 
recreational use of beaches should be considered in management plans because plovers forage at night or during the day (Staine and Burger 
1994).  
 
Management actions intended to create or maintain habitat, such as breaching and drawdown of coastal ponds, should be considered with caution; 
periodic high water levels in ponds may be important in providing suitable habitat over the long term. In South Dakota, increases in amount of 
available beach habitat resulted in larger numbers of nesters (Gaines and Ryan 1988). 
Monitoring Requirements: To assess conservation efforts on population trends, monitoring should continue. During the two-week period from the 
middle to the end of incubation, observers should visit sites early in the morning, when plovers are least susceptible to intrusion. Generally a pair of 
binoculars (7X+) or a spotting scope (of 20X+) is sufficient for proper identification. Two observers is ideal. One person may monitor from a 
distance, while the other approaches more closely. In typical beach situations, walking a route parallel to the shoreline is recommended, using 
caution so as to not disturb potential nests (USFWS 1988). 
 
Management Programs: The Great Lakes and Northern Great Plains Piping Plover Recovery Plan (USFWS 1988) and the Atlantic Coast Piping 
Plover Recovery Plan (USFWS 1988) contain detailed, state by state, descriptions of current research and management activities.  
 
Management efforts include creating habitat with harbor dredge in Duluth Harbor. Invading plant communities, however, reduced their desirability 
after some time (Lakela 1940, Niemi and Davis 1979). New nesting islands have been created also in the Platte River in Nebraska. See also Ziewitz 
et al. (1992) for information on creating sandbars as nesting habitat in the Platte River. The Connecticut Field Office of The Nature Conservancy 
and the Connecticut Department of Environmental Protection have had success in improving hatching success through the use of predator 
exclosures made of wire mesh with openings of two by four inches. In Massachusetts, close monitoring of nests did not result in increased predation 

Economic Attributes Not yet assessed
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by red fox (VULPES VULPES) (MacIvor et al. 1990). Quinn and Walden (1966) have studied captive raising for potential release programs.
Monitoring Programs: See the Great Lakes and Northern Great Plains Piping Plover Recovery Plan (USFWS 1988) and the Atlantic Coast Piping 
Plover Recovery Plan (USFWS 1988) for details. 
Management Research Needs: 1) Continue to monitor populations. 2) Research diet and feeding habits, and the effects of pesticides and 
pollutants. 3) Monitor responses to habitat management. Habitat restoration should be attempted (Haig 1983; Lingle, pers. comm.). 4) Locate 
reliable wintering sites and migration routes. Investigate wintering ground ecology. 
Biological Research Needs: Develop site evaluation procedure; determine spatial and temporal wintering and migration patterns; investigate 
ecology, behavior, and population dynamics of predators. 
Population/Occurrence Delineation  
Group Name: SHOREBIRDS 
 
Use Class: Breeding  
Subtype(s): Breeding Site, Feeding Area  
Minimum Criteria for an Occurrence: Evidence of historical breeding, or current and likely recurring breeding, at a given location, minimally a 
reliable observation of one or more breeding pairs in appropriate habitat. Be cautious about creating EOs for observations that may represent single 
breeding events outside the normal breeding distribution.  
Mapping Guidance: Breeding occurrences include nesting areas as well as foraging areas of nesting adults and broods. Because separations are 
based on nesting areas, the foraging areas of different occurrences may overlap if nesting birds are traveling to distant places to feed.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Separation distance pertains specifically to nesting areas, not to locations of dispersed foraging individuals. For example, 
nesting areas separated by a gap of more than 5 km are different occurrences, regardless of the foraging locations of individuals from those nesting 
areas.  
 
The separation distance is an arbitrary value; it is impractical to attempt to delineate shorebird occurrences on the basis of dispersal patterns or 
metapopulation dynamics. Foraging ranges of some nesting shorebird species (see following) may suggest use of a larger separation distance, but 
this likely would result in occurrences that are too large and less effective for conservation planning.  
 
Separation distance based on larger 'typical' breeding home ranges with diameters of 1.5 to 3 kilometers. Semipalmated Plovers have breeding 
home ranges up to 3 square kilometers, i.e. a diameter of just under 2 kilometers (Nol and Blanken 1999). Red-necked Phalaropes have a core 
home range of 1-3 hectares, but occasionally travel 1.5 kilometers to feed (Rubega et al. 2000). Stilt Sandpipers can forage up to 8 kilometers from 
nest (Jehl 1973). Mountain Plovers have an average home range of 56.6 hectares (Knopf 1996) but broods typically move 1-2 kilometers shortly 
after hatching (Knopf and Rupert 1996). 
 
Territories: Common Snipe, 6.4-28.6 hectares (Mueller 1999); Long-billed Dowitcher, 100-300 meter diameter (Johnsgard 1981); golden-plovers, 
average 10-59 hectares (Johnson and Connors 1996); Long-billed Curlew, 6-20 hectares (Johnsgard 1981).  
 
Nesting densities: Black-bellied Plover, 0.3-2.3 pairs per square kilometer (44 ha per pair at latter density; Hussell and Page 1976, Parmelee et al. 
1967); Marbled Godwit, maximum density 1 pair/32 hectares (Stewart and Kantrud 1972).  
 
Foraging distances: Greater and Lesser Yellowlegs, up to 13 kilometers from nest (Elphick and Tibbits 1998, Tibbits and Moskoff 1999).  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 1.5 km  
Inferred Minimum Extent Justification: Based on a smaller 'typical' home ranges (see Separation Justification). 
Date: 25Mar2004 
Author: Hammerson, G., and S. Cannings 
 
Use Class: Migratory stopover  
Subtype(s): Foraging concentration area, Roost  
Minimum Criteria for an Occurrence: Evidence of recurring presence of migrating flocks (including historical); and potential recurring presence at 
a given location, minimally a reliable observation of 25 birds in appropriate habitat (minimum can be reduced in the case of rarer species). 
Occurrences should be locations where the species is resident for some time during the appropriate season; it is preferable to have observations 
documenting presence over at least 7 days annually. Be cautious about creating EOs for observations that may represent single events.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Separation distance somewhat arbitrary; set at 5 kilometers to define occurrences of managable size for conservation 
purposes. Occurrences defined primarily on the basis of areas supporting concentrations of foraging or roosting birds, rather than on the basis of 
distinct populations.  
Date: 15Apr2002 
Author: Cannings, S. 
 
Use Class: Nonbreeding  
Subtype(s): Roost, Winter Feeding Area  
Minimum Criteria for an Occurrence: Evidence of recurring presence of wintering flocks (including historical); and potential recurring presence at 
a given location, minimally a reliable observation of 25 birds in appropriate habitat. Occurrences should be locations where the species is resident 
for some time during the appropriate season; it is preferable to have observations documenting presence over at least 20 days annually. Be 
cautious about creating EOs for observations that may represent single events.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 5 km  
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Separation Justification: Separation distance somewhat arbitrary; set at 5 kilometers to define occurrences of managable size for conservation 
purposes. Occurrences defined primarily on the basis of areas supporting concentrations of foraging or roosting birds, rather than on the basis of 
distinct populations.  
Date: 25Mar2004 
Author: S. Cannings 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 07Jan1997 
NatureServe Conservation Status Factors Author: Michaud, J., G. Hammerson, and S. Cannings 
Management Information Edition Date: 23Dec2004 
Management Information Edition Author: Evans, J. E., G. Hammerson, J. Michaud, M. Koenen, and D. W. Mehlman 
Management Information Acknowledgments: W. E. Cairns, J. J. Dinan, D. Ewert, R. W. Howe, L. L. Master, B. Vickery, J. Zickefoose, and G. R. 
Lingle supplied helpful comments. 
Element Ecology & Life History Edition Date: 16May1996 
Element Ecology & Life History Author(s): Hammerson, G. Minor revisions by S. Cannings. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors and 
cooperators (see Sources).  
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Genus Size: A - Monotypic genus 

Concept Reference  
Concept Reference: Collins, J. T. 1990. Standard common and current scientific names for North American amphibians and reptiles. 3rd ed. 
Society for the Study of Amphibians and Reptiles. Herpetological Circular No. 19. 41 pp. 
Concept Reference Code: B90COL01NAUS 
Name Used in Concept Reference: Liochlorophis vernalis 
Taxonomic Comments: Oldham and Smith (1991) demonstrated several significant categorical differences between Opheodrys aestivus and O. 
vernalis, indicative of a long history of divergent evolution; they assigned the latter species to a new genus (Liochlorophis), leaving aestivus as the 
only member of the genus Opheodrys. Crother et al. (2000) maintained vernalis in the genus Opheodrys whereas Walley (2003) concluded that 
available evidence supports recognition the new genus. 
 
There has been some disagreement as to whether subspecies (vernalis, blanchardi) should be recognized (cf. Collins 1990, Smith et al. 1991, 
Grobman 1992). Grobman (1992) named a new subspecies (borealis) from Nova Scotia and New Brunswick, based on the relatively low ventral 
scale count. 
Conservation Status  

NatureServe Status 

Global Status: G5  
Global Status Last Reviewed: 09Dec2005 
Global Status Last Changed: 30Oct1996 
Rounded Global Status: G5 - Secure  
Reasons: Wide, discontinuous range in eastern and centtral North America; globally secure due primarily to extensive range and many extant 
occurrences; often apparently uncommon, locally common in some areas; information on populations is scant. 
Nation: United States  
National Status: N5  
Nation: Canada 
National Status: N5 (01Nov1998)  
 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Reptilia Squamata Colubridae Liochlorophis

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Colorado (S4), Connecticut (S3S4), Idaho (SH), Illinois (S3S4), Indiana (S2), Iowa (S3), Maine (S5), Maryland (S5), Massachusetts 
(S5), Michigan (S5), Minnesota (SNR), Missouri (SX), Montana (S2), Nebraska (S1), New Hampshire (S3), New Jersey (S3), New 
Mexico (S4), New York (S4), North Dakota (SNR), Ohio (S4), Pennsylvania (S3S4), Rhode Island (S5), South Dakota (S4), Texas 
(S1), Utah (S2), Vermont (S3), Virginia (S3), West Virginia (S5), Wisconsin (S4), Wyoming (S2) 

Manitoba (S3S4), New Brunswick (S5), Nova Scotia (S5), Ontario (S4), Prince Edward Island (S3), Quebec (S3S4), Saskatchewan 

Liochlorophis vernalis - (Harlan, 1827)  
Smooth Green Snake  
Other Related Name(s): Opheodrys vernalis  
Related ITIS Name(s): Opheodrys vernalis (Harlan, 1827) (TSN 174173) 
Unique Identifier: ELEMENT_GLOBAL.2.103123  
Element Code: ARADB47010  
Informal Taxonomy: Animals, Vertebrates - Reptiles - Snakes

© 2001 John White 

View image report from  
CalPhoto
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Other Statuses 

NatureServe Conservation Status Factors 

Global Abundance: 100,000 to >1,000,000 individuals 
Global Abundance Comments: Total adult population size is unknown but certainly exceeds 100,000. The species is apparently uncommon in 
many areas, but it is locally common in some areas.  

Estimated Number of Element Occurrences: > 300 
Estimated Number of Element Occurrences Comments: This species is represented by a very large number of occurrences or subpopulations 
(Walley 2003).  

Global Short Term Trend: Stable (unchanged or within +/- 10% fluctuation in population, range, area occupied, and/or number or condition of 
occurrences) 
Global Short Term Trend Comments: Extent of occurrence, area of occupancy, number of occurrences or subpopulations, and population size 
probably are relatively stable or slowly declining (less than 10% over 10 years or three generations).  

Global Long Term Trend: Relatively stable (+/- 25% change) 
Global Long Term Trend Comments: Populations declined in northwestern Indiana between the 1930s and 1990s (Brodman et al. 2002).  

Global Protection: Many to very many (13 to >40) occurrences appropriately protected and managed 
Global Protection Comments: Many occurrences are in protected areas.  
Degree of Threat: Localized substantial threat 
Threat Scope: Low 
Threat Severity: Moderate 
Threat Immediacy: High 
Threats: No major threats have been identified. Local populations are threatened by habitat loss and degradation resulting from human activities 
and successional changes, but in general the species is not very threatened.  

Fragility:  

Distribution  
U.S. States and Canadian Provinces 

Canada (S3) 
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Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to appear. Not 
all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage migrant range depicted. 

U.S. & Canada State/Province Distribution 
United States CO, CT, IA, ID, IL, IN, MA, MD, ME, MI, MN, MO , MT, ND, NE, NH, NJ, NM, NY, OH, PA, RI, SD, TX, UT, VA, VT, WI, WV, WY 

Canada MB, NB, NS, ON, PE, QC, SK 
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Range Map Compilers: NatureServe, 2005 
 
Global Range: 200,000-2,500,000 square km (about 80,000-1,000,000 square miles) 
Global Range Comments: The range extends from Nova Scotia westward across southern Canada to southeastern Saskatchewan, south and 
west to northern New Jersey, western Maryland, Virginia, West Virginia, southern Ohio, northwestern Indiana, Illinois, Missouri, Nebraska, New 
Mexico, Chihuahua (Mexico), and Utah, and highly disjunctly to southeastern Texas; the distribution is highly discontinuous throughout the 
western half of the range (Conant and Collins 1991, Grobman 1992, Walley 2003). 
 
Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
IA Adair (19001), Boone (19015), Bremer (19017), Buchanan (19019), Butler (19023), Clay (19041), Fayette (19065), 

Howard (19089), Iowa (19095), Jasper (19099), Jefferson (19101), Linn (19113), Madison (19121), Marion (19125), 
Muscatine (19139), Palo Alto (19147), Poweshiek (19157), Tama (19171), Taylor (19173), Warren (19181), 
Washington (19183), Woodbury (19193), Wright (19197) 

IN Benton (18007), Brown (18013)*, Jasper (18073)*, Knox (18083)*, La Porte (18091)*, Lake (18089), Newton (18111)*, 
Owen (18119)*, Porter (18127), Posey (18129)*, Pulaski (18131)* 

MO Atchison (29005)*, Cass (29037)*, Clay (29047)*, Harrison (29081)*, Jackson (29095)*, Montgomery (29139)*, St. 
Charles (29183)*, St. Louis (29189)* 

MT Daniels (30019), Roosevelt (30085), Sheridan (30091) 

NE Brown (31017), Buffalo (31019), Cuming (31039)*, Howard (31093), Kearney (31099), Keya Paha (31103), Lincoln (31111)
*, Merrick (31121), Nemaha (31127), Richardson (31147), Sherman (31163) 

OH Cuyahoga (39035), Erie (39043), Fayette (39047)*, Franklin (39049), Portage (39133), Summit (39153), Wayne (39169)*, 
Wyandot (39175) 

PA Indiana (42063), Warren (42123) 

SD Charles Mix (46023), Clay (46027)*, Custer (46033), Day (46037), Edmunds (46045), Lawrence (46081), Marshall (46091), 
McPherson (46089), Meade (46093), Pennington (46103), Roberts (46109) 

TX Austin (48015)*, Chambers (48071)*, Harris (48201)*, Matagorda (48321)* 

UT Carbon (49007), Duchesne (49013), Grand (49019), Salt Lake (49035), San Juan (49037), Summit (49043), Uintah (49047),
Utah (49049), Wasatch (49051), Weber (49057) 
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Ecology & Life History  
General Description: A small-medium, slender, bright green snake with smooth dorsal scales (15 rows at mid-body), and a white or yellowish 
venter; each nostril is centered in a single scale; anal scale is divided; in some regions, occasional individuals are tan, and in Texas the color may 
be light brown with an olive wash instead of green; young are dark olive gray above, hatchlings are gray to brown above; adults turn blue or gray 
after death; total length usually 30-51 cm, up to 61 cm; hatchlings are about 8-17 cm long (Stebbins 1985, Conant and Collins 1991). 
Diagnostic Characteristics: Differs from COLUBER CONSTRICTOR in smaller size, in having the nostril centered in a single scale rather than 
placed between two scales, and in having a single anterior temporal scale on each side rather than two. Differs from OPHEODRYS AESTIVUS in 
having smooth rather than keeled dorsal scales. Differs from SENTICOLIS TRIASPIS (green rat snake) in having fewer dorsal scale rows (15 at 
mid-body vs. 25 or more) and in lacking keels on any of the dorsal scales. 
Reproduction Comments: Eggs are laid usually during the first three weeks of August in northern Michigan, mainly late June to late July in the 
Chicago area, Illinois. Clutch size is 3-18 (generally 4-9). Eggs hatch in a few to about 30 days, early August to early September in northern 
Michigan, mostly early to mid-August in Chicago. Probably sexually mature in about two years. Copulation has been recorded in August in 
Ontario. Sometimes nests communally (Fitch 1970; Herp. Rev. 20:84). 
Ecology Comments: May aggregate in hibernacula; groups of between 100-150 have been found in Manitoba and Minnesota. 
Non-Migrant: N 
Locally Migrant: N 
Long Distance Migrant: N 
Mobility and Migration Comments: May migrate between winter hibernaculum and summer range in some areas (Vogt 1981). 
Palustrine Habitat(s): Bog/fen, HERBACEOUS WETLAND, Riparian, SCRUB-SHRUB WETLAND 
Terrestrial Habitat(s): Grassland/herbaceous, Old field, Savanna, Shrubland/chaparral, Suburban/orchard, Woodland - Conifer, Woodland - 
Hardwood, Woodland - Mixed 
Special Habitat Factors: Burrowing in or using soil, Fallen log/debris 
Habitat Comments: Habitats include meadows, grassy marshes, moist grassy fields at forest edges, mountain shrublands, stream borders, bogs, 
open moist woodland, abandoned farmland, and vacant lots. This snake has been found hibernating in abandoned ant mounds.  
 
Eggs are laid under rotting wood, underground, or under rocks. 
Adult Food Habits: Invertivore 
Immature Food Habits: Invertivore 
Food Comments: Primary diet is small terrestrial invertebrates (caterpillars, crickets, grasshoppers, spiders, etc.). 
Adult Phenology: Diurnal, Hibernates/aestivates 
Immature Phenology: Diurnal, Hibernates/aestivates 
Phenology Comments: Generally inactive from November to March. Primarily diurnal but has been found crossing roads at night during warm 
summer and fall rains (Vogt 1981). 
Length: 66 centimeters 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

02 Upper West Branch Susquehanna (02050201)+ 

04 Little Calumet-Galien (04040001)+, Sandusky (04100011)+, Cuyahoga (04110002)+ 

05 Conewango (05010002)+, Conemaugh (05010007)+, Mahoning (05030103)+, Mohican (05040002)+, 
Walhonding (05040003)+, Upper Scioto (05060001)+, Paint (05060003)+, Middle Wabash-Little 
Vermilion (05120108)+, Vermilion (05120109)+, Lower Wabash (05120113)+, Lower East Fork White (05120208)+ 

06 Upper French Broad (06010105)+ 

07 Upper Minnesota (07020001)+, Upper Iowa (07060002)+, Turkey (07060004)+, Upper Wapsipinicon (07080102)+, 
South Skunk (07080105)+, North Skunk (07080106)+, Skunk (07080107)+, Shell Rock (07080202)+, Middle 
Cedar (07080205)+, Lower Cedar (07080206)+, Upper Iowa (07080207)+, Middle Iowa (07080208)+, Lower 
Iowa (07080209)+, Upper Des Moines (07100002)+, Middle Des Moines (07100004)+, Lake Red Rock (07100008)+, 
Cuivre (07110008)+, Peruque-Piasa (07110009)+, Kankakee (07120001)+, Iroquois (07120002)+, 
Chicago (07120003)+ 

10 Poplar (10060003)+, Big Muddy (10060006)+, Brush Lake closed basin (10060007)+, Beaver (10120107)+, Middle 
Cheyenne-Spring (10120109)+, Rapid (10120110)+, Middle Cheyenne-Elk (10120111)+, Lower Belle 
Fourche (10120202)+, Redwater (10120203)+, West Missouri Coteau (10130106)+, Middle Niobrara (10150004)+, 
East Missouri Coteau (10160007)+, North Big Sioux Coteau (10160010)+, Lewis and Clark Lake (10170101)+, Lower
North Platte (10180014)+, Lower South Platte (10190018)+, Middle Platte-Buffalo (10200101)+, Wood (10200102)+, 
Middle Platte-Prairie (10200103)+, Lower Middle Loup (10210003)+, Lower Elkhorn (10220003)+, Little 
Sioux (10230003)+, Monona-Harrison Ditch (10230004)+, East Nishnabotna (10240003)+, Tarkio-Wolf (10240005)+, 
Little Nemaha (10240006)+, Big Nemaha (10240008)+, One Hundred and Two (10240013)+, Upper Little 
Blue (10270206)+, Upper Grand (10280101)+, Lower Marais Des Cygnes (10290102)+, Lower Missouri-
Crooked (10300101)+, Lower Missouri (10300200)+ 

12 East Galveston Bay (12040202)+, West Galveston Bay (12040204)+, Lower Brazos (12070104)+, San 
Bernard (12090401)+ 

14 Ashley-Brush (14060002)+, Duchesne (14060003)+, Strawberry (14060004)+, Lower Green-Desolation 
Canyon (14060005)+, Lower San Juan-Four Corners (14080201)+ 

16 Upper Weber (16020101)+, Lower Weber (16020102)+, Utah Lake (16020201)+, Spanish Fork (16020202)+, 
Provo (16020203)+, Jordan (16020204)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 

Economic Attributes Not yet assessed

Not yet assessed
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Population/Occurrence Delineation  
Group Name: SMALL COLUBRID SNAKES 
 
Use Class: Not applicable  
Minimum Criteria for an Occurrence: Occurrences are based on evidence of historical presence, or current and likely recurring presence, at a 
given location. Such evidence minimally includes collection or reliable observation and documentation of one or more individuals (including eggs) 
in or near appropriate habitat where the species is presumed to be established and breeding.  
Separation Barriers: Busy highway or highway with obstructions such that snakes rarely if ever cross successfully; major river, lake, pond, or 
deep marsh (this barrier does not apply to aquatic or wetland species); densely urbanized area dominated by buildings and pavement.  
Separation Distance for Unsuitable Habitat: 1 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Data are limited to only a few species, but small colubrid snakes such as Diadophis punctatus (Fitch 1975) and 
Carphophis amoenus (Barbour et al. 1969, Clark 1970) generally have relatively small home ranges less than, or much less than, 1 ha. However, 
because even small snakes occasionally move large distances (e.g., up to at least 1.7 km in Diadophis punctatus, Fitch 1975). Also, these snakes 
tend to be secretive and may be easily overlooked or not recorded in areas where they do in fact occur. It seems unlikely that occupied locations 
separated by a gap of less than several kilometers of suitable habitat would represent independent occurrences over the long term.  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): .2 km  
Date: 21Sep2004 
Author: Hammerson, G. 
Notes: This specs group is a somewhat arbitrary assemblage of small snakes that are believed to be among the most sedentary species of the 
family Colubridae. 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 09Dec2005 
NatureServe Conservation Status Factors Author: Hammerson, G. 
Element Ecology & Life History Edition Date: 28Apr1995 
Element Ecology & Life History Author(s): Hammerson, G. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors and 
cooperators (see Sources).  
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Young. 2003. Digital Distribution Maps of the Mammals of the Western Hemisphere, version 1.0. NatureServe, 
Arlington, Virginia, USA.  

Acknowledgement Statement for Mammal Range Maps of North America:  
"Data provided by NatureServe in collaboration with Bruce Patterson, Wes Sechrest, Marcelo Tognelli, Gerardo 
Ceballos, The Nature Conservancy-Migratory Bird Program, Conservation International-CABS, World Wildlife 
Fund-US, and Environment Canada-WILDSPACE."  

Citation for Amphibian Range Maps of the Western Hemisphere:  
IUCN, Conservation International, and NatureServe. 2004. Global Amphibian Assessment. IUCN, Conservation 
International, and NatureServe, Washington, DC and Arlington, Virginia, USA.  

Acknowledgement Statement for Amphibian Range Maps of the Western Hemisphere:  
"Data developed as part of the Global Amphibian Assessment and provided by IUCN-World Conservation Union, 
Conservation International and NatureServe."  

NOTE: Full metadata for the Bird Range Maps of North America is available at: 
http://www.natureserve.org/library/birdDistributionmapsmetadatav1.pdf.  

Full metadata for the Mammal Range Maps of North America is available at: 
http://www.natureserve.org/library/mammalsDistributionmetadatav1.pdf.  

Restrictions on Use: Permission to use, copy and distribute documents delivered from this server is hereby granted under the following 
conditions: 

1. The above copyright notice must appear in all copies;  
2. Any use of the documents available from this server must be for informational purposes only and in no instance for 

commercial purposes;  
3. Some data may be downloaded to files and altered in format for analytical purposes, however the data should still be 

referenced using the citation above;  
4. No graphics available from this server can be used, copied or distributed separate from the accompanying text. Any rights 

not expressly granted herein are reserved by NatureServe. Nothing contained herein shall be construed as conferring by 
implication, estoppel, or otherwise any license or right under any trademark of NatureServe. No trademark owned by 
NatureServe may be used in advertising or promotion pertaining to the distribution of documents delivered from this 
server without specific advance permission from NatureServe. Except as expressly provided above, nothing contained 
herein shall be construed as conferring any license or right under any NatureServe copyright.  

Information Warranty Disclaimer: All documents and related graphics provided by this server and any other documents which are 
referenced by or linked to this server are provided "as is" without warranty as to the currentness, completeness, or accuracy of any specific 
data. NatureServe hereby disclaims all warranties and conditions with regard to any documents provided by this server or any other 
documents which are referenced by or linked to this server, including but not limited to all implied warranties and conditions of merchantibility, 
fitness for a particular purpose, and non-infringement. NatureServe makes no representations about the suitability of the information delivered 
from this server or any other documents that are referenced to or linked to this server. In no event shall NatureServe be liable for any special, 
indirect, incidental, consequential damages, or for damages of any kind arising out of or in connection with the use or performance of 
information contained in any documents provided by this server or in any other documents which are referenced by or linked to this server, 
under any theory of liability used. NatureServe may update or make changes to the documents provided by this server at any time without 
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NatureServe Version 7.1 (2 February 2009) 

Data last updated: July 17, 2009 

notice; however, NatureServe makes no commitment to update the information contained herein. Since the data in the central databases are 
continually being updated, it is advisable to refresh data retrieved at least once a year after its receipt. The data provided is for planning, 
assessment, and informational purposes. Site specific projects or activities should be reviewed for potential environmental impacts with 
appropriate regulatory agencies. If ground-disturbing activities are proposed on a site, the appropriate state natural heritage program(s) or 
conservation data center can be contacted for a site-specific review of the project area (see Visit Local Programs). 

Feedback Request: NatureServe encourages users to let us know of any errors or significant omissions that you find in the data through (see 
Contact Us). Your comments will be very valuable in improving the overall quality of our databases for the benefit of all users. 
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Genus Size: C - Small genus (6-20 species) 

Concept Reference  
Concept Reference: Collins, J. T. 1990. Standard common and current scientific names for North American amphibians and reptiles. 3rd 
ed. Society for the Study of Amphibians and Reptiles. Herpetological Circular No. 19. 41 pp. 
Concept Reference Code: B90COL01NAUS 
Name Used in Concept Reference: Phrynosoma cornutum 
Taxonomic Comments: Reeder and Montanucci (2001) examined phylogenetic relationships of horned lizards (Phrynosoma) based on 
mtDNA and morphology. 
Conservation Status  

NatureServe Status 

Global Status: G4G5  
Global Status Last Reviewed: 06Jul2005 
Global Status Last Changed: 26Aug1998 
Rounded Global Status: G4 - Apparently Secure  
Reasons: Widespread and still relatively common in some areas of the south-central U.S. and northern Mexico; declines have been noted in 
portions of the range, but doing well in many areas; apparently moderately threatened by fire ants, insecticides, loss of habitat, and 
overcollecting. 
Nation: United States  
National Status: N4N5  
 

Other Statuses 

NatureServe Conservation Status Factors 

Global Abundance: 10,000 to >1,000,000 individuals 
Global Abundance Comments: Total adult population size is unknown but surely exceeds 10,000 and likely exceeds 100,000. This species 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Reptilia Squamata Phrynosomatidae Phrynosoma

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 
United 
States 

Alabama (SNA), Arizona (S3S4), Arkansas (S2), Colorado (S3), Florida (SNR), Georgia (SNA), Kansas (S3S4), Louisiana (SNA), 
Missouri (S2), New Mexico (S5), North Carolina (SNA), Oklahoma (S2), Texas (S4) 

Phrynosoma cornutum - (Harlan, 1825)  
Texas Horned Lizard  
Related ITIS Name(s): Phrynosoma cornutum (Harlan, 1825) (TSN 173938) 
Unique Identifier: ELEMENT_GLOBAL.2.105969  
Element Code: ARACF12010  
Informal Taxonomy: Animals, Vertebrates - Reptiles - Lizards

© 2001 William Flaxington 

View image report from  
CalPhoto
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can be locally abundant in undeveloped areas with appropriate habitat (Carpenter et al. 1993, Hammerson 1999).  

Estimated Number of Element Occurrences: 81 to >300 
Estimated Number of Element Occurrences Comments: This species is represented by hundreds of collection sites throughout the 
historical range in the United States and by well over 100 sites in Mexico (Prices 1990). Many historically occupied sites still support 
populations (e.g., Hammerson 1999).  

Global Short Term Trend: Declining to stable (+/-10% fluctuation to 30% decline) 
Global Short Term Trend Comments: This species apparently has declined in area of occupancy and population size near the northeastern 
margins of the range in Texas, Oklahoma, and Kansas, but it is doing well in most the range. According to Price (1990), the Texas horned 
lizard has virtually disappeared from Texas east of a line from Fort Worth through Austin and San Antonio to Corpus Cristi (formerly 
widespread and abundant in that area); it has also declined in range and/or abundance in areas where it was formerly common in parts of 
north-central Texas, the Texas Panhandle, and parts of Oklahoma. Price's conclusions are supported by more recent surveys in Texas, 
Oklahoma, and Kansas. A 1992 Texas survey found the greatest declines in east Texas (where no individuals were found) and apparent 
declines also in central Texas; the species appeared to be doing well in northern and western Texas (Donaldson et al. 1994). Bartlett and 
Bartlett (1999) stated that the decline may have halted in at least some parts of Texas; they found numerous individuals in areas where 
searches in several previous years yielded few. A 1999 survey in Texas was unable to determine if the decline has halted or if it continues 
today (Henke 2003). A 1992 Oklahoma survey found the species to be rapidly disappearing in eastern areas of Oklahoma where it was once 
known to be abundant (Carpenter et al. 1993). A 1993 survey of the northern Flint Hills of Kansas suggested that populations were possibly 
declining (Busby and Parmalee 1996), and local collectors reported declines in the southeastern portions of Kansas (Bill Busby, pers. comm., 
1998). In Colorado no trend information is available, but recent surveys indicate that the species appears to be locally common and stable 
(Siemers, pers. comm., 1998; Hammerson 1999). According to Rosen (Herp Diversity Review 1996), populations are thriving and plentiful in 
extreme southeastern Arizona. New Mexico densities have not changed historically, and populations are considered stable (Charles Painter, 
pers. comm., 1998). Status is unknown in Sonora, Mexico (Andres Villareal Lizarraga, pers. comm., 1998).  

Global Long Term Trend: Moderate decline to relatively stable (25% change to 50% decline) 

Global Inventory Needs: Determine the number of populations and abundance. Monitor selected populations across the range to determine 
trends. Determine threats and monitor the spread of fire ants and their effect. 

Global Protection: Few to several (1-12) occurrences appropriately protected and managed 
Global Protection Comments: Extant populations exist in a fairly large number of areas with adequate protection.  
Degree of Threat: Localized substantial threat 
Threat Scope: Low 
Threat Severity: Moderate 
Threat Immediacy: High 
Threats: Declines may be related to the spread of fire ants, use of insecticides to control fire ants, heavy agricultural use of land and/or other 
habitat alterations, and overcollecting for the pet and curio trade (Price 1990, Carpenter et al. 1993, Donaldson et al. 1994). 
 
This species is extremely vulnerable to changes in habitat, especially the loss of harvester ants (Carpenter et al. 1993). Harvester ants 
comprise up to 69% of the diet (Pianka and Parker 1975), and fire ants are thought to out-compete native harvester ants for food and space 
(Henke and Fair 1998). This threat may be significant in parts of Texas but probably not elsewhere. Intensive agriculture (plowing) could 
destroy adults and their eggs (Carpenter et al. 1993, Donaldson et al. 1994) but, according to Henke and Fair (1998), reports of declines due to 
loss of habitat caused by urbanization, suburban sprawl, and conversion of native rangeland to agricultural crops are mostly unsubstantiated 
(Henke and Fair 1998). 
 
The widespread use of broadcast insecticides is also thought to contribute to declines. Insecticides can be detrimental by directly causing 
illness or death or indirectly by severely reducing or eliminating harvester ants (Henke and Fair 1998).  
 
In the past, this lizard was collected for the pet trade, by boy scout troops for trading at jamborees, for the curio trade, and by tourists 
(Donaldson et al. 1994, Henke and Fair 1998).  
 
Mortality from road traffic is an important local threat in some areas. Males are particularly vulnerable during May-June in Arizona-New Mexico 
(Sherbrooke 2002). A high level of road mortality may lead to significant local declines.  

Fragility:  

Distribution  
U.S. States and Canadian Provinces 
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Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to appear. 
Not all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage migrant range 
depicted.  

U.S. & Canada State/Province Distribution 
United States AL , AR, AZ, CO, FL, GA , KS, LA , MO, NC , NM, OK, TX 
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Range Map Compilers: NatureServe, 2005 
 
Global Range: 200,000 to >2,500,000 square km (about 80,000 to >1,000,000 square miles) 
Global Range Comments: The range extends from extreme southwestern Missouri and central Kansas to southeastern Colorado, and south 
and west throughout most of Oklahoma and Texas (including coastal barrier islands), eastern and southern New Mexico, and southeastern 
Arizona to northeastern Sonora, Chihuahua and Durango east of Sierra Madre Occidental, Coahuila, Nuevo Leon, Tamaulipas, San Luis 
Potosi, and Zacatecas (Price 1990). Native eastern limit is uncertain; records for Missouri and Arkansas have been questioned (now extirpated 
from Arkansas; Trauth et al. 2004), and possibly the species is not native to Louisiana (Price 1990). This species has been introduced and is 
established in several areas in the southeastern United States, including North Carolina (Herpetol. Rev. 20:12), Florida (Jensen, 1994, 
Herpetol. Rev. 25:165), and elsewhere (see Price 1990 for references). 
 
Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
AR Washington (05143)* 

AZ Cochise (04003), Graham (04009)*, Pima (04019) 

CO Baca (08009), Bent (08011), Kiowa (08061), Las Animas (08071), Lincoln (08073), Otero (08089), Prowers (08099), 
Pueblo (08101) 

KS Morton (20129), Stevens (20189) 

MO Barry (29009), Henry (29083), McDonald (29119)*, Stone (29209), Vernon (29217)* 

NM Dona Ana (35013), Otero (35035) 

OK Beaver (40007), Beckham (40009), Blaine (40011), Bryan (40013), Caddo (40015), Canadian (40017), Carter (40019), 
Cimarron (40025)*, Cleveland (40027), Comanche (40031), Cotton (40033), Custer (40039), Ellis (40045), 
Garfield (40047), Grady (40051), Greer (40055), Harmon (40057), Hughes (40063), Jackson (40065), Kay (40071), 
Kingfisher (40073), Lincoln (40081), Logan (40083), Major (40093), McClain (40087), Noble (40103), Oklahoma (40109), 
Okmulgee (40111), Osage (40113), Pawnee (40117), Pontotoc (40123), Pottawatomie (40125), Roger Mills (40129), 
Seminole (40133), Stephens (40137), Texas (40139), Tillman (40141), Tulsa (40143), Woods (40151) 

TX Armstrong (48011), Bailey (48017), Brown (48049), Cameron (48061), Donley (48129), Hutchinson (48233), 
Kleberg (48273), Moore (48341), Potter (48375), Taylor (48441), Terry (48445), Val Verde (48465) 
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Ecology & Life History  
Basic Description: A wide-bodied spiny lizard. 
General Description: A flattened, wide-bodied lizard with long spines on the head (the two central ones are longest), a short snout, and dark 
lines radiating from the eye on each side of the face; dorsum mainly brown, yellowish, tan, reddish, or gray, with sooty or dark brown blotches 
on neck, back, and tail (rear edge of blotches white or yellow); middorsal stripe present (beige or white); row of enlarged scales on each side of 
throat; two rows of pointed fringe scales on each side of body; adult snout-vent length 6.2-12.5 cm (Stebbins 1985). 
Diagnostic Characteristics: Differs from P. SOLARE in lacking four large horns with bases that touch at the back of the head. Differs from P. 
CORONATUM in having one (vs. 2-3) rows of enlarged scales on each side of the throat. Differs from P. PLATYRHINOS in having a double 
row rather than a single row of pointed fringe scales on each side of the body. Other horned lizards have either much smaller horns or a dark 
middorsal stripe rather than a pale one. See Stebbins (1985). 
Reproduction Comments: Lays clutch of 14 to 60 eggs, May-July. Eggs hatch in about 6 weeks (Behler and King 1979). 
Ecology Comments: Desert populations cycle in abundance, possibly following similar cycles of their primary prey (POGONOMYRMEX 
harvester ants) (Price 1990). 
Non-Migrant: Y 
Locally Migrant: N 
Long Distance Migrant: N 
Mobility and Migration Comments: Home range size and movements seem quite variable. Munger (1984a) found that single-season home 
range size in southern Arizona averaged 1.3 ha in females and 2.4 ha in males. Home range length extended up to about 400 m but often was 
100-300 m, and some individuals that were observed more than 30 times moved over an area less than 55 m across. Some individuals tended 
not to remain in a limited area. Overlap of home ranges occurred but was not extensive.  
 
In southern New Mexico, home range size was about 1 ha or less (Worthington 1972). Whitford and Bryant (1979) recorded movements of 9-
91 m per day (average 47 m) in New Mexico. Individuals followed a zig-zag course and rarely crossed their own path. 
 
In Colorado, Montgomery and Mackessy (in Mackessy 1998) reported that a juvenile moved approximately 100 m in two days. Another juvenile 
was recaptured 480 m from its original capture location after 47 days.  
 
In Texas, total area of use varied from 291 sq m (25 days) to 14,690 sq m (116 days); weekly home ranges appeared to be mobile (Fair and 
Henke 1999). Annual adult survival rate was between 9 and 54 percent. 
 
In Oklahoma, average individual daily linear movements for all lizards was 45.0 m (range 10-220 m); males moved significantly farther than 
females in but not after May when their average daily movements were very similar; average individual daily activity area for all lizards was 
232.8 square meters (range 1.7-3011.4 sq m); males covered drastically larger areas in a day during May than did females (Stark et al. 2005).
 
Terrestrial Habitat(s): Desert, Grassland/herbaceous, Shrubland/chaparral 
Special Habitat Factors: Burrowing in or using soil, Fallen log/debris 
Habitat Comments: This lizard inhabits open arid and semiarid regions with sparse vegetation (deserts, prairies, playa edges, bajadas, dunes, 
foothills) with grass, cactus, or scattered brush or scrubby trees (Degenhardt et al. 1996, Bartlett and Bartlett 1999, Hammerson 1999, 
Stebbins 2003). Soil may vary in texture from sandy to rocky. When inactive, individuals burrow into the soil, enter rodent burrows, or hide 
under rocks. Sheffield and Carter (1994, Herpetol. Rev. 25:67-68) reported individuals that climbed 1-2 m up tree trunks when soils were wet 
after heavy rains. Eggs are laid in nests dug in soil or under rocks (Collins 1982). 
Adult Food Habits: Invertivore 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

10 Marmaton (10290104)+, South Grand (10290108)+ 

11 Beaver Reservoir (11010001)+, James (11010002)+, Upper Arkansas-Lake Meredith (11020005)+, 
Apishapa (11020007)+, Horse (11020008)+, Upper Arkansas-John Martin (11020009)+, Purgatoire (11020010)+, 
Rush (11020012)+, Two Butte (11020013)+, Cimarron headwaters (11040001)+, Upper Cimarron (11040002)+, 
North Fork Cimarron (11040003)+, Sand Arroyo (11040004)+, Bear (11040005)+, Upper Cimarron-
Liberal (11040006)+, Lower Cimarron-Eagle Chief (11050001)+, Lower Cimarron-Skeleton (11050002)+, 
Chikaskia (11060005)+, Black Bear-Red Rock (11060006)+, Caney (11070106)+, Bird (11070107)+, Lake O' the 
Cherokees (11070206)+, Elk (11070208)+, Lake Meredith (11090105)+, Lower Canadian-Deer (11090201)+, 
Lower Canadian-Walnut (11090202)+, Little (11090203)+, Upper Beaver (11100101)+, Middle Beaver (11100102)
+, Lower Beaver (11100201)+, Lower Wolf (11100203)+, Middle North Canadian (11100301)+, Lower North 
Canadian (11100302)+, Deep Fork (11100303)+, Polecat-Snake (11110101)+, Upper Prairie Dog Town Fork 
Red (11120103)+, Lower Salt Fork Red (11120202)+, Middle North Fork Red (11120302)+, Lower North Fork 
Red (11120303)+, Elm Fork Red (11120304)+, Groesbeck-Sandy (11130101)+, Blue-China (11130102)+, 
Farmers-Mud (11130201)+, Cache (11130202)+, West Cache (11130203)+, Northern Beaver (11130208)+, Lake 
Texoma (11130210)+, Washita headwaters (11130301)+, Upper Washita (11130302)+, Blue (11140102)+, Muddy 
Boggy (11140103)+ 

12 Yellow House Draw (12050001)+, Upper Clear Fork Brazos (12060102)+, Lost Draw (12080001)+, Pecan 
Bayou (12090107)+, Baffin Bay (12110205)+, South Laguna Madre (12110208)+ 

13 El Paso-Las Cruces (13030102)+, Jornada Draw (13030103)+, Amistad Reservoir (13040212)+, Tularosa 
Valley (13050003)+ 

15 San Simon (15040006)+, Willcox Playa (15050201)+, Upper San Pedro (15050202)+, Rillito (15050302)+, Brawley
Wash (15050304)+, Whitewater Draw (15080301)+, San Bernardino Valley (15080302)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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Immature Food Habits: Invertivore 
Food Comments: Eats mainly ants but also other small insects (Stebbins 1985). 
Adult Phenology: Diurnal, Hibernates/aestivates 
Immature Phenology: Diurnal, Hibernates/aestivates 
Phenology Comments: Active April to September in north (Collins 1982, Hammerson 1982). Sometimes found on warm roads at night 
(Hammerson 1982). 
Length: 18 centimeters 

Management Summary  
Management Requirements: Based on abundance of harvester ants, McIntyre (2003) found no evidence that Conservation Reserve 
Program plots planted in exotic grasses are significantly poorer habitat for P. cornutum than native grass plantings. 
Monitoring Requirements: See Fair and Henke (1997) for information on different capture/survey methods. 
Population/Occurrence Delineation  
Group Name: PHRYNOSOMATID LIZARDS 
 
Use Class: Not applicable  
Minimum Criteria for an Occurrence: Occurrences are based on evidence of historical presence, or current and likely recurring presence, at 
a given location. Such evidence minimally includes collection or reliable observation and documentation of one or more individuals (including 
eggs) in or near appropriate habitat where the species is presumed to be established and breeding.  
Separation Barriers: Busy highway or highway with obstructions such that lizards rarely if ever cross successfully; major river, lake, pond, or 
deep marsh; urbanized area dominated by buildings and pavement.  
Separation Distance for Unsuitable Habitat: 1 km  
Separation Distance for Suitable Habitat: 5 km  
Separation Justification: Phrynosomatid lizards have small home range sizes, usually less than 0.5 ha (often much less) and rarely more 
than 1 ha (see examples in BCD EO Specs). In a study that documented exceptionally large home range size for a phrynosomatid, Munger 
(1984a) found that single-season home range size of Phrynosoma cornutum in southern Arizona averaged less than 2.5 ha. Dispersal 
distances are poorly known, and most studies have not been designed to detect long distance movements. The separation distance for 
suitable habitat is a compromise between the typical sedentary habits of these lizards, their physical ability to cover fairly large distances in a 
short period of time, their tendency to occur throughout patches of suitable habitat, and the likely low probability that two occupied locations 
separated by less than several kilometers of suitable habitat would represent independent populations.  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): .2 km  
Date: 21Sep2004 
Author: Hammerson, G. 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 06Jul2005 
NatureServe Conservation Status Factors Author: Hammerson, G., and M. K. Clausen 
Element Ecology & Life History Edition Date: 06Jul2005 
Element Ecology & Life History Author(s): Hammerson, G. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors and 
cooperators (see Sources).  
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Concept Reference  
Concept Reference: Kartesz, J.T. 1994. A synonymized checklist of the vascular flora of the United States, Canada, and Greenland. 
2nd edition. 2 vols. Timber Press, Portland, OR. 
Concept Reference Code: B94KAR01HQUS 
Name Used in Concept Reference: Hymenoxys texana 
Taxonomic Comments: Distinct species, transferred into the genus Hymenoxys by Cockerell in 1904. 
Conservation Status  

NatureServe Status 

Global Status: G2  
Global Status Last Reviewed: 16Jan2002 
Global Status Last Changed: 06May1988 
Rounded Global Status: G2 - Imperiled  
Reasons: Endemic to the coastal plain of Texas. Although nearly 50 populations are known for this species, almost all are threatened by 
development from the expanding city of Houston. Some sites have been destroyed within a year of their discovery. 
Nation: United States  
National Status: N2  
 

Other Statuses 

U.S. Endangered Species Act: LE: Listed endangered (13Mar1986)  
U.S. Fish & Wildlife Service Lead Region: R2 - Southwest  

NatureServe Conservation Status Factors 

Threats: Habitat destruction for housing development-population on private land.  

Distribution  

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Plantae Anthophyta Dicotyledoneae Asterales Asteraceae Hymenoxys

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 
United States Texas (S2) 

Hymenoxys texana - (Coult. & Rose) Cockerell  
Prairie Dawn  
Other Common Names: prairiedawn  
Related ITIS Name(s): Hymenoxys texana (Coult. & Rose) Cockerell (TSN 37788) 
Unique Identifier: ELEMENT_GLOBAL.2.153540  
Element Code: PDAST530L0  
Informal Taxonomy: Plants, Vascular - Flowering Plants - Aster Family

 
Search for Images on Google
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U.S. States and Canadian Provinces 

   
 

 
Range Map 
No map available. 
 
Global Range Comments: Near Houston, Texas in Harris County. 
 

Ecology & Life History  
Basic Description: A delicate annual herb, 5-15 cm high, with small yellow flower heads (only the disc flowers are readily visible) in 
bloom March-early April. 
Habitat Comments: Poorly drained, sparsely vegetated areas ("slick spots") at the bases of small mounds (mima or pimple mounds) in 
open grassland or in almost barren areas. Soils are slightly saline, sticky when wet and powdery when dry. Sometimes associated with 
other Texas Gulf Coastal Plain endemics such as Texas windmill-grass (Chloris texensis) and Houston machaeranthera 

U.S. & Canada State/Province Distribution 
United States TX 

Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
TX Fort Bend (48157), Harris (48201), La Salle (48283) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed Region 

 Watershed Name (Watershed Code)

12 West Fork San Jacinto (12040101)+, Spring (12040102)+, Buffalo-San Jacinto (12040104)+, Middle
Nueces (12110105)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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(Machaeranthera aurea). 

Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 13Oct1987 
NatureServe Conservation Status Factors Author: Roth, E., rev. Poole/Maybury (1996) 

Botanical data developed by NatureServe and its network of natural heritage programs (see Local Programs), The North Carolina 
Botanical Garden, and other contributors and cooperators (see Sources). 
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Genus Size: D - Medium to large genus (21+ species) 

Concept Reference  
Concept Reference: Collins, J. T. 1990. Standard common and current scientific names for North American amphibians and reptiles. 3rd ed. 
Society for the Study of Amphibians and Reptiles. Herpetological Circular No. 19. 41 pp. 
Concept Reference Code: B90COL01NAUS 
Name Used in Concept Reference: Crotalus horridus 
Taxonomic Comments: Pisani et al. (1972) examined morphological variation in primarily the midwestern portion of the range and concluded that 
the recognition of subspecies is not warranted. Brown and Ernst (1986) examined mostly eastern specimens and concluded that the upland and 
lowland forms (subspecies horridus and atricaudatus, respectively), are taxonomically distinct, at least in the portion of the range east of the 
Appalachians. Clark et al. (2003) examined mtDNA variation and found that distinct mtDNA lineages are evident, but the divergences are not deep 
and the lineages do not correspond with the traditional subspecies. 
Conservation Status  

NatureServe Status 

Global Status: G4  
Global Status Last Reviewed: 08Sep2006 
Global Status Last Changed: 29Sep1997 
Rounded Global Status: G4 - Apparently Secure  
Reasons: Large range in the eastern United States, but occurrence is spotty in most regions; most populations have been depleted or 
exterminated by humans, and most are declining. 
Nation: United States  
National Status: N4  
Nation: Canada 
National Status: NX (30Oct1998)  
 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Reptilia Squamata Viperidae Crotalus

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Alabama (S5), Arkansas (S4), Connecticut (S1), District of Columbia (SH), Florida (S3), Georgia (S4), Illinois (S3), Indiana (S2), Iowa 
(S3), Kansas (S3), Kentucky (S4), Louisiana (S3S4), Maine (SX), Maryland (S3), Massachusetts (S1), Minnesota (S2), Mississippi 
(S5), Missouri (S3S4), Nebraska (S1), New Hampshire (S1), New Jersey (SNR), New York (S3), North Carolina (S3), Ohio (S1), 
Oklahoma (S3), Pennsylvania (S3S4), Rhode Island (SX), South Carolina (SNR), Tennessee (S4), Texas (S4), Vermont (S1), Virginia 
(S4), West Virginia (S3), Wisconsin (S2S3) 

Canada Ontario (SX) 

Crotalus horridus - Linnaeus, 1758  
Timber Rattlesnake  
Related ITIS Name(s): Crotalus horridus Linnaeus, 1758 (TSN 174306) 
Unique Identifier: ELEMENT_GLOBAL.2.100455  
Element Code: ARADE02040  
Informal Taxonomy: Animals, Vertebrates - Reptiles - Snakes

© 1999 Wolfgang Wuster 

View image report from  
CalPhoto
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Other Statuses 

Canadian Species at Risk Act (SARA) Schedule 1/Annexe 1 Status: XT (05Jun2003)  
Committee on the Status of Endangered Wildlife in Canada (COSEWIC): Extirpated (01May2001)  

NatureServe Conservation Status Factors 

Global Abundance: 100,000 to >1,000,000 individuals 
Global Abundance Comments: Adult population size is unknown but presumably exceeds 100,000. This snake is still fairly common in some 
parts of its range.  

Estimated Number of Element Occurrences: 81 to >300 
Estimated Number of Element Occurrences Comments: This species is represented by a large number of occurrences (see Martin, in Tyning 
1992), though most may not represent populations that are viable in the long term.  

Global Short Term Trend: Declining (decline of 10-30%) 
Global Short Term Trend Comments: Area of occupancy, number of subpopulations, and especially population size probably are still declining, 
possibly at a rate of more than 10 percent over three generations (roughly 20-30 years).  

Global Long Term Trend: Moderate decline (decline of 25 - 50%) 
Global Long Term Trend Comments: Declining or extirpated in all northeastern states. In New York, extirpated at 26% of historically known 
dens, nearly extirpated at another 5% (Stechert, in Tyning 1992). Population in central Connecticut is declining slowly (Fritsch, in Tyning 1992). 
Survives in at least five population clusters in Massachusetts (French, in Tyning 1992) and just a few in Connecticut (Klemens 1993). One 
population is known to be extant in New Hampshire (Taylor and Soha, in Tyning 1992), two in Vermont (DesMeules, in Tyning 1992). Extirpated in 
Rhode Island (Raithel, in Tyning 1992) and apparently also in Maine (Hutchinson and Hunter, in Tyning 1992). There has been a 50-66% loss of 
known populations in southern New Jersey (Zappalorti and Reinert, in Tyning 1992). Extirpated in about half of the counties in which recorded in 
Ohio (Wynn, in Tyning 1992). Has declined substantially in Minnesota (Keyler and Oldfield, in Tyning 1992). No careful mark-recapture population 
estimates have yet been published. One long-term study (W. S. Brown, northeastern New York) will provide such estimates after several more 
years of field work. What has been clear to date is the difficulty of recapturing individuals other than gravid females regularly. This problem may 
cause violation of an important sampling assumption of equal catchability of all sizes and age classes, an assumption necessary for population 
estimates to be valid. Brown (unpubl. data) has recaptured many snakes after long lapses (up to nine years) and it remains to be seen how the 
problem of inconsistent recaptures will affect calculations. From earliest settlement of the North American continent, hunting rattlesnakes at their 
dens became a regular habit of many pioneers. Babcock (1929) commented: "It is probably only a matter of time when the timber rattlesnake in 
New England will share the fate of the passenger pigeon." Recognizing the scarcity of objective data to show trends in numbers, an overall 
consensus among virtually all scientists and field observers is that the timber rattlesnake indeed is declining over most parts of its range. The first 
major recent warning was published by Galligan and Dunson (1979) who, on the basis of counts of snakes turned in by snake hunters and on 
interviews with them at a number of local community-sponsored rattlesnake hunts in Pennsylvania, documented severe declines in timber 
rattlesnake numbers. Stechert (1982) summarized factors in the historical decline in New York. Brown (1984, 1988) suggested denning 
populations in New York have been reduced by 50 to 75% of their historical numbers. Martin (1982) stated that most long-term observers feel that 
most dens are at 15% to 20% levels compared to forty years ago.  

Global Inventory Needs: Most population locations are relatively well known, but the current condition of many populations is uncertain and 
should be ascertained. 

Global Protection: Few to several (1-12) occurrences appropriately protected and managed 
Global Protection Comments: At least several occurrences are protected.  
Global Protection Needs: Protect all known denning areas and adequate surrounding foraging habitat (generally a radius of about 1.5-2.5 miles 
from the den site) (see Brown 1993). Foster protection through public education. Do not reveal den locations to the general public or unknown 
persons. 

Degree of Threat: Moderate and imminent threat 
Threat Scope: Moderate 
Threat Severity: Moderate 
Threat Immediacy: High 
Threats: Summary of primary threats: loss of habitat; habitat fragmentation and isolation of populations, which may become small and nonviable; 
and direct mortality caused by humans (including illegal snake hunters) and vehicles as habitat is encroached upon by urban/residential 
development (Brown, in Tyning 1992; Brown 1993). 
 
1. HABITAT DESTRUCTION: In states where the snake is legally protected, housing developments near rattlesnake dens are causing the most 
serious problem. Current laws generally do not mandate habitat protection for endangered or threatened species. In some areas, persons 
encountering rattlesnakes in new developments have cooperated with protection efforts by calling persons authorized to catch and transport live 
rattlesnakes. This is an important factor in successfully protecting rattlesnake populations near developments.  
 
2. MARKET HUNTING: Bounty systems have caused a high level of deleterious exploitation and significant reduction or extirpation of populations 
by a mere handful of people (W. S. Brown, unpubl. data). In some areas (e.g., Pennsylvania) bounty hunting led to rattlesnake hunting among the 
general population and became a major outdoor activity promoted by sports and civic groups. Commercial collecting for the pet trade is an ever-
present current threat, despite some decline in recent years. Single individuals have been responsible for removal of several thousand snakes 
(Stechert 1980). Today, a growing number of persons maintain reptiles in private collections. Timber rattlesnakes, beautiful and easily kept in 
captivity, are much sought-after. Private collectors are supplied by an often illicit network of collectors, dealers, and buyers. 
 
3. SNAKE HUNTING FOR "SPORT," ORGANIZED SNAKE HUNTS OR "ROUND-UPS." In Pennsylvania, organized snake hunts caused injury 
and cruelty to captured snakes, displacement from familiar range, removal of gravid females from already-depleted populations, and habitat
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destruction by snake hunters (Galligan and Dunson 1979, Reinert 1988). Despite regulations, timber rattlesnake populations in Pennsylvania were 
legally "harvested" at a nonsustainable level, leading to the collapse of most den populations (Martin et al. 1990). In response, Pennsylvania 
regulations were amended such that the open season extends from the second Saturday in June through July 31, with daily bag limit of one 
snake. These regulations should protect snakes at den sites, prevent stockpiling of snakes, and discourage rattlesnake hunting altogether. 
 
4. SHADING-OVER: In some regions, several investigators believe that "shading over" by the growth of large trees on and near a den may be 
causing conditions that are incompatible with long-term viability for timber rattlesnakes. According to this view, there is a need for an open, lightly 
wooded or brushy early successional plant association to provide an optimal denning environment. In contrast, Martin (1990, pers. comm.) says: 
"Shading over of the den site does not present a problem for snakes at emergence time when the trees are bare or just starting to leaf. The 
problem is shading over of the rocks that are used as gestating and birthing rookeries." Similarly, in Connecticut, Hammerson (pers. obs.) found 
that heavy shading (in summer) did not discourage den use, but he observed reduced use of a gestation/birthing site after it was shaded by 
growing vegetation. The possible threat of shading-over deserves further study, but it seems likely that shading has temporary, localized effects 
that are insignificant over the long term on a landscape scale. 
 
5. LOGGING: Commercial tree removal may not necessarily cause long-term harm to a timber rattlesnake population's habitat, but can pose a 
direct threat to the snakes if conducted during the active season (mainly April-October). 
 
6. ROAD MORTALITY: New Jersey Pine Barrens populations suffer from excessive mortality of gravid females due to vehicular traffic on roads 
and trails (Zappalorti and Reinert, in Tyning 1992). Ill-placed developments and associated new roads and increased traffic can lead to increased 
mortality of rattlesnakes even in areas several miles from the development.  

Fragility:  

Distribution  
U.S. States and Canadian Provinces 

   
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to appear. Not 
all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage migrant range depicted. 

U.S. & Canada State/Province Distribution 
United 
States 

AL, AR, CT, DC, FL, GA, IA, IL, IN, KS, KY, LA, MA, MD, ME , MN, MO, MS, NC, NE, NH, NJ, NY, OH, OK, PA, RI , SC, TN, TX, 
VA, VT, WI, WV 

Canada ON  
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Range Map Compilers: NatureServe, 2005 
 
Global Range: 200,000-2,500,000 square km (about 80,000-1,000,000 square miles) 
Global Range Comments: The range extends from central New England to northern Florida, and west to eastern Texas, central Oklahoma, 
eastern Kansas, southeastern Nebraska, southern and eastern Iowa, and southeastern Minnesota (Martin, in Tyning 1992; Ernst and Ernst 2003; 
Campbell and Lamaer 2004). The distribution is spotty along the western and northern edges of the range. Sizeable populations still occur in the 
Appalachian Mountains from Pennsylvania though the Virginias, across eastern Kentucky and Tennessee to northeastern Alabama, in the 
Ouachita and Boston mountains of Arkansas and extreme eastern Oklahoma, in heavily wooded sections of the southeastern Coastal Plain from 
North Carolina to northeastern Florida and west to Louisiana and southern Arkansas, and in the Piedmont in the Uwharrie National Forest of 
central North Carolina and Pine Mountain of west-central Georgia (Martin, in Tyning 1992). See Martin (in Tyning 1992) for a detailed range map 
and further details on current known distribution. Dens occur at elevations of up to about 5,000 feet in the southern Appalachians, 2,200 feet in 
southern New England, and about 1,300 ft in northeastern New York, Wisconsin, and Minnesota; individuals may range to higher elevations in 
summer (Martin, in Tyning 1992). 
 
Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
CT Fairfield (09001), Hartford (09003), Litchfield (09005), Middlesex (09007), New Haven (09009)*, New London (09011), 

Tolland (09013)* 

FL Alachua (12001), Baker (12003), Bradford (12007), Columbia (12023), Dixie (12029), Hamilton (12047), Madison (12079)*, 
Nassau (12089), Suwannee (12121), Union (12125), Walton (12131) 

IA Allamakee (19005), Henry (19087), Van Buren (19177) 

IL Alexander (17003), Calhoun (17013)*, Carroll (17015), Clark (17023), Effingham (17049), Gallatin (17059)*, Greene (17061)
*, Hancock (17067)*, Hardin (17069)*, Jackson (17077), Jersey (17083), Jo Daviess (17085), Johnson (17087)*, La 
Salle (17099), Madison (17119), Monroe (17133), Perry (17145)*, Pike (17149)*, Pope (17151), Randolph (17157), 
Saline (17165), Scott (17171)*, Union (17181), Wabash (17185), Williamson (17199) 

IN Brown (18013), Clark (18019)*, Clay (18021)*, Dearborn (18029)*, Gibson (18051), Harrison (18061), Jackson (18071), 
Lawrence (18093), Martin (18101)*, Monroe (18105), Morgan (18109), Orange (18117)*, Owen (18119)*, Parke (18121), 
Perry (18123), Posey (18129)*, Putnam (18133)* 

KS Atchison (20005), Chautauqua (20019), Elk (20049) 

ME Cumberland (23005)*, Oxford (23017)*, York (23031)* 

MN Blue Earth (27013)*, Dakota (27037), Fillmore (27045), Goodhue (27049), Houston (27055), Olmsted (27109), 
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Wabasha (27157), Winona (27169) 

NC Alexander (37003), Alleghany (37005), Anson (37007), Ashe (37009), Avery (37011), Beaufort (37013), Bertie (37015), 
Bladen (37017), Brunswick (37019), Buncombe (37021), Burke (37023), Cabarrus (37025), Camden (37029), 
Carteret (37031), Catawba (37035), Cherokee (37039), Chowan (37041), Clay (37043)*, Cleveland (37045), 
Columbus (37047), Craven (37049), Cumberland (37051), Currituck (37053), Dare (37055), Davidson (37057), 
Duplin (37061), Durham (37063), Gaston (37071), Graham (37075)*, Granville (37077), Haywood (37087), 
Henderson (37089), Hoke (37093), Hyde (37095), Jackson (37099), Jones (37103), Lenoir (37107), Lincoln (37109), 
Macon (37113), Madison (37115), McDowell (37111), Mecklenburg (37119), Mitchell (37121)*, Montgomery (37123), 
Moore (37125), New Hanover (37129), Onslow (37133), Pamlico (37137), Pasquotank (37139), Pender (37141), 
Perquimans (37143), Pitt (37147), Polk (37149), Randolph (37151), Richmond (37153), Robeson (37155), 
Rutherford (37161), Sampson (37163), Scotland (37165), Stanly (37167), Stokes (37169), Surry (37171), Swain (37173)*, 
Transylvania (37175), Tyrrell (37177), Union (37179), Washington (37187), Watauga (37189), Wayne (37191), 
Wilkes (37193), Yadkin (37197), Yancey (37199) 

NE Cass (31025)*, Gage (31067), Jefferson (31095), Pawnee (31133), Richardson (31147) 

NY Allegany (36003), Broome (36007), Cattaraugus (36009), Chemung (36015), Columbia (36021), Delaware (36025), 
Dutchess (36027), Essex (36031), Livingston (36051), Montgomery (36057), Ontario (36069)*, Orange (36071), 
Otsego (36077), Putnam (36079), Rockland (36087), Schoharie (36095), Steuben (36101), Sullivan (36105), Ulster (36111),
Warren (36113), Washington (36115), Westchester (36119), Wyoming (36121) 

OH Adams (39001), Athens (39009), Hocking (39073), Jackson (39079), Pike (39131), Ross (39141), Scioto (39145), 
Vinton (39163) 

PA Adams (42001), Berks (42011), Blair (42013), Bradford (42015), Cameron (42023), Carbon (42025), Centre (42027), 
Clearfield (42033), Clinton (42035), Columbia (42037), Cumberland (42041), Dauphin (42043), Elk (42047), 
Fayette (42051), Forest (42053), Franklin (42055), Fulton (42057), Huntingdon (42061), Juniata (42067), 
Lackawanna (42069), Lebanon (42075), Luzerne (42079), Lycoming (42081), Mckean (42083), Mifflin (42087), 
Monroe (42089)*, Northampton (42095), Northumberland (42097), Perry (42099), Pike (42103), Potter (42105), 
Schuylkill (42107), Snyder (42109), Somerset (42111), Sullivan (42113), Tioga (42117), Union (42119), Venango (42121), 
Warren (42123), Wayne (42127), Westmoreland (42129), Wyoming (42131), York (42133) 

RI Newport (44005)* 

SC Charleston (45019), Pickens (45077) 

TX Angelina (48005), Nacogdoches (48347), San Augustine (48405), Trinity (48455) 

VT Addison (50001)*, Orange (50017)*, Rutland (50021), Windsor (50027)* 

WI Buffalo (55011), Columbia (55021)*, Crawford (55023), Dane (55025), Grant (55043), Iowa (55049), La Crosse (55063), 
Monroe (55081), Pepin (55091), Pierce (55093), Richland (55103), Sauk (55111), St. Croix (55109), Trempealeau (55121), 
Vernon (55123) 

WV Fayette (54019), Hardy (54031), Jefferson (54037), Monroe (54063), Pendleton (54071), Pocahontas (54075), 
Randolph (54083) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

01 Presumpscot (01060001)+, Saco (01060002)+, Piscataqua-Salmon Falls (01060003)+, Lower 
Connecticut (01080205)+, Narragansett (01090004)+, Shetucket (01100002)+, Thames (01100003)+, 
Quinnipiac (01100004)+, Housatonic (01100005)+, Saugatuck (01100006)+ 

02 Lake George (02010001)+, Ausable (02010004)+, Mohawk (02020004)+, Schoharie (02020005)+, Middle 
Hudson (02020006)+, Rondout (02020007)+, Hudson-Wappinger (02020008)+, Lower Hudson (02030101)+, 
Hackensack-Passaic (02030103)+, Upper Delaware (02040101)+, East Branch Delaware (02040102)+, 
Lackawaxen (02040103)+, Middle Delaware-Mongaup-Brodhead (02040104)+, Middle Delaware-
Musconetcong (02040105)+, Lehigh (02040106)+, Schuylkill (02040203)+, Upper Susquehanna (02050101)+, 
Tioga (02050104)+, Chemung (02050105)+, Upper Susquehanna-Tunkhannock (02050106)+, Upper Susquehanna-
Lackawanna (02050107)+, Upper West Branch Susquehanna (02050201)+, Sinnemahoning (02050202)+, Middle 
West Branch Susquehanna (02050203)+, Bald Eagle (02050204)+, Pine (02050205)+, Lower West Branch 
Susquehanna (02050206)+, Lower Susquehanna-Penns (02050301)+, Upper Juniata (02050302)+, Lower 
Juniata (02050304)+, Lower Susquehanna-Swatara (02050305)+, Lower Susquehanna (02050306)+, South Branch 
Potomac (02070001)+, Conococheague-Opequon (02070004)+, Shenandoah (02070007)+, Monocacy (02070009)+, 
Upper James (02080201)+ 

03 Upper Dan (03010103)+, Bogue-Core Sounds (03020106)+, Upper Neuse (03020201)+, Lower Cape 
Fear (03030005)+, Northeast Cape Fear (03030007)+, Upper Yadkin (03040101)+, South Yadkin (03040102)+, 
Lower Yadkin (03040103)+, Upper Pee Dee (03040104)+, Rocky, North Carolina, (03040105)+, Lumber (03040203)
+, Upper Catawba (03050101)+, Upper Broad (03050105)+, South Carolina Coastal (03050202)+, 
Seneca (03060101)+, Tugaloo (03060102)+, St. Marys (03070204)+, Nassau (03070205)+, Oklawaha (03080102)+, 
Waccasassa (03110101)+, Upper Suwannee (03110201)+, withlacoochee (03110203)+, Lower 
Suwannee (03110205)+, Santa Fe (03110206)+, Yellow (03140103)+ 

04 Upper Genesee (04130002)+, Lower Genesee (04130003)+ 

05 Upper Allegheny (05010001)+, Middle Allegheny-Tionesta (05010003)+, Clarion (05010005)+, Middle Allegheny-
Redbank (05010006)+, Conemaugh (05010007)+, Kiskiminetas (05010008)+, Tygart Valley (05020001)+, 
Cheat (05020004)+, Lower Monongahela (05020005)+, Youghiogheny (05020006)+, Hocking (05030204)+, Upper 
New (05050001)+, Middle New (05050002)+, Greenbrier (05050003)+, Upper Kanawha (05050006)+, Lower 
Scioto (05060002)+, Raccoon-Symmes (05090101)+, Ohio Brush-Whiteoak (05090201)+, Middle Ohio-
Laughery (05090203)+, Middle Wabash-Little Vermilion (05120108)+, Middle Wabash-Busseron (05120111)+, Lower 
Wabash (05120113)+, Little Wabash (05120114)+, Upper White (05120201)+, Lower White (05120202)+, 
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Ecology & Life History  
Basic Description: A venomous snake (rattlesnake); adults usually are about 90-152 cm long. 
General Description: Coloration and pattern are geographically highly variable (Conant and Collins 1991). Total length seldom exceeds 142 cm.
Diagnostic Characteristics: In areas where no other rattlesnakes of the genera Crotalus (rattlesnakes proper) or Sistrurus (pygmy rattlesnakes) 
occur, this snake may be distinguished by its rattle. It differs from harmless snakes of similar appearance by having a pit on each side of the face 
infront of and below the eye. Petersen and Fritsch (1986) provided color photographs and scale diagrams of harmless species commonly 
mistaken for the timber rattlesnake. One of these species, the milk snake (Lampropeltis triangulum), is slender and has skin that may be described 
as smooth, shiny, or glossy. In contrast, the timber rattlesnake is heavy-bodied with, keeled scales; overall, a rattlesnake's skin appears coarse-
textured, velvety, or dull. Two other species, the northern water snake (Nerodia sipedon), and the astern hognose snake (Heterodon platirhinos), 
although having keeled scales and a dull texture, lack the distinguishing characteristics of a rattlesnake. 
Reproduction Comments: Mating occurs in summer, early or mid-July through late September in Virginia, New York, and Connecticut (Martin 
1992, Brown 1995, Hammerson and Lemieux 2001). Young are born usually August-early October. Females reproduce at intervals of 2-5 years 
(but minimum interval is 3 years in northeastern New York) (Gibbons 1972; Keenlyne 1978; Galligan and Dunson 1979; Fitch 1985; Martin 1988, 
1993); the interval may average 3 years in many areas). About 10-75% of the adult females are gravid in a given year (Brown 1991, Martin 1993). 
Age of first reproduction in females has been reported in several studies as follows: four years in Wisconsin and Kansas (Keenlyne 1978, Fitch 
1985), five years in Pennsylvania (Galligan and Dunson 1979), six years in South Carolina (Gibbons 1972), 5-11 years (mean about 8) in 
northwestern Virginia and vicinity (Martin 1993), and 7-11 years in northeastern New York (Brown 1991, 1993). Litter size varies geographically, 
as summarized by Fitch (1985) (area, mean, range): northeastern (New York), 9.3, 4-14; northwestern (Wisconsin), 8.4, 3-11; west-central 
(Kansas), 8.5, 5-14; southeastern (South Carolina), 12.6, 10-16. A combined picture of the reproductive pattern is low-frequency birthing and 
delayed age of first reproduction.  
 
It should be noted that, as in morphological characteristics and habitat, life history characteristics vary geographically. With longer active season 
lengths and warmer climates, southern populations of C. horridus may grow faster, mature earlier, and reproduce more frequently than do 
northern populations. There also is an indication that litter size is larger in southern than in northern populations.  
 
Maximum longevity in northern New York is about 20-25 years (Brown 1991). A captive lived almost 37 years (Cavanaugh, 1994, Herpetol. Rev. 
25:70). 
Ecology Comments: Timber rattlesnakes in northern and upland areas commonly hibernate communally. The largest aggregations include about 
200 individuals; most are much smaller, typically less than 60. Lowland populations overwinter singly or in small groups.  
 
In areas where communal denning occurs, maximum individual range length, determined by radio-telemetry for complete or nearly complete 
active seasons in New Jersey and Connecticut, was as follows: 1.9-3.6 km (mean 2.4-2.7 km) in adult males, 0.5-2.6 km (mean 1.1-1.3 km) in 
nongravid adult females, and 0.3-2.0 (mean 0.8-1.2 km) in gravid females (Reinert and Zappalorti 1988, Hammerson and Lemieux 2001).  
 
These snakes incur a high rate of mortality in their first year. Populations cannot withstand high rates of adult mortality. 
Non-Migrant: N 
Locally Migrant: Y 
Long Distance Migrant: N 
Mobility and Migration Comments: Timber rattlesnakes migrate seasonally between hibernacula and summer habitat. Individuals rarely may 
migrate up to 7.2 km from their hibernaculum (Brown 1993), but extensive radio-telemetry data for populations in New Jersey (Reinert and 
Zappalorti 1988) and Connecticut (Hammerson and Lemieux 2001) indicate that males generally stay within 3.6 km of their hibernaculum and 
females range no farther than 2.3 km.  
 
Neonates evidently find hibernacula by scent-trailing adults (Brown and MacLean 1983, Reinert and Zappalorti 1988, Hammerson and Lemieux 
2001). 
Palustrine Habitat(s): FORESTED WETLAND, Riparian, SCRUB-SHRUB WETLAND 
Terrestrial Habitat(s): Bare rock/talus/scree, Cliff, Forest - Conifer, Forest - Hardwood, Forest - Mixed, Shrubland/chaparral, Woodland - Conifer, 
Woodland - Hardwood, Woodland - Mixed 
Special Habitat Factors: Burrowing in or using soil, Fallen log/debris 
Habitat Comments: In the Northeast, this species inhabits mountainous or hilly deciduous or mixed deciduous-coniferous forest, often with rocky 
outcroppings, steep ledges, and rock slides (Petersen and Fritsch 1986, Brown 1993). In the upper Midwest, this snake occurs on steep rocky 
bluffs and bluff prairies with oaks (Breckenridge 1944, Oldfield and Keyler 1989, Vogt 1981). In the central midwest, optimum habitat is a high, dry 

Eel (05120203)+, Upper East Fork White (05120206)+, Muscatatuck (05120207)+, Lower East Fork 
White (05120208)+, Silver-Little Kentucky (05140101)+, Blue-Sinking (05140104)+, Lower Ohio-Bay (05140203)+, 
Saline (05140204)+, Lower Ohio (05140206)+ 

06 Upper French Broad (06010105)+, Nolichucky (06010108)+, Upper Little Tennessee (06010202)+, 
Tuckasegee (06010203)+, Lower Little Tennessee (06010204)+ 

07 Middle Minnesota (07020007)+, Blue Earth (07020009)+, Le Sueur (07020011)+, Lower St. Croix (07030005)+, 
Rush-Vermillion (07040001)+, Cannon (07040002)+, Buffalo-Whitewater (07040003)+, Zumbro (07040004)+, La 
Crosse-Pine (07040006)+, Black (07040007)+, Root (07040008)+, Lower Chippewa (07050005)+, Coon-
Yellow (07060001)+, Upper Iowa (07060002)+, Grant-Little Maquoketa (07060003)+, Apple-Plum (07060005)+, 
Baraboo (07070004)+, Lower Wisconsin (07070005)+, Kickapoo (07070006)+, Flint-Henderson (07080104)+, 
Skunk (07080107)+, Lower Des Moines (07100009)+, The Sny (07110004)+, Peruque-Piasa (07110009)+, Lower 
Illinois-Senachwine Lake (07130001)+, Vermilion (07130002)+, Lower Illinois (07130011)+, Cahokia-
Joachim (07140101)+, Upper Mississippi-Cape Girardeau (07140105)+, Big Muddy (07140106)+, Cache (07140108)
+ 

10 Keg-Weeping Water (10240001)+, Tarkio-Wolf (10240005)+, South Fork Big Nemaha (10240007)+, Big 
Nemaha (10240008)+, Independence-Sugar (10240011)+, Delaware (10270103)+, Middle Big Blue (10270202)+, 
Lower Big Blue (10270205)+, Lower Little Blue (10270207)+ 

11 Elk (11070104)+, Caney (11070106)+ 

12 Middle Neches (12020002)+, Upper Angelina (12020004)+, Lower Angelina (12020005)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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ridge with oak-hickory forest interspersed with open areas (Minton 1972), and "deciduous forest, especially along hilltop rock outcrops in thick 
woods" (Fitch 1958). In the South, preferred habitat is "hardwood forests of the type found in Loess Bluff and in many river bottoms" (Cook 1943), 
swampy areas and floodplains (Mount 1975), wet pine flatwoods, river bottoms and hydric hammocks (Ashton and Ashton 1981), and hardwood 
forests and cane fields of alluvial plain and hill country (Dundee and Rossman 1989). Fogell et al. (2002) documented a relatively high level of 
agricultural field use at the western edge of the range in Nebraska. Activity is primarily terrestrial, but timber rattlesnakes sometimes climb into 
vegetation (see Fogell et al. (2002). 
 
Hibernacula are typically located in a rocky area where underground crevices provide retreats for overwintering, such as a fissure in a ledge, a 
crevice between ledge and ground, talus (rock slide) below a cliff, open skree slope (fallen rocks not associated with a cliff), or fallen rock (talus or 
skree) partly covered by soil (Martin 1989). At least in the northeastern part of the range (Reinert 1984, Reinert and Zappalorti 1988, Hammerson 
and Lemieux 2001), males and nongravid females are primarily forest dwellers and gravid females use open, sparsely forested sites. Similarly, in 
Wisconsin Keenlyne (1972) reported gravid females using flat slab rocks and grassy, open slopes. This open habitat was not used by males or 
nongravid females. "Transient habitat" a somewhat arbitrary category, generally is within 200 m of a den. It tends to be broken by the rough 
topography and rocky terrain near the den site and supports more open woodland with exposed clearings and shelter rocks. This habitat occurs 
on outcrop knolls (Brown 1989) used as "stop-over" basking locations by rattlesnakes migrating away from a den in spring. This habitat also is 
used by gravid females during their reproductive year. 
Adult Food Habits: Carnivore 
Immature Food Habits: Carnivore 
Food Comments: Primary food is small mammals, but in the southern part of the range the diet also commonly includes lizards. Sometimes eats 
birds, bird eggs, and other small animals. Individuals may ambush prey traveling on fallen logs (Reinert et al. 1984). Little or no feeding is done by 
gravid females (Reinert and Zappalorti 1988). 
Adult Phenology: Circadian, Crepuscular, Diurnal, Hibernates/aestivates, Nocturnal 
Immature Phenology: Circadian, Crepuscular, Diurnal, Hibernates/aestivates, Nocturnal 
Phenology Comments: Seasonal cycle may be summarized follows for two areas, western Virginia (Martin 1989) and northeastern New York 
(Brown 1989): general emergence, 18 April-12 May in Virginia, 7 May-21 May in New York; general ingress, 1 October-21 October in Virginia, 14 
September-1 October in New York.  
 
In the south, C. horridus has a longer active season (late spring, summer, and early autumn) than a hibernating season, whereas in the north the 
hibernating season exceeds the active season in length. In South Carolina, few are seen before mid-May in most years, active as late as 
November; most often encountered in early evening and at night (Gibbons and Semlitsch 1991). In Florida and Texas, spends 2-3 months at 
overwintering dens but occurs on the surface during warm periods throughout the winter (Martin, in Tyning 1992).  
 
Diurnal in spring and fall, more crepuscular/nocturnal in summer (Behler and King 1979). 
Length: 189 centimeters 
Economic Attributes  
Economic Comments: Venomous but not aggressive, defensive if disturbed; human fatalities have resulted from bites (Ernst 1992). 
Management Summary  
Stewardship Overview: The timber rattlesnake is a long-lived and slow-maturing ectothermic vertebrate. It has a low reproductive rate and a 
relatively long mean generation time. These demographic traits are the main reasons why recovery of depleted populations will be slow. Many 
populations have been exterminated since colonization of the North American continent, and most remaining denning colonies have been reduced
drastically in numbers through organized snake hunting and commercial collecting for the exhibit and net trades. The chief threat today is land 
development and habitat destruction.  
 
The spatial and seasonal biology are centered on its den, where an entire population undergoes communal hibernation through the winter months. 
The snakes are seasonally migratory, moving away from their den in spring and back to it in autumn. Protecting a viable population depends on 
protecting the den itself as well as adequate areas of habitat around the den. Males use a home range area of approximately 500 acres, nongravid 
females of 100 acres. Protecting an area of 2.5 miles in radius around a den (19.6 square miles total area) is recommended as necessary to 
safeguard a timber rattlesnake population. A 1.5-mile radius (seven square miles total area) will protect most females, but may not be adequate 
for protection of the entire population. A circular area may not be strictly required in all cases, as certain migration directions and elevations may 
be preferred over others.  
 
The main ways to manage and safeguard known populations of this species are: (1) Protecting the snake at its known denning colonies through 
vigilance; (2) Maintaining Secrecy by not revealing to anyone localities of den sites; (3) Avoiding Disturbance of the snakes by restricting or 
preventing humans from visiting dens and transient habitats; (4) Patrolling the area during vulnerable times, particularly the spring emergence 
period and the summer gestating and birthing period; and (5) Vegetation thinning to prevent shading-over at some den sites. 
Restoration Potential: There have been no studies of population dynamics, and no quantitative data to document actual recovery potential. What 
follows is speculative, but based on sound biological intuition.  
 
Most workers with good knowledge believe depleted populations can recover. The exact minimum viable population size and timing of this 
recovery are unknown. Minimum population size needed for recovery probably must consist of at least 30 to 40 adults, with at least four or five 
mature females. Given the late age of maturity and slow rate of reproduction, recovery probably would require many years. If such a small 
population were completely protected, it might gradually build up to an average den size of 60 to 100 animals with a representative age distribution 
within twenty to thirty years.  
 
Martin (1990, pers. comm.) reports the following: "One den that had been depressed to about 50 to 60 snakes in 1968 by hunting pressure, had 
climbed to about 120 to 130 snakes in 1983 [a 15-year interval]." Martin (in Tyning 1992) believed that a minimum of 8 adult females was needed 
for a population to be viable. 
Preserve Selection & Design Considerations: An adequate area of undisturbed summer range habitat surrounding a timber rattlesnake den is 
vitally important for protecting a viable population. A 1.5-mile radius of protected habitat around a den is adequate for females, but an additional 
protected zone of one mile beyond this is recommended to accomodate the greater dispersal distances of adult males, which not uncommonly 
range up to approximately 2.5 miles from their den. This zone extending from 1.5 to 2.5 miles from the den buffer zone might be habitat of lesser 
quality or it might contain some human incursion. This additional area, even if it consists of moderately disturbed habitat will offer additional 
protection to the population. Although a 2.5-mile migratory distance as a measure of radial protection from a den applies to many populations, in 
some areas and at some dens this distance may be less than the distances moved by many snakes in the population. Each specific area should 
be studied in detail to ascertain the patterns of movements of migrating rattlesnakes. In general, as a working recommendation, an area within 2.5 
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miles of a den seems critical for protecting most timber rattlesnake populations studied to date.  
 
In many areas it may be impossible to obtain an unbroken circular tract of land around a den, and it also may not be biologically realistic in terms 
of the snakes' movement patterns. Some populations apparently use "corridors" for their migrations in certain directions, thus making some 
segments of habitat far more heavily used than others. Timber rattlesnakes seem to avoid difficult sheer ledges that may rim one side of a den, 
and, where dens are at a lower elevation than summer range, most of the snakes tend to go upslope to areas of higher elevation. Home ranges 
may be often non-overlapping, or may occur in separate areas of the available habitat, and rattlesnakes may shift their activity areas from one 
year to the next (W. S. Brown, unpubl. obs.; Hammerson and Lemieux 2001), so known data from short-term studies should not be the basis for 
truncating the protected zone. 
Management Requirements: Specific management strategies include:  
 
SECRECY: It is essential to never reveal the location of hibernating dens to anyone, except for valid reasons (e.g., research or protection). Local 
media and popular magazine writers, in particular, should not be given specific locality information. More than all other factors, it is this lapse of 
judgement on the part of those with this sensitive knowledge which has, over the years, led to massive exploitation.  
 
AVOIDING DISTURBANCE: Timber rattlesnakes on their dens and in transient habitats are prone to being disturbed. Repeated visits to den sites 
or to specific "snake rocks" can put the normal behaviors of these snakes at risk of disruption. Repeated visits to particular rocks frequented by the 
snakes, and capturing or frightening them at such rocks, will cause abandonment. Thus, visits to den sites and to specific shelter rocks in transient 
habitats should be curtailed to avoid disturbing the snakes.  
 
PATROLS: Rattlesnakes are especially vulnerable during spring emergence (April-May) and during gestating and birthing (July to mid-
September). During these times closing off access to the den itself is an important action. Also, the researcher/manager may want to simply avoid 
disturbing the animals during these vulnerable periods unless these periods are being used to conduct specific counts for population estimates.  
 
PREVENTING SHADING-OVER: One worker (A. Smith, Jr., pers. comm.) has actively managed one den area by selective removal of larger 
shade trees in the vicinity of a den. W. B. Allen (1990, pers. comm.) suggested an active management approach to the problem of shading-over: 
during winter months authorized personnel equipped only with saws could cut vegetation shading the den sites and drop shading trees downhill 
below the den; cut brush could be dropped at the base of the ledges and left there. However, it is important to note that not all agree that 
prevention of shading-over of dens is necessary or advisable in all circumstances.  
 
LOGGING IN WINTER: In the vicinity of a den, logging should be restricted to the winter months of November through March where snake are 
hibernating. This will prevent the snakes' being killed by loggers.  
 
ROAD CLOSURES AND PRUDENT LOGGING: For the New Jersey Pine Barrens, Zappalorti and Reinert (in Tyning 1992) recommended closing 
certain roads to vehicular traffic (to reduce kills of gravid females) and clearcutting blocks of forest between dens and roads (to provide suitable 
basking areas other than road sides).  
 
FENCING: Fencing, though somewhat expensive, can be used effectivly to prevent encroachment of rattlesnakes into established vacation 
"camps" (Brown, in Tyning 1992). However, fencing can reduce or eliminate access to summer habitat and should not be used to facilitate new 
developments.  
 
TRANSLOCATION: Translocation could be effective in restoring a viable population in historical sites that still have favorable habitat, but 
translocations of reptiles generally have had poor success; justification for such a project should be closely examined and any translocations 
should be closely monitored (Brown, in Tyning 1992). In Pennsylvania, Reinert and Rupert (1999) found that translocated snakes experienced 
lower survival and exhibited much greater movements than did resident individuals in the same area. The snakes did locate active hibernacula, 
apparently by following resident snakes. The authors did not recommend translocation as a standard conservation practice because of its 
immediate and long-term negative impacts. Hammerson believes that successful translocation and reestablishment of an extirpated population 
likely would require multi-year release of neonates at a historical den site. 
Monitoring Requirements: Long-term monitoring is necessary to show population trends over time scales appropriate for long-lived species such 
as Crotalus horridus.  
 
The most uniform procedures recommended for comparable monitoring between areas are: 1. Sighting Rate: for example, number of snakes 
detected per hour. 2. Capture Index: Trends may be shown over seasons, and between months, by calculating the number of snakes caught per 
capture day. A capture day is defined simply as any day on which at least one rattlesnake is caught (Brown 1989, 1991). An index of snakes 
seen/sighting day, or, in combination with total time spent in the field, an index of snakes seen/hr/person may be feasible.  
 
Generally, most experienced field workers feel that under ideal weather conditions, 25% is about as large a proportion of the snakes that might be 
visible on the surface at any one time in any one place. Martin et al. (1990) estimated that during peak spring emergence usually only 5% to 15% 
of the population may be seen. In some populations, the percentage may be even smaller (G. Hammerson, pers. obs.).  
 
Estimates of population sizes of dens have been made in several areas using a combination of the estimated proportions of the snakes visible on 
the surface, and repeated observations over a sampling period of several years. In their recent extensive survey of the timber rattlesnake in 
Pennsylvania, Martin et al. (1990) stated: "We believe that with two to four visits per year over four to five years it is possible to fairly accurately 
estimate the population of a den colony."  
 
DEN ON SITE:  
 
1. Spring Sampling: Counts of rattlesnakes seen on or near a den should be made at three-day intervals for about a three-week period during the 
snakes' peak emergence period (varies with latitude and elevation). A healthy den (30 to 100 individuals) should produce roughly eight to 15 
individuals seen on at least several days.  
 
2. Summer Sampling: Counts of gravid females may be made in August in transient habitat near a den. Although the frequency of females gravid 
varies widely from year to year (often 25%-75%), at least several females should be seen. One den of about 125 snakes (all age/size classes) 
consistently observed for ten years yielded 3-5 gravid females each year (W. S. Brown, unpubl. obs.), or perhaps 20 to 25% of the approximately 
15 to 20 adult females believed to be present in this den population. In conducting visual sampling at such a den area, approximately four or five 
visits might be made, at weekly intervals or less, to achieve a reliable count of gravid females.  
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DEN OFF SITE:  
 
1. Summer Sampling: Sampling summer range will not prove to be productive by standard snake-searching methods. Only occasionally will a 
rattlesnake turn up. But if spots occur that attract rattlesnakes, it is usually worth checking them. Sites such as rocky clearings, rock walls along 
roads or fields, rock piles, quarries, and cleared spots in housing developments are good candidates for locating a rattlesnake on summer range. 
Because of annual variation in use by rattlesnakes, these sites will require a 4-5-year period of monitoring to provide a realistic estimate of relative 
abundance.  
 
2. Interviews with Local Residents: Where rattlesnake distributions are not well known, asking local people if they occasionally or regularly see (or 
kill) rattlesnakes is worthwhile . If their residences are within rattlesnakes' summer migratory range, at least one local resident will probably report 
that they do. About three residents living in proximity should be interviewed, and, if all report no sightings, very likely no rattlesnakes exist in the 
region.  
 
See Sadighi et al. (1995, Herpetol. Rev. 26:189-190) for information on the use of a remotely triggered camera to monitor timber rattlesnakes. 
 
Management Programs: There are active management programs underway:  
 
Elmira, NY: Den on-site. Protection, secrecy, patrolling, and vegetation thinning. Contact: Arthur Smith, Jr., Elmira, NY; or Central New York 
Chapter, TNC (315 Alexander Street, Rochester, NY 14604).  
 
West Haven, VT: Den on-site. Protection, secrecy, patrolling. Contact: Marc Des Meules, Vermont Field Office, TNC. Town of Bolton, NY: 
Summer range, den not on-site. Protection. Contact: Margaret Olsen, Eastern New York Chapter, TNC (1736 Western Ave., Albany, NY 12203).  
 
Central Connecticut: Protection, secrecy, patrolling. Contact: Doug Fraser, Siena College, Loudenville, NY, or Julie Victoria, CT Department of 
Environmetal Protection, or Geoffrey Hammerson, NatureServe.. 
Monitoring Programs: Active (or recent) monitoring/research programs on timber rattlesnake populations are being conducted in the following 
states: VA, MD, WV, NC: Martin. MA: Tyning, Stechert. CT: Hammerson, Gruner, Fritsch, Fraser, Petersen, Stechert, Klemens. NH: Taylor, 
Stechert. NJ: Stechert, Zappalorti. NY: Stechert, Brown, Breisch, A. Smith, Peterson. IL: Storment. PA: Harwig, Martin, Stechert, Reinert, W. 
Smith. KS: Fitch, Pisani. VT: Des Meules, Stechert. OH: McDuffie, Moody, Hall, Wynn. MO: Sexton, Drda. MN: Reyler, Oldfield. 
Management Research Programs: There are several research programs underway, generally by the same individuals listed in the monitoring 
section. 
Management Research Needs: Research is needed on the following:  
 
(1) Quantitative data on population densities; mark-recapture estimates of population sizes of denning colonies including tests of assumptions of 
random sampling;  
 
(2) Long-term comparative measures of population trends;  
 
(3) Reproductive biology of females: age of first reproduction, reproductive frequency, litter size;  
 
(4) Age-specific survivorship, particularly among newborn and in the first year;  
 
(5) Factors causing mortality: Assessment of role of density-dependent and density-independent factors;  
 
(6) Detailed seasonal movements of adults in communally denning populations;  
 
(7) Mechanisms of den-finding in newborn; movement patterns of newborn from birth site to den;  
 
(8) Ability of translocated or introduced rattlesnakes to "take to" and become established in a historical site or formerly extirpated den. 
Population/Occurrence Delineation  
Use Class: Not applicable  
Subtype(s): Birthing Area, Hibernaculum  
Minimum Criteria for an Occurrence: Occurrences are based on evidence of historical presence, or current and likely recurring presence, at a 
given location. Such evidence minimally includes collection or reliable observation and documentation of one or more individuals in or near 
appropriate habitat where the species is presumed to be established and breeding.  
 
MINIMUM EO CRITERIA for Feauture Label = HIBERNACULUM: These sub-occurrences are defined by any collection or reliable observation of 
one or more individuals in or immediately adjacent to a crevice probably used for overwintering, In the northern part of the range, individuals 
observed from March to early May and from late September through November generally (but not always) are at or near overwintering sites. Use 
of a site as a hibernaculum should be confirmed by multiple observations or ideally by information from radio-tagged individuals.  
Separation Barriers: Consistently busy highway; highway with obstructions impassable to a snake; major river with strong, persistent current; 
urbanized area dominated by buildings and pavement.  
Separation Distance for Unsuitable Habitat: 1 km  
Separation Distance for Suitable Habitat: 7 km  
Alternate Separation Procedure: The following qualify as distinct occurrences: (1) occurrences based on hibernacula separated by more than 7 
kilometers of suitable habitat from the nearest known hibernaculum (applies to northern populations that use communal hibernacula). A lesser 
distance can be used if radio telemetry data indicate than populations using different hibernacula less than 7 kilometers apart are separated by a 
distinct gap and are not likely to come into contact with one another; additionally, hibernacula more than 7 km apart are part of the same 
occurrence if the summer home ranges of populations from the two hibernacula are known to overlap); (2) occurrences separated by more than 7 
kilometers of suitable habitat between observation sites for individuals of unknown hibernaculum origin or for populations in which communal 
denning does not occur; (3) occurrences separated by separated by more than 1 km of moderately unsuitable habitat (occasionally traverseable 
by low numbers of individuals).  
Separation Justification: Brown (1993) reported that adult male C. horridus may move up to 7.2 kilometers from their hibernaculum, and females
disperse up to 3.7 km, with mean maxima of 4.1 km and 2.1 km for males and females, respectively. Brown (1993) did not describe his methods, 
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but the data evidently were based on recaptures of individuals marked by ventral scale clipping. Martin (1989) reported that rattlesnakes in Virginia 
were found up to 5.5-6 km from the nearest known den, with a mean of 2.5-2.8 km for large numbers of adult males, adult females, and juveniles 
found on roads, but these data may not accurately reflect actual migration distances because the hibernaculum was positively known for only a 
few individuals, and these few were not among the individuals that were farthest from a known den.  
Long-distance movements of 5-7+ km from hibernacula reported by Brown (1993) and Martin (1992) have not been confirmed by radio-tracking 
methods. Intensive studies of radio-tagged individuals in New Jersey (Reinert and Zappalorti 1988) and Connecticut (Hammerson and Lemieux 
2001) indicate that male timber rattlesnakes generally range less than 3.7 km from their hibernaculum, and females tend to disperse not more 
than 2.3 km. In accord with these data, maximum length of representative full-season activity areas for several radio-tracked C. horridus in 
Pennsylvania was less than approximately 2.6 km (Bushar et al. 1998: Figure 3). Other studies of radio-tagged C. horridus (Fitch and Shirer 1971, 
Galligan and Dunson 1979, Brown et al. 1982) yielded relatively small dispersal distances, but these data are not comparable to Reinert and 
Zappalorti (1988) and Hammerson and Lemieux (1991) because the studies encompassed less than two months of the active season or were 
based on translocated snakes not involved in normal behavior.  
Nevertheless, radio-telemetry data for adult males and females support Martin¿s (1992) statement that individuals from hibernacula within 4 km of 
each other "can probably be considered as part of a breeding population as long as wooded corridors exist between them." In Connecticut, males 
found paired with females from different hibernacula had moved up to at least 3.6 km from their hibernaculum (Hammerson and Lemieux 2001). 
Existing radio-telemetry data do not support Martin¿s belief that "dens located within about 5-7 miles [8-11 km] of each other could be considered 
as part of a metapopulation because of occasional breeding by males and females from different dens while on distant summer range¿" Data of 
Reinert and Zappalorti (1988) and Hammerson and Lemieux (2001) suggest that individuals from hibernacula more than 6 km apart are unlikely to
encounter one another. Evidence of genetic differentiation among populations in hibernacula within a few kilometers of each other (Bushar et al. 
1998) also suggest that interbreeding between individuals from hibernacula 8-11 km apart is highly improbable. In Pennsylvania, Bushar et al. 
(1998) found that in general the genetic differences between hibernaculum populations reflected geographic distance between hibernacula, 
though gene flow between hibernacula also appeared to be influenced by structural habitat features such that relatively large genetic distances 
may occur between some hibernaculum populations that are within a few kilometers of each other.  
SEPARATION JUSTIFICATION FOR FEATURE LABEL = HIBERNACULUM: Hibernacula separated by 300 m or more are likely to used over the 
short term by different groups of individuals. However, individuals in hibernacula separated by more than 300 m may use a common birthing area, 
suggesting that in such cases the populations should be combined as a single sub-occurrence (William H. Martin, pers. comm.). The value of 300 
m is a somewhat arbitrary distance that seems to be practical for managing data for different hibernacula.  
Separation distance for Birthing Area has not yet been determined.  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 3 km  
Inferred Minimum Extent Justification: Inferred extent distance refers to hibernacula. In Connecticut, most individuals stayed within 3 km of 
their hibernaculum, but some males traveled up to 3.6 km from their wintering site (Hammerson and Lemieux 2001). 
Date: 22Nov2002 
Author: Hammerson, G. 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 08Sep2006 
NatureServe Conservation Status Factors Author: Brown, W. S., P. Novak, and G. Hammerson 
Management Information Edition Date: 06Feb2002 
Management Information Edition Author: BROWN, WILLIAM S. EDITED AND REVISED BY G. HAMMERSON 
Element Ecology & Life History Edition Date: 27Nov2002 
Element Ecology & Life History Author(s): BROWN, W. S., AND G. HAMMERSON 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors and 
cooperators (see Sources).  
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Genus Size: B - Very small genus (2-5 species) 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1998. Check-list of North American birds. Seventh edition. American Ornithologists' 
Union, Washington, DC. 829 pp. 
Concept Reference Code: B98AOU01NAUS 
Name Used in Concept Reference: Plegadis chihi 
Taxonomic Comments: P. FALCINELLUS and P. CHIHI are sometimes considered conspecific (AOU 1998). Oberholser (1974) used the name P. 
MEXICANA, but P. CHIHI is the name accepted by others (Banks and Browning 1995). 
Conservation Status  

NatureServe Status 

Global Status: G5  
Global Status Last Reviewed: 20Nov1996 
Global Status Last Changed: 20Nov1996 
Rounded Global Status: G5 - Secure  
Reasons: Secure due mainly to large range; locally fairly common; relatively small number of breeding areas; vulnerable to habitat alteration, 
disturbance during nesting, and pesticide contamination. 
Nation: United States  
National Status: N4B,N4N  
Nation: Canada 
National Status: N1B (06Feb2001)  
 

Other Statuses 

IUCN Red List Category: LC - Least concern  

NatureServe Conservation Status Factors 

Global Abundance: 10,000 to >1,000,000 individuals 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Ciconiiformes Threskiornithidae Plegadis

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Alabama (SHB), Arizona (SNRB,S2S3N), Arkansas (SNA), California (S1), Colorado (S2B), Idaho (S2B), Kansas (S1B), Louisiana (S4), 
Minnesota (SNRM), Mississippi (SNA), Missouri (SNA), Montana (S1B), Navajo Nation (S5M), Nebraska (S3), Nevada (S3B), New 
Mexico (S3B,S4N), North Dakota (SU), Oregon (S3B), South Dakota (S2B), Texas (S4B), Utah (S2S3B), Washington (SNA), Wyoming 
(S1B) 

Canada Alberta (S1), Manitoba (S1B), Saskatchewan (S2N) 

Plegadis chihi - (Vieillot, 1817)  
White-faced Ibis  
Spanish Common Names: Ibis Cara Blanca, Cuervillo de Cañada 
French Common Names: Ibis à face blanche  
Other Common Names: Caraúna-de-Cara-Branca, Maçarico-Preto
Related ITIS Name(s): Plegadis chihi (Vieillot, 1817) (TSN 174926) 
Unique Identifier: ELEMENT_GLOBAL.2.103784  
Element Code: ABNGE02020  
Informal Taxonomy: Animals, Vertebrates - Birds - Wading Birds

© Bruce A. Sorrie
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Global Abundance Comments: In the 1980s, the Great Basin/Rocky Mountains population was estimated at 25,000 (appears healthy); 24,000 on 
Gulf Coast. See Spendelow and Patton (1988) for information on abundance of PLEGADIS on Gulf Coast. Little available information for other 
populations.  

Estimated Number of Element Occurrences: 81 - 300 

Global Short Term Trend Comments: Populations in the south-central U.S. may be benefiting from crayfish aquaculture; bird population increases 
may be related to favorable foraging opportunities afforded by expanding crayfish aquaculture (Fleury and Sherry 1995).  

Threats: Limited number of breeding locations; vulnerable to fluctuating water levels. Susceptible to breeding failure in areas of pesticide 
contamination. Breeders in Nevada are still being contaminated with DDE-DDT in Mexican wintering areas (Henny and Herron 1989).  

Distribution  
U.S. States and Canadian Provinces 

   
NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for common species 
have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status refers to the status as a non-
breeder; these errors will be corrected in future versions of these maps. A species is not shown in a jurisdiction if it is not known to breed in the 
jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species may occur in a jurisdiction as a seasonal non-breeding 
resident or as a migratory transient but this will not be indicated on these maps. See other maps on this web site that depict the Western Hemisphere 
ranges of these species at all seasons of the year.  
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to appear. Not all 
vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage migrant range depicted. A 
shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp.

U.S. & Canada State/Province Distribution 
United States AL, AR, AZ, CA, CO, ID, KS, LA, MN, MO, MS, MT, ND, NE, NM, NN, NV, OR, SD, TX, UT, WA, WY 

Canada AB, MB, SK 
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Range Map Compilers: NatureServe, 2002 
 
Global Range: >2,500,000 square km (greater than 1,000,000 square miles) 
Global Range Comments: BREEDING: locally from central California, eastern Oregon, southern Idaho (Taylor et al. 1989), Montana, southern North 
Dakota, and (formerly) southwestern Minnesota south into Mexico (to Colima, Zacatecas, state of Mexico, Veracruz), Texas, and southwestern 
Louisiana, southern Alabama, Florida (occasionally or formerly); also locally in South America in Bolivia, Paraguay, Uruguay, southern Brazil, 
northern and central Chile, and northern and central Argentina (AOU 1983). The world's largest nesting aggregation occurs probably in the marshes 
around the Great Salt Lake, Utah (D. Paul, in Paton et al. 1992). NON-BREEDING: north to southern California, Baja California, southern Texas, and 
Louisiana, south through lowlands to Guatemala and El Salvador, and in generally in breeding range in South America (AOU 1983). In the U.S., the 
highest winter densities occur near San Diego in California and on the coast of Texas and western Louisiana (Root 1988). Wanders outside usual 
range; rare straggler to Hawaii. 
 
Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
AZ Cochise (04003), Coconino (04005), La Paz (04012) 

CA Colusa (06011), Fresno (06019)*, Imperial (06025), Kern (06029), Kings (06031), Los Angeles (06037), Modoc (06049), 
Riverside (06065), San Diego (06073), Siskiyou (06093), Yolo (06113) 

CO Alamosa (08003), Eagle (08037), Garfield (08045)*, Grand (08049), Jackson (08057)*, Kiowa (08061), La Plata (08067), 
Mesa (08077), Rio Blanco (08103), Rio Grande (08105), Saguache (08109), Weld (08123)* 

ID Bannock (16005), Bear Lake (16007), Bingham (16011), Blaine (16013), Bonneville (16019), Caribou (16029), 
Franklin (16041), Jefferson (16051), Owyhee (16073) 

KS Barton (20009), Linn (20107), Meade (20119), Stafford (20185) 

MS Hancock (28045)* 

MT Beaverhead (30001), Cascade (30013), Phillips (30071) 

ND Burleigh (38015), Sargent (38081) 

NE Cherry (31031), Garden (31069), Sheridan (31161) 

NM Lea (35025), Mckinley (35031), Otero (35035), Quay (35037), Rio Arriba (35039) 

NV Churchill (32001), Elko (32007), Mineral (32021), Nye (32023) 

OR Harney (41025), Lake (41037) 

SD Brown (46013), Brule (46015), Codington (46029), Day (46037), Kingsbury (46077) 
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Ecology & Life History  
Basic Description: A medium-sized wading bird (ibis). 
General Description: A long-legged wader with a long slender decurved bill and chestnut plumage, glossed with green and purple (breeding adult); 
looks all-dark at a distance; immature and winter birds are dark with some lighter coloring or streaking on the head and neck; averages 58 cm long, 
91 cm in wingspan (NGS 1983). 
Diagnostic Characteristics: Breeding adult differs from glossy ibis in having a reddish bill, red eyes, all-red legs, and a white feathered border 
around the facial skin; border extends behind eye and under chin. Winter adult differs from glossy ibis in lacking the pale line from the eye to the bill. 
(NGS 1983). 
Reproduction Comments: Clutch size usually is 3-4. Incubation lasts 21-22 days. 
Ecology Comments: Gregarious; flocks of up to at least 290 have been observed, but generally they are much smaller. 
Non-Migrant: Y 
Locally Migrant: Y 
Long Distance Migrant: Y 
Mobility and Migration Comments: Resident in southern part of breeding range, migrates in northern areas. Northern populations winter from the 
southern U.S. south to northern Central America (Sibley and Monroe 1990).. In northern Utah, generally arrives in early April, most depart by late 
August, occasionally lingers into December (Paton et al. 1992). 
Estuarine Habitat(s): Herbaceous wetland, Tidal flat/shore 
Riverine Habitat(s): Low gradient 
Lacustrine Habitat(s): Shallow water 
Palustrine Habitat(s): FORESTED WETLAND, HERBACEOUS WETLAND, Riparian 
Habitat Comments: Marshes, swamps, ponds and rivers, mostly in freshwater habitats (Tropical to Temperate zones) (AOU 1983). Nests in 
marshes; in low tree, on the ground in bulrushes or reeds, or on a floating mat. In the Central Valley of California, ibises preferentially selected 
foraging sites close to emergent vegetation (Safran et al. 2000). 
Adult Food Habits: Carnivore, Invertivore, Piscivore 
Immature Food Habits: Carnivore, Invertivore, Piscivore 
Food Comments: Typically feeds in freshwater marshes on: crayfishes, frogs, fishes, insects, newts, earthworms, crustaceans, etc. (Terres 1980). In
the Central Valley of California, preferentially selected foraging sites with significantly higher midge (Chironomidae) and significantly lower oligochaete
biomass (Safran et al. 2000). 
Adult Phenology: Diurnal 
Immature Phenology: Diurnal 
Colonial Breeder: Y 
Length: 58 centimeters 
Weight: 697 grams 

Population/Occurrence Delineation  
Group Name: COLONIAL WADING BIRDS 
 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

03 Mississippi Coastal (03170009)+ 

10 Upper Missouri-Dearborn (10030102)+, Beaver (10050014)+, Fort Randall Reservoir (10140101)+, Upper 
Niobrara (10150003)+, Middle Niobrara (10150004)+, Upper James (10160003)+, North Big Sioux Coteau (10160010)
+, South Big Sioux Coteau (10170103)+, Middle Big Sioux Coteau (10170201)+, North Platte Headwaters (10180001)
+, Middle North Platte-Scotts Bluff (10180009)+, Middle South Platte-Cherry Creek (10190003)+, Lower Marais Des 
Cygnes (10290102)+ 

11 Upper Arkansas-John Martin (11020009)+, Rattlesnake (11030009)+, Cow (11030011)+, Upper Cimarron-
Bluff (11040008)+, Upper Canadian-Ute Reservoir (11080006)+ 

12 Sulphur Springs Draw (12080006)+ 

13 Alamosa-Trinchera (13010002)+, San Luis (13010003)+, Saguache (13010004)+, Rio Chama (13020102)+, Tularosa 
Valley (13050003)+ 

14 Colorado headwaters (14010001)+, Colorado headwaters-Plateau (14010005)+, Piceance-Yellow (14050006)+, 
Animas (14080104)+ 

15 Zuni (15020004)+, Canyon Diablo (15020015)+, Imperial Reservoir (15030104)+, Willcox Playa (15050201)+ 

16 Central Bear (16010102)+, Bear Lake (16010201)+, Middle Bear (16010202)+, Carson Desert (16050203)+, Walker 
Lake (16050304)+, Long-Ruby Valleys (16060007)+ 

17 Idaho Falls (17040201)+, Willow (17040205)+, American Falls (17040206)+, Blackfoot (17040207)+, Beaver-
Camas (17040214)+, Medicine Lodge (17040215)+, Little Wood (17040221)+, Middle Snake-Succor (17050103)+, 
Upper Owyhee (17050104)+, Middle Owyhee (17050107)+, Harney-Malheur Lakes (17120001)+, Silvies (17120002)+, 
Donner Und Blitzen (17120003)+, Silver (17120004)+, Summer Lake (17120005)+, Lake Abert (17120006)+, Warner 
Lakes (17120007)+ 

18 Sprague (18010202)+, Lost (18010204)+, Goose Lake (18020001)+, Upper Pit (18020002)+, Sacramento-Stone 
Corral (18020104)+, Lower Sacramento (18020109)+, Tulare-Buena Vista Lakes (18030012)+, San 
Jacinto (18070202)+, San Luis Rey-Escondido (18070303)+, San Diego (18070304)+, Upper Amargosa (18090202)+, 
Antelope-Fremont Valleys (18090206)+, Salton Sea (18100200)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 

Economic Attributes 
Management Summary 

Not yet assessed

Not yet assessed
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Use Class: Breeding  
Subtype(s): Breeding Colony, Foraging Area  
Minimum Criteria for an Occurrence: Evidence of historical breeding , or current and likely recurring breeding, at a given location, minimally a 
reliable observation of one or more breeding pairs in appropriate habitat. Small heron colonies (rookeries or heronries) are often ephemeral in nature; 
recommend tracking rookeries which maintain a minimum of 15 active nests over 2-3 years. Where concentrations of non-breeding individuals occur 
within the boundaries of a breeding occurrence (especially if augmented by migrants), consider creating a separate occurrence with Location Use 
Class 'Nonbreeding.'  
Mapping Guidance: Map Foraging Areas in separate polygons from the breeding colony if they are separated from the colony by areas simply flown 
over on commuting routes.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 10 km  
Separation Justification: Occurrences include breeding colonies and foraging areas, but the separation distance pertains to breediing colonies. 
Hence, difference occurrences may overlap. Unsuitable habitat: upland areas, except those known to be used regularly for foraging (e.g., meadows 
used by great egrets). 
 
Separation distance is an arbitrary compromise between the high mobility of these birds and the need for occurrences of practical size for 
conservation planning. Occurrences do not necessarily represent discrete populations or metapopulations. 
 
Colony fidelity low in some species (e.g. Roseate Spoonbill, Dumas 2000; Glossy Ibis, Davis and Kricher 2000).  
 
Feeding areas associated with a breeding colony (i.e. different features of the same occurrence) may be a number of kilometers away from the 
colony: averaging 12 kilometers for Roseate Spoonbill (Dumas 2000); 7.3 kilometers for Glossy Ibis (Davis and Kricher 2000); 2.8 to more than 5 
kilometers for Snowy Egrets (Smith 1995).  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 3 km  
Inferred Minimum Extent Justification: A low mean foraging range size for this group. 
Date: 28Oct2004 
Author: Cannings, S., and G. Hammerson 
 
Use Class: Nonbreeding  
Subtype(s): Roost, Foraging area  
Minimum Criteria for an Occurrence: Evidence of recurring presence of flocks of non-breeding birds (including historical), including non-breeding 
birds within the breeding season and breeding individuals outside the breeding season; and potential recurring presence at a given location. Normally 
only areas where concentrations greater than 10 birds occur regularly for at least 20 days per year would be deemed occurrences. Be cautious about 
creating occurrences for observations that may represent single events.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 10 km  
Separation Distance for Suitable Habitat: 10 km  
Separation Justification: Separation distance arbitrary, set at 10 kilometers to define occurrences of manageable size for conservation purposes. 
Occurrences defined primarily on the basis of areas supporting concentrations of foraging birds, rather than on the basis of distinct populations.  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 3 km  
Inferred Minimum Extent Justification: Based on foraging ranges from breeding rookeries. 
Date: 19Apr2002 
Author: Cannings, S. 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
Element Ecology & Life History Edition Date: 02May1995 
Element Ecology & Life History Author(s): Hammerson, G. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors and 
cooperators (see Sources).  
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The Small Print: Trademark, Copyright, Citation Guidelines, Restrictions on Use, and Information Disclaimer. 

Note:All species and ecological community data presented in NatureServe Explorer at http://www.natureserve.org/explorer were updated to be 
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Note: This report was printed on October 21, 2009  
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Copyright Notice: Copyright © 2009 NatureServe, 1101 Wilson Boulevard, 15th Floor, Arlington Virginia 22209, U.S.A. All Rights Reserved. 
Each document delivered from this server or web site may contain other proprietary notices and copyright information relating to that document. 
The following citation should be used in any published materials which reference the web site.  

Citation for data on website including State Distribution, Watershed, and Reptile Range maps:  
NatureServe. 2009. NatureServe Explorer: An online encyclopedia of life [web application]. Version 7.1. NatureServe, 
Arlington, Virginia. Available http://www.natureserve.org/explorer. (Accessed: October 21, 2009 ).  

Citation for Bird Range Maps of North America:  
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Full metadata for the Mammal Range Maps of North America is available at: 
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or for damages of any kind arising out of or in connection with the use or performance of information contained in any documents provided by this 
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server or in any other documents which are referenced by or linked to this server, under any theory of liability used. NatureServe may update or 
make changes to the documents provided by this server at any time without notice; however, NatureServe makes no commitment to update the 
information contained herein. Since the data in the central databases are continually being updated, it is advisable to refresh data retrieved at 
least once a year after its receipt. The data provided is for planning, assessment, and informational purposes. Site specific projects or activities 
should be reviewed for potential environmental impacts with appropriate regulatory agencies. If ground-disturbing activities are proposed on a site, 
the appropriate state natural heritage program(s) or conservation data center can be contacted for a site-specific review of the project area (see 
Visit Local Programs). 

Feedback Request: NatureServe encourages users to let us know of any errors or significant omissions that you find in the data through (see 
Contact Us). Your comments will be very valuable in improving the overall quality of our databases for the benefit of all users. 
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Genus Size: D - Medium to large genus (21+ species) 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1998. Check-list of North American birds. Seventh edition. American 
Ornithologists' Union, Washington, DC. 829 pp. 
Concept Reference Code: B98AOU01NAUS 
Name Used in Concept Reference: Buteo albicaudatus 
Taxonomic Comments: Relationship between this species and South American B. POLYOSOMA and B. POECILOCHROUS needs 
clarification (AOU 1983). 
Conservation Status  

NatureServe Status 

Global Status: G4G5  
Global Status Last Reviewed: 22Nov1996 
Global Status Last Changed: 22Nov1996 
Rounded Global Status: G4 - Apparently Secure  
Nation: United States  
National Status: N3  
 

Other Statuses 

IUCN Red List Category: LC - Least concern  
Convention on International Trade in Endangered Species Protection Status (CITES): Appendix II  

NatureServe Conservation Status Factors 

Global Short Term Trend Comments: Increased in abundance in Texas during the 1970s and 1980s, after a decline in the 1950s and 
1960s. Texas population (minimum of about 45 breeding pairs in 1986) apparently is growing and the range is expanding (Palmer 1988);

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Falconiformes Accipitridae Buteo

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 
United States Texas (S4B) 

Buteo albicaudatus - Vieillot, 1816  
White-tailed Hawk  
Spanish Common Names: Aguililla Cola Blanca, Aguilucho Alas Largas
French Common Names: Buse à queue blanche  
Other Common Names: Gavião-de-Cauda-Branca  
Related ITIS Name(s): Buteo albicaudatus Vieillot, 1816 (TSN 175369) 
Unique Identifier: ELEMENT_GLOBAL.2.104386  
Element Code: ABNKC19080  
Informal Taxonomy: Animals, Vertebrates - Birds - Raptors

 
Search for Images on Google
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limited by proliferation of brush and agricultural expansion (Kopeny 1988).  

Distribution  
U.S. States and Canadian Provinces 

   
NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for 
common species have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status 
refers to the status as a non-breeder; these errors will be corrected in future versions of these maps. A species is not shown in a 
jurisdiction if it is not known to breed in the jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species 
may occur in a jurisdiction as a seasonal non-breeding resident or as a migratory transient but this will not be indicated on these maps. 
See other maps on this web site that depict the Western Hemisphere ranges of these species at all seasons of the year.  
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to 
appear. Not all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage 
migrant range depicted. A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp.

U.S. & Canada State/Province Distribution 
United States TX 
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Range Map Compilers: NatureServe, 2002; WWF-US, 2000 
 
Global Range: >2,500,000 square km (greater than 1,000,000 square miles) 
Global Range Comments: RESIDENT: southern Arizona (formerly), Sonora, Durango, Zacatecas, and central and southeastern Texas 
(see Kopeny 1988 for details) south through Middle America (including Isla Taboga off Panama), and in South America from Colombia, 
Venezuela (also the Netherlands Antilles, Margarita Island, and Trinidad) and the Guianas south, east of Andes, to extreme eastern 
Peru, Bolivia, and central Argentina (AOU 1983). In the U.S., winter distribution is mainly coastal Texas (Root 1988). 
 

Ecology & Life History  
Basic Description: A large bird (hawk). 
Reproduction Comments: Lays clutch of 1-4 (usually 2) eggs, principally March-April in Texas; nest with downy young in February in 
Costa Rica). Nests in dry season in Venezuela (replacement clutches may extend into rainy season). Incubation averages 31 days 
(Texas). Age at first flight: 47 days at 1 nest, average of 54 days in 1 season, 57 days in another season (Texas); fledges May-June in 

Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
TX Colorado (48089), Kenedy (48261), Kleberg (48273) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed Region 

 Watershed Name (Watershed Code)

12 San Bernard (12090401)+, San Fernando (12110204)+, Baffin Bay (12110205)+, Central Laguna 
Madre (12110207)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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Texas. Fledglings fed by parents for up to 7 months after leaving nest in Texas (Farquhar 1988). First breeds probably usually at 2 years, 
perhaps sometimes at 1 year. Scant evidence that 2 broods sometimes may be raised (Texas). 
Ecology Comments: See Farquhar (1988) for information on space utilization in Texas. 
Non-Migrant: Y 
Locally Migrant: N 
Long Distance Migrant: N 
Mobility and Migration Comments: Increased numbers along Gulf Coast in winter suggest local migrations in Texas (Palmer 1988). 
Probably some seasonal shifting occurs also in Latin America but poorly documented (Palmer 1988). 
Terrestrial Habitat(s): Desert, Grassland/herbaceous, Savanna, Shrubland/chaparral 
Habitat Comments: Open country, primarily savanna, prairie, and arid habitats of mesquite, cacti, and bushes, very rarely in open forest 
(AOU 1983). In Texas: near coast on prairies, cordgrass flats, and scrub-live oak; farther inland on prairie, mesquite and oak savanna, 
and mixed savanna-chaparral. Suitable habitat in Texas is similar to desireable range condition for cattle grazing (Kopeny 1988). 
Sources of habitat loss in Texas are proliferation of woody vegetation and agricultural expansion (Kopeny 1988). Along Caribbean coast 
of Venezuela: hot climate, rocky plateaus, low escarpments. Aruba, Curacao, and Bonaire: mostly acacia- and acacia-cactus-desert. 
Argentina: open country but not pampas. Nests in wet palm savanna in some areas (Palmer 1988).  
 
Nests in low tree, large shrub, or crown of yucca, typically lone standing, usually 1-4 m above ground; usually on slight eminence. May 
reuse old nest. Oak, mesquite, ACACIA, or ROSA BRACTEATA often used in Texas. 
Adult Food Habits: Carnivore 
Immature Food Habits: Carnivore 
Food Comments: Opportunistic; eats various vertebrates and invertebrates, whatever is available (Kopeny 1988). Hunts chiefly in flight 
(low soaring search), dropping down on prey; sometimes hunts from perch, pirates food from other raptors, takes prey flushed by farm 
equipment or fires (apparently attracted to fires from up to several miles away); may capture and eat insects in flight (National 
Geographic Society 1983, Palmer 1988). 
Adult Phenology: Diurnal 
Immature Phenology: Diurnal 
Length: 58 centimeters 
Weight: 884 grams 

Management Summary  
Management Requirements: Prescribed burning is potentially an important factor in the maintenance of habitat in Texas (i.e., for 
brush removal; see Kopeny 1988). 
Population/Occurrence Delineation  
Group Name: HAWKS AND FALCONS 
 
Use Class: Breeding  
Subtype(s): Feeding Area, Nest Site  
Minimum Criteria for an Occurrence: Evidence of historical breeding, or current and likely recurring breeding, at a given location, 
minimally a reliable observation of one or more breeding pairs in appropriate habitat. Be cautious about creating EOs for observations 
that may represent single breeding events outside the normal breeding distribution.  
Mapping Guidance: If nest site is separated from feeding area by more than 100 meters, map as separate polygons.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 10 km  
Separation Distance for Suitable Habitat: 10 km  
Separation Justification: Separation distance a compromise between usually relatively small home ranges and obvious mobility of 
these birds. Home ranges variable, ranging from about 0.5 to about 90 square kilometers; the latter figure refers to nests where birds 
commuted some distance to feeding grounds. A number of studies give mean home ranges on the order of 7 square kilometers, which 
equates to a circle with a diameter of about 3 kilometers; three times that home range gives a separation distance of about 10 
kilometers. Home ranges: Ferruginous Hawk, mean 5.9 square kilometers in Utah (Smith and Murphy 1973); range 2.4 to 21.7 square 
kilometers, mean 7.0 square kilometers in Idaho (Olendorff 1993); mean 7.6 square kilometers in Idaho (McAnnis 1990); mean 90 
square kilometers in Washington (Leary et al. 1998); Red-tailed Hawk, most forage within 3 kilometers of nest (Kochert 1986); mean 
spring and summer male home ranges 148 hectares (Petersen 1979); Hawaiian Hawk, 48 to 608 hectares (n = 16; Clarkson and 
Laniawe 2000); Zone-tailed Hawk, little information, apparent home range 1-2 kilometers/pair in west Texas (Johnson et al. 2000); White 
tailed Kite, rarely hunts more than 0.8 kilometers from nest (Hawbecker 1942); Prairie Falcon, 26 square kilometers in Wyoming 
(Craighead and Craighead 1956), 59 to 314 square kilometers (reported by Steenhof 1998); Aplomado Falcon, 2.6 to 9.0 square 
kilometers (n = 5, Hector 1988), 3.3 to 21.4 square kilometers (n = 10, Montoya et al. 1997).  
Nest site fidelity: high in Zone-tailed Hawk; all seven west Texas nesting territories occupied in 1975 were reused in 1976 (Matteson and 
Riley 1981). Ferruginous Hawk: In California, dispersal distances from natal sites to subsequent breeding sites ranged from 0 to 18 
kilometers, mean 8.8 kilometers (Woodbridge et al. 1995); in contrast, none of 697 nestlings in Saskatchewan returned to the study area; 
three were found 190 200 and 310 kilometers away (Houston and Schmutz 1995).  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 3 km  
Inferred Minimum Extent Justification: Foraging range variable; 3 kilometers is the mean diameter in several species. 
Date: 13Mar2001 
Author: Cannings, S. 
 
Use Class: Nonbreeding  

Economic Attributes Not yet assessed
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Subtype(s): Foraging area, Roosting area  
Minimum Criteria for an Occurrence: Evidence of recurring presence of wintering birds (including historical); and potential recurring 
presence at a given location, usually minimally a reliable observation of 5 birds (this can be reduced to 1 individual for rarer species). 
Occurrences should be locations where the species is resident for some time during the appropriate season; it is preferable to have 
observations documenting presence over at least 20 days annually. Be cautious about creating EOs for observations that may represent 
single events.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 10 km  
Separation Distance for Suitable Habitat: 10 km  
Separation Justification: Separation distance somewhat arbitrary; set at 10 kilometers to define occurrences of managable size for 
conservation purposes. However, occurrences defined primarily on the basis of areas supporting concentrations of foraging birds, rather 
than on the basis of distinct populations.  
Date: 15Apr2002 
Author: Cannings, S. 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
Element Ecology & Life History Edition Date: 22Jan1990 
Element Ecology & Life History Author(s): HAMMERSON, G. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors 
and cooperators (see Sources).  
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Feedback Request: NatureServe encourages users to let us know of any errors or significant omissions that you find in the data 
through (see Contact Us). Your comments will be very valuable in improving the overall quality of our databases for the benefit of all 
users. 

Page 8 of 8Comprehensive Report Species - Buteo albicaudatus

10/21/2009 1:02:11 PMhttp://www.natureserve.org/explorer/servlet/NatureServe?sourceTemplate=tabular_r...



  

   

Genus Size: C - Small genus (6-20 species) 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1998. Check-list of North American birds. Seventh edition. American 
Ornithologists' Union, Washington, DC. 829 pp. 
Concept Reference Code: B98AOU01NAUS 
Name Used in Concept Reference: Grus americana 
Taxonomic Comments: Based on DNA data, Grus grus, G. americana, G. monachus, and G. nigricollis form a monophyletic lineage apart from 
G. japonicus (Krajewski and Fetzner 1994), and the closest living relative of G. americana may be G. grus (Love and Deininger 1992).  
 
Grus americana exhibits low mtDNA diversity; may have a single mtDNA haplotype (Snowbank and Krajewski 1995). 
Conservation Status  

NatureServe Status 

Global Status: G1  
Global Status Last Reviewed: 21Oct2008 
Global Status Last Changed: 25Nov1996 
Rounded Global Status: G1 - Critically Imperiled  
Reasons: One self-sustaining population nests in Canada, winters primarily along the Texas coast; two additional reintroduced populations (one 
migrates Wisconsin-Florida, one nonmigratory in Florida); historically much more widespread; total wild population in 2006 was 338; with about 
135 in captive flocks; numbers increasing; problems include habitat degradation, low productivity associated with drought, and mortality from 
collisions with powerlines along lengthy migratory route. 
Nation: United States  
National Status: N1N  
Nation: Canada 
National Status: N1B (12Feb2001)  
 

Other Statuses 

U.S. Endangered Species Act: LE, XN: Listed endangered, nonessential experimental population (11Mar1967)  
Canadian Species at Risk Act (SARA) Schedule 1/Annexe 1 Status: E (05Jun2003)

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Gruiformes Gruidae Grus

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 

United 
States 

Arkansas (SX), Florida (SNR), Georgia (SH), Idaho (SNA), Illinois (SX), Iowa (SXB), Kansas (S1N), Kentucky (SXN), Louisiana (SH), 
Minnesota (SXB), Montana (S1M), Nebraska (S1), North Dakota (SX), Oklahoma (SNRN), South Dakota (SNA), Tennessee (SX), 
Texas (S1), Utah (SX), Wisconsin (SXB), Wyoming (S1N) 

Canada Alberta (S1), Manitoba (SXB), Northwest Territories (SNRB), Nunavut (SX), Ontario (SNA), Saskatchewan (SXB,S1M) 

Grus americana - (Linnaeus, 1758)  
Whooping Crane  
Spanish Common Names: Grulla Blanca  
French Common Names: Grue blanche  
Related ITIS Name(s): Grus americana (Linnaeus, 1758) (TSN 176176) 
Unique Identifier: ELEMENT_GLOBAL.2.102973  
Element Code: ABNMK01030  
Informal Taxonomy: Animals, Vertebrates - Birds - Wading Birds Public Domain
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Committee on the Status of Endangered Wildlife in Canada (COSEWIC): Endangered (01Nov2000)  
IUCN Red List Category: EN - Endangered  
Convention on International Trade in Endangered Species Protection Status (CITES): Appendix I  
Comments on official statuses: US Fish and Wildlife Service proposed to reintroduce Whooping Cranes into historic breeding habitat in 
Wisconsin; the population would winter in Florida and be designated a nonessential experimental population (Federal Register, 9 March 2001). On 
June 26, 2001, the final rule was passed to designate the eastern United States as an experimental nonessential population. Introduced Florida 
population is listed by USFWS as an experimental nonessential population (Federal Register, 22 January 1993). In 1996, USFWS proposed to 
designate the Rocky Mountains population as an experimental nonessential population (Federal Register, 6 February 1996). Rocky Mountain 
population designated as experimental nonessential (Federal Register 62:38932-38939, 21 July 1997). Elsewhere, listed by USFWS as 
Endangered (Federal Register, 21 July 1997). 

NatureServe Conservation Status Factors 

Global Abundance: 50 - 250 individuals 
Global Abundance Comments: The total wild population in February 2006 was estimated at 338. Fewer than 250 are mature in the only self-
sustaining population; for example, in 2005, 58 of the 72 known adult pairs in the Canadian population nested (Brian Johns, CWS, pers. comm.). 
 
The February 2006 population included: 215 individuals in the only self-sustaining Aransas-Wood Buffalo National Park Population that nests in 
Wood Buffalo National Park and adjacent areas in Canada and winters in coastal marshes in Texas; 59 captive-raised individuals released in an 
effort to establish a non-migratory Florida Population in central Florida; and 64 individuals introduced between 2001 and 2005 that migrate 
between Wisconsin and Florida in an eastern migratory population. The last remaining wild bird in the reintroduced Rocky Mountain Population 
died in the spring, 2002. The captive population contained 135 birds in February, 2006, with annual production from the Calgary Zoo, International 
Crane Foundation, Patuxent Wildlife Research Center, Species Survival Center, and the San Antonio Zoo. The total population of wild and captive 
whooping cranes in February, 2006, was 473.  

Estimated Number of Element Occurrences: 1 - 5 
Estimated Number of Element Occurrences Comments: Three populations currently exist (see Range Extent comments).  

Global Short Term Trend: Increasing (increase of >10%) 
Global Short Term Trend Comments: Wild population increased from a few dozen to a few hundred over the past three generations (generation 
time = 13 years; Gil de Weir 2006).  

Global Long Term Trend: Very large decline (decline of >90%, with <10% of population size, range extent, area occupied, and/or number or 
condition of occurrences remaining) 
Global Long Term Trend Comments: Historically, population size may have been as high as 10,000 (see CWS and USFWS 2007). A low point 
came in the mid-1900s when there were fewer than 50 whooping cranes in North America prior to 1968, with an all-time low of 21 as recently as 
1954 (CWS and USFWS 2007). With management the total wild population is now a few hundred. Annual growth of the population during the past
65 years has averaged 4.5% per year (CWS and USFWS 2007).  

Global Protection: Few (1-3) occurrences appropriately protected and managed 
Global Protection Comments: Virtually all significant occurrences are in national wildlife refuges, national parks, or declared critical habitats for 
this species.  
Global Protection Needs: Most EOs already are protected. Could extend winter refuge boundaries in Aransas N.W.R. to include Mustard Lake. 

Degree of Threat: Widespread, low-severity threat 
Threat Scope: High 
Threat Severity: Low 
Threat Immediacy: High 
Threats: Historically, population declines were caused by shooting and destruction of nesting habitat in the prairies from agricultural development. 
The species was listed as endangered because of low population numbers, slow reproductive potential (sexual maturity is delayed and pairs 
average less than 1 chick annually), cyclic nesting and wintering habitat suitability, a hazardous 4,000 km migration route that is traversed twice 
annually, and many human pressures on the wintering grounds. Current threats to wild cranes include collisions with manmade objects such as 
power lines and fences, accidental shooting, predators (especially predation of flightless chicks), disease (avian tuberculosis has been 
documented in the Aransas-Wood Buffalo population, and both West Nile virus and H5N1 avian influenza virus are emerging new threats of 
unknown proportion to both captive and wild populations), habitat destruction and contamination, severe weather, and a loss of two-thirds of the 
original genetic material. Threats to the captive flock include disease, accidents, and limited genetic material. [Source: CWS and USFWS 2007]  

Other Considerations: High mortality during vulnerable migratory period.  

Distribution  
U.S. States and Canadian Provinces 
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NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for common 
species have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status refers to the status 
as a non-breeder; these errors will be corrected in future versions of these maps. A species is not shown in a jurisdiction if it is not known to breed 
in the jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species may occur in a jurisdiction as a seasonal non-
breeding resident or as a migratory transient but this will not be indicated on these maps. See other maps on this web site that depict the Western 
Hemisphere ranges of these species at all seasons of the year.  
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to appear. Not 
all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage migrant range depicted. 
A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp.

U.S. & Canada State/Province Distribution 
United States AR , FL, GA, IA , ID , IL , KS, KY , LA, MN , MT, ND , NE, OK, SD, TN , TX, UT , WI , WY 

Canada AB, MB , NT, NU , ON, SK  
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Range Map Compilers: NatureServe, 2002; WILDSPACETM 2002 
 
Global Range: 1000-5000 square km (about 400-2000 square miles) 
Global Range Comments: The historical range extended from the Arctic coast of North Amercica south to central Mexico, and from Utah east to 
New Jersey, South Carolina, Georgia, and Florida; in the 19th and 20th centuries, nesting occurred principally in the region extending from central 
Canada to the north-central United States (see CWS and USFWS 2007). Current distribution includes just three populations: (1) the Aransas-
Wood Buffalo National Park Population that nests in Wood Buffalo National Park and adjacent areas in Canada (south-central Mackenzie and 
adjacent northern Alberta) and winters in coastal marshes in Texas, with significant migration stopovers in southern Saskatchewan, Nebraska, 
Kansas, and Oklahoma; (2) a reintroduced non-migratory Florida Population that occurs in central Florida; and (3) a reintroduced Eastern 
Migratory Population that migrates between Wisconsin (Necedah National Wildlife Refuge) and Florida (Chassahowitzka NWR) (CWS and 
USFWS 2007). 
 
Extent of occurrence (breeding) appears to be less than 5,000 square kilometers. 
 
Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
FL Osceola (12097) 

ID Bannock (16005)*, Bear Lake (16007)*, Bonneville (16019)*, Caribou (16029)*, Franklin (16041)*, Fremont (16043)*, 
Teton (16081)* 

KS Barton (20009), Stafford (20185) 

ND Burke (38013)*, Burleigh (38015)*, Divide (38023)*, Dunn (38025)*, Emmons (38029)*, Kidder (38043)*, McHenry (38049)*, 
McKenzie (38053)*, McLean (38055)*, Mercer (38057)*, Mountrail (38061)*, Renville (38075)*, Stutsman (38093)*, 
Ward (38101)*, Williams (38105)* 

NE Adams (31001), Antelope (31003), Blaine (31009), Box Butte (31013), Brown (31017), Buffalo (31019), Cherry (31031), 
Cheyenne (31033), Clay (31035), Custer (31041), Dawes (31045), Dawson (31047), Franklin (31061), Frontier (31063), 
Furnas (31065), Garden (31069), Garfield (31071), Gosper (31073), Grant (31075), Greeley (31077), Hall (31079), 
Hamilton (31081), Harlan (31083), Hayes (31085), Holt (31089), Howard (31093), Jefferson (31095), Kearney (31099), 
Keith (31101)*, Keya Paha (31103), Lincoln (31111), Logan (31113), Loup (31115), Merrick (31121)*, Nance (31125), 
Nuckolls (31129), Perkins (31135), Phelps (31137), Pierce (31139), Rock (31149), Sheridan (31161), Sherman (31163), 
Thomas (31171), Valley (31175), Webster (31181), Wheeler (31183) 

OK Comanche (40031), Ellis (40045), Kingfisher (40073) 
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Ecology & Life History  
Basic Description: A very tall, mostly white, long-legged bird (crane). 
General Description: A very tall, mainly white bird with a long neck, long legs, and red facial skin; black primaries are evident in flight; immatures 
are mainly white but have pale reddish-brown head and neck and similar color scattered elsewhere on the body. 
Diagnostic Characteristics: Differs from sandhill crane in being mainly white instead of gray. Differs from white ibis in being larger and having a 
straight bill rather than a decurved one. Differs from white herons and egrets in having black primaries and red facial skin. Differs from snow goose 
in having much longer legs and neck. Differs from white swans in having black primaries, much longer legs, and a pointed bill. 
Reproduction Comments: Breeding begins in early May. Pair mates for life. Both sexes, in turn, incubate 2, sometimes 1-3, eggs for 33-34 days. 
Nestlings are precocial. Young are tended by both adults, fledge when no less than 10 weeks old (no earlier than mid-August), remain with 
parents until following year (dissociate after arrival on breeding grounds). Sexually mature at 4-6 years. 
Ecology Comments: Population has exhibited 10-year periodicity (Boyce and Miller 1985, Dennis et al. 1991).  
 
Mated pairs and families establish and defend winter territories on coastal marshes in Texas. Breeding territories are very large, averaging 770 ha 
(Johnsgard 1991). Home ranges of breeding pairs in Canada were about 3-19 sq km (Kuyt 1993). 
Non-Migrant: Y 
Locally Migrant: N 
Long Distance Migrant: Y 
Mobility and Migration Comments: Now migrates mainly through Great Plains from southern Canada and Dakotas south to Texas (arrives 
around mid-October). Introduced individuals migrate from Idaho (also Utah, Montana, and Wyoming) south primarily to central New Mexico (this 
population is headed for extirpation). Pairs or family groups begin northward migration early to mid-April. An 85,000 sq km area in Saskatchewan 
appears to serve as a premigratory staging area in fall, but there are no critical, traditional wetlands used elsewhere by migrants (Howe 1989). 
Spring migrants use Platte Valley during northward migration. See Howe (1989) for information on migration between Texas and Saskatchewan 
(distribution patterns of radio-tracked individuals differed greatly from distributions derived from opportunistic sightings). See also Johnsgard 
(1991) for details on spring and fall migration.  
 
An attempt to establish a nonmigratory population in Florida was underway in the early 1990s. 
Estuarine Habitat(s): Herbaceous wetland, Lagoon, Tidal flat/shore 
Lacustrine Habitat(s): Shallow water 
Palustrine Habitat(s): HERBACEOUS WETLAND, Riparian 
Terrestrial Habitat(s): Cropland/hedgerow, Grassland/herbaceous 
Habitat Comments: Nesting occurs in dense emergent vegetation (sedge, bulrush) in shallow (often slightly alkaline) ponds (Kuyt 1995), 
freshwater marshes, wet prairies, or along lake margins. Pothole breeding sites in Canada are separated by narrow ridges vegetated by black 
spruce, tamarack, and willow. The nest is a mound of marsh vegetation rising about 20-50 centimeters above the surrounding water level. 
 

SD Aurora (46003), Beadle (46005), Bennett (46007), Brookings (46011)*, Brule (46015), Butte (46019), Campbell (46021), 
Charles Mix (46023), Codington (46029), Corson (46031), Dewey (46041), Douglas (46043)*, Edmunds (46045), 
Haakon (46055), Hand (46059), Hughes (46065), Hyde (46069), Jackson (46071), Kingsbury (46077), Lyman (46085), 
McPherson (46089), Meade (46093), Mellette (46095), Pennington (46103), Perkins (46105), Potter (46107), Spink (46115),
Stanley (46117), Sully (46119), Tripp (46123), Union (46127)*, Walworth (46129), Ziebach (46137) 

TX Aransas (48007), Brazoria (48039), Calhoun (48057), Clay (48077), Refugio (48391) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

03 Upper St. Johns (03080101)+ 

09 Upper Souris (09010001)+, Des Lacs (09010002)+, Lower Souris (09010003)+ 

10 Lake Sakakawea (10110101)+, Little Muddy (10110102)+, Rapid (10120110)+, Middle Cheyenne-Elk (10120111)+, 
Lower Cheyenne (10120112)+, Cherry (10120113)+, Lower Belle Fourche (10120202)+, Painted Woods-Square 
Butte (10130101)+, Upper Lake Oahe (10130102)+, Apple (10130103)+, Lower Lake Oahe (10130105)+, West 
Missouri Coteau (10130106)+, Knife (10130201)+, South Fork Grand (10130302)+, Grand (10130303)+, Upper 
Moreau (10130305)+, Lower Moreau (10130306)+, Fort Randall Reservoir (10140101)+, Bad (10140102)+, Medicine 
Knoll (10140103)+, Medicine (10140104)+, Upper White (10140201)+, Middle White (10140202)+, Little 
White (10140203)+, Lower White (10140204)+, Ponca (10150001)+, Upper Niobrara (10150003)+, Middle 
Niobrara (10150004)+, Snake (10150005)+, Keya Paha (10150006)+, Elm (10160004)+, Mud (10160005)+, Middle 
James (10160006)+, Snake (10160008)+, Turtle (10160009)+, Lower James (10160011)+, Lewis and Clark 
Lake (10170101)+, Middle Big Sioux Coteau (10170201)+, Upper Big Sioux (10170202)+, Middle North Platte-Scotts 
Bluff (10180009)+, Lower North Platte (10180014)+, Lower South Platte (10190018)+, Middle Platte-
Buffalo (10200101)+, Wood (10200102)+, Middle Platte-Prairie (10200103)+, Upper Middle Loup (10210001)+, 
Dismal (10210002)+, Lower Middle Loup (10210003)+, South Loup (10210004)+, Mud (10210005)+, Upper North 
Loup (10210006)+, Lower North Loup (10210007)+, Calamus (10210008)+, Loup (10210009)+, Cedar (10210010)+, 
Upper Elkhorn (10220001)+, North Fork Elkhorn (10220002)+, Upper Republican (10250004)+, Red 
Willow (10250007)+, Medicine (10250008)+, Harlan County Reservoir (10250009)+, Prairie Dog (10250015)+, Middle
Republican (10250016)+, Upper Big Blue (10270201)+, Middle Big Blue (10270202)+, West Fork Big 
Blue (10270203)+, Upper Little Blue (10270206)+ 

11 Rattlesnake (11030009)+, Cow (11030011)+, Lower Cimarron-Skeleton (11050002)+, Lower Canadian-
Deer (11090201)+, Cache (11130202)+, Wichita (11130206)+ 

12 San Bernard (12090401)+, West San Antonio Bay (12100404)+ 

16 Bear Lake (16010201)+, Middle Bear (16010202)+ 

17 Upper Henrys (17040202)+, Teton (17040204)+, Willow (17040205)+, Blackfoot (17040207)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 
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Habitat during migration and winter includes marshes, shallow lakes, lagoons, salt flats, grain and stubble fields, and barrier islands (AOU 1983, 
Matthews and Moseley 1990). Radio-marked migrants roosted primarily in palustrine wetlands, many of which were smaller than 0.5 hectares 
(Howe 1989). Migration habitat includes mainly sites with good horizontal visibility, water depth of 30 centimeters or less, and minimum wetland 
size of 0.04 hectares for roosting (Armbruster 1990, which see for further details).  
 
Adult Food Habits: Carnivore, Frugivore, Granivore, Invertivore, Piscivore 
Immature Food Habits: Carnivore, Frugivore, Granivore, Invertivore, Piscivore 
Food Comments: During summer, feeds on insects, crustaceans, and berries; winter diet includes grains, acorns, wolfberry fruit, insects, 
crustaceans (e.g., blue crab, crayfish), mollusks (e.g., the clam TAGELLUS PLEBIUS and the snail MELAMPUS COFFEUS), fishes, amphibians, 
reptiles, marine worms (USFWS 1980, Hunt and Slack 1989). Blue crabs obtained from flooded tidal flats and sloughs dominate diet in Texas until 
January; then cranes move to shallow bays and channels to eat clams and an occasional crab (Matthews and Moseley 1990). Radio-marked 
migrants fed primarily in a variety of croplands (Howe 1989). Probes in mud or sand in or near shallow water, takes prey from water column, or 
picks items from substrate (Ehrlich et al. 1992). 
Adult Phenology: Diurnal 
Immature Phenology: Diurnal 
Length: 132 centimeters 
Weight: 5826 grams 

Management Summary  
Stewardship Overview: The wild whooping crane population is characterized by low numbers, slow reproductive potential, and limited genetic 
diversity. A stochastic, catastrophic event could eliminate the wild, self-sustaining Aransas-Wood Buffalo population (AWBP). Therefore, the 
recovery strategy involves: protection and enhancement of the breeding, migration, and wintering habitat for the AWBP to allow the wild flock to 
grow and reach ecological and genetic stability; reintroduction and establishment of self-sustaining wild flocks within the species' historic range 
and that are geographically separate from the AWBP to ensure resilience to catastrophic events; and maintenance of a captive breeding flock to 
protect against extinction. Offspring from the captive breeding population will be released into the wild to establish these populations. Production 
by released birds and their offspring will ultimately result in selfsustaining wild populations. The continued growth of the AWBP, establishment of 
additional populations, and maintenance of the captive flock will also address the loss of genetic diversity. [Source: CWS and USFWS 2007] 
Restoration Potential: See Recovery Plan (CWS and USFWS 2007). 
Management Requirements: See Recovery Plan (CWS and USFWS 2007). 
Population/Occurrence Delineation  
Use Class: Breeding  
Minimum Criteria for an Occurrence: Evidence of breeding (including historical); and potential recurring breeding at a given location, minimally 
a reliable observation of one or more breeding pairs in appropriate habitat. Be cautious about creating EOs for observations that may represent 
single breeding events outside the normal breeding distribution.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 15 km  
Separation Distance for Suitable Habitat: 15 km  
Separation Justification: Based on a home range of 19 square kilometers; breeding home ranges vary from 3 to 19 square kilometers (Kuyt 
1993).  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 2 km  
Inferred Minimum Extent Justification: Based on a small home range of 3 square kilometers (Kuyt 1993). 
Date: 09Oct2001 
Author: Cannings, S. G. 
 
Use Class: Migratory stopover  
Minimum Criteria for an Occurrence: Evidence of recurring presence of migrating individuals or flocks (including historical); and potential 
recurring presence at a given location, minimally a reliable observation of an individual in appropriate habitat. Occurrences should be locations 
where the species is resident for some time during the appropriate season; it is preferable to have observations documenting presence over at 
least 7 days annually. Be cautious about creating EOs for observations that may represent single events.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 10 km  
Separation Distance for Suitable Habitat: 10 km  
Separation Justification: Arbitrary distance; occurrences defined primarily on the basis of areas supporting concentrations of roosting or foraging 
birds, rather than on the basis of distinct populations.  
Date: 17Apr2002 
Author: Cannings, S. 
 
Use Class: Nonbreeding  
Minimum Criteria for an Occurrence: Evidence of recurring presence of wintering flocks (including historical); and potential recurring presence 
at a given location, minimally a reliable observation of an individual in appropriate habitat. Occurrences should be locations where the species is 
resident for some time during the appropriate season; it is preferable to have observations documenting presence over at least 20 days annually. 
Be cautious about creating EOs for observations that may represent single events.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 10 km  
Separation Distance for Suitable Habitat: 10 km  
Separation Justification: Arbitrary distance; occurrences defined primarily on the basis of areas supporting concentrations of roosting or foraging 
birds, rather than on the basis of distinct populations.  
Date: 17Apr2002 
Author: Cannings, S. 

Economic Attributes Not yet assessed
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Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 17Oct2008 
NatureServe Conservation Status Factors Author: Hammerson, G. 
Element Ecology & Life History Edition Date: 15Oct2008 
Element Ecology & Life History Author(s): Hammerson, G. 

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors and 
cooperators (see Sources).  
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Genus Size: A - Monotypic genus 

Concept Reference  
Concept Reference: American Ornithologists' Union (AOU). 1998. Check-list of North American birds. Seventh edition. American 
Ornithologists' Union, Washington, DC. 829 pp. 
Concept Reference Code: B98AOU01NAUS 
Name Used in Concept Reference: Mycteria americana 
Taxonomic Comments: Genetic analyses yielded no evidence of discrete subpopulations in Florida (Stangel et al. 1990). Indeed, Van Den 
Bussche et al. (1999) found low levels of genetic variablity among Georgia and Florida Wood Storks and recommended that "all colonies of 
Wood Storks in the southeastern United States be managed...as a single interbreeding population." Similar surveys of South and Central 
American populations are not available. 
Conservation Status  

NatureServe Status 

Global Status: G4  
Global Status Last Reviewed: 20Nov1996 
Global Status Last Changed: 20Nov1996 
Rounded Global Status: G4 - Apparently Secure  
Reasons: Large range from the southeastern U.S. and Mexico to South America; populations are relatively stable and apparently secure on 
a global basis; U.S. population has been stable in recent years, but nesting and feeding areas have been negatively impacted by human 
alteration of the natural hydrological conditions. 
Nation: United States  
National Status: N3  
 

Other Statuses 

Implied Status under the U.S. Endangered Species Act: PS:LE  
U.S. Fish & Wildlife Service Lead Region: R4 - Southeast  
IUCN Red List Category: LC - Least concern  
Comments on official statuses: Listed by USFWS as Endangered in Alabama, Florida, Georgia, North Carolina, and South Carolina; not 

    

  << Previous | Next >>  View Glossary

Kingdom Phylum Class Order Family Genus

Animalia Craniata Aves Ciconiiformes Ciconiidae Mycteria

Check this box to expand all report sections: 

U.S. & Canada State/Province Status 
United 
States 

Alabama (S2N), Arizona (S1N), Arkansas (SNA), California (S2?), District of Columbia (SHN), Florida (S2), Georgia (S2), 
Louisiana (SNA), Mississippi (S2N), North Carolina (S1B,S1N), South Carolina (S1S2), Tennessee (S3N), Texas (SHB,S2N) 

Mycteria americana - Linnaeus, 1758  
Wood Stork  
Spanish Common Names: Cigüeña Americana, Tuyuyú, Bato Cabeza Seca
French Common Names: Tantale d'Amérique  
Other Common Names: Cabeça-Seca  
Related ITIS Name(s): Mycteria americana Linnaeus, 1758 (TSN 174897) 
Unique Identifier: ELEMENT_GLOBAL.2.105982  
Element Code: ABNGF02010  
Informal Taxonomy: Animals, Vertebrates - Birds - Wading Birds

© Larry Master
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listed elsewhere (Federal Register, 28 February 1984. 

NatureServe Conservation Status Factors 

Global Abundance: 10,000 - 1,000,000 individuals 
Global Abundance Comments: There are no known rangewide estimates for population numbers. The largest colonies are in the 
Usumacinta-Grijalva delta in southeastern Mexico; these colonies had 5000-10,000 pairs in the 1980s (Ogden et al. 1989). U.S. breeding 
pupulation was more or less stable at 7000-10,000 pairs in the early 1990s (Bancroft et al. 1992). Manry (1993) stated that only 4086 pairs 
were found in U.S. range in 1991. The U.S. Fish and Wildlife Service (1996; see Federal Register, 25 March 1996, also) stated that the U.S. 
population was 5500-6500 pairs over the last 12 years. The Florida population was estimated at: 9400 adults in 1983; 9500 adults in 1984; 
5215 pairs in 1985; and 5130 pairs in 1986. "Statewide surveys in 1993, 1994, and 1995 produced estimates of 4402 (29 colonies), 3588 (26 
colonies), and 5523 (33 colonies), respectively, in Florida... The numbers of storks nesting [were]...1661 pairs at 11 colonies in Georgia (M. 
Harris, pers. comm), and 806 pairs at 3 colonies in South Carolina (T. Murphy, pers. comm.) during 1993." (Ogden 1996).  

Estimated Number of Element Occurrences: 21 - 300 
Estimated Number of Element Occurrences Comments: Occurs locally throughout range in North, Central, and South America.  

Global Short Term Trend: Stable (unchanged or within +/- 10% fluctuation in population, range, area occupied, and/or number or condition 
of occurrences) 
Global Short Term Trend Comments: The U.S. Fish and Wildlife Service (1990) categorized the status of the southeastern U.S. population 
as "stable." Breeding populations from Mexico to South America appear to be stable (Matthews and Moseley 1990).  

Global Long Term Trend: Unknown 
Global Long Term Trend Comments: Rangewide trends unknown. Breeding population in the southeastern U.S. declined from 16,000-
20,000 pairs in the 1930s to 10,000 pairs in 1960 to 2500-5000 pairs in the late 1970s (Ogden and Patty 1981, Spendelow and Patton 1988); 
increased to 5000-6000 pairs in the mid-1980s. Since the 1960s, the southern Florida population has substantially declined whereas 
populations in northern Florida, Georgia, and South Carolina have substantially increased (USFWS 1996).  

Global Inventory Needs: Need numerical status and distribution information in most of its range except for the U.S. Continue monitoring 
populations where now monitored. Identify feeding areas essential to support rookeries and non-breeding assemblages of storks. 

Global Protection: Unknown whether any occurrences are appropriately protected and managed 
Global Protection Comments: Many occurences are in national wildlife refuges, national parks, National Audubon sanctuaries, and state-
owned lands within the U.S. Unknown oustide U.S.; however, occurrences within protected areas can mean very little. Dramatic declines in 
the "protected" south Florida occurrences are thought to be the result of reduced nesting success, associated with an inadequate food supply 
caused in part by disruption and drainage of wetlands (see Threat Comments). See state ranking forms for specific protected sites.  
Global Protection Needs: Do whatever necessary to restore more natural hydrological conditions within the range of the wood stork. 
Provide adequate feeding habitat for existing rookeries. Restore and enhance habitat. Restrict the use of pesticides in stork habitat. Protect 
any nesting areas that are not yet protected. Increase public awareness. See recovery plan (USFWS 1996). 

Degree of Threat: AB 
Threats: A major problem is low productivity, associated with inadequate food, caused in part by disruption and drainage of wetlands (see 
Van Meter 1989). The U.S. population (especially Florida) is threatened by human manipulation of water regimes, affecting both nesting sites 
and feeding areas. The long reproductive lifespan of the wood stork allows it to tolerate reproductive failure in some years, but artificially 
modified hydrological regimes, exacerbated by naturally occurring events (e.g., prolonged drought or unseasonal heavy rainfall), have caused 
nesting failures to become chronic in some of the important south Florida rookeries. Additional loss of habitat stems from logging and 
development. Nest predation by raccoons has been a problem in some areas. Human disturbance causes adults to leave their nests, 
exposing the eggs/young to predators (Van Meter 1989).  

Distribution  
U.S. States and Canadian Provinces 
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NOTE: The maps for birds represent the breeding status by state and province. In some jurisdictions, the subnational statuses for common 
species have not been assessed and the status is shown as not-assessed (SNR). In some jurisdictions, the subnational status refers to the 
status as a non-breeder; these errors will be corrected in future versions of these maps. A species is not shown in a jurisdiction if it is not 
known to breed in the jurisdiction or if it occurs only accidentally or casually in the jurisdiction. Thus, the species may occur in a jurisdiction as 
a seasonal non-breeding resident or as a migratory transient but this will not be indicated on these maps. See other maps on this web site 
that depict the Western Hemisphere ranges of these species at all seasons of the year.  
Endemism: occurs (regularly, as a native taxon) in multiple nations 
 

 
Range Map 
Note: Range depicted for New World only. The scale of the maps may cause narrow coastal ranges or ranges on small islands not to appear. 
Not all vagrant or small disjunct occurrences are depicted. For migratory birds, some individuals occur outside of the passage migrant range 
depicted. A shapefile of this map is available for download at www.natureserve.org/getData/animalData.jsp. 

U.S. & Canada State/Province Distribution 
United States AL, AR, AZ, CA, DC, FL, GA, LA, MS, NC, SC, TN, TX 
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Range Map Compilers: NatureServe, 2002 
 
Global Range: >2,500,000 square km (greater than 1,000,000 square miles) 
Global Range Comments: Resident from southern Sonora, Mexican Plateau (rarely), U.S. Gulf Coast (Florida, formerly west to Texas), and 
Atlantic coast (South Carolina to southern Florida), south in lowlands to South America (to western Ecuador, eastern Peru, Bolivia, northern 
Argentina), and Antilles (Cuba, Hispaniola). The southeastern U.S. population is probably disjunct from those in Mexico-Central America. 
Some individuals, especially juveniles, wander north after the breeding season; may occur up the Mississippi Valley to Arkansas and west 
Tennessee and up the Atlantic coast to North Carolina; Mexican breeders may range to Texas and Louisiana. Recent breeding in the U.S. 
has occurred in Florida, southeastern Georgia (Ruckdeschel and Shoop 1989, Bratton and Hendricks 1990), and South Carolina. Center of 
breeding range in the U.S. has shifted northward since the mid-1970s (Ogden et al. 1987); the Everglades has become of lesser importance 
as a breeding area but remains critical as a foraging area, especially during dry years (Ehrlich et al. 1992), when possibly as much as 55% of 
the total U.S. population may use the Water Conservation Areas north of Everglades National Park (at least 8-10% in wet years) (Bancroft et 
al. 1992). Southeastern U.S. breeders winter within the breeding range, rarely north to northwestern Florida and coastal Georgia. In the U.S., 
the highest winter densities occur in peninsular Florida (Gulf and Atlantic coasts) (Root 1988). 
 
Natural heritage records exist for the following U.S. counties 
State County Name (FIPS Code)
AL Montgomery (01101) 

FL Alachua (12001), Baker (12003), Brevard (12009), Broward (12011), Calhoun (12013), Charlotte (12015), 
Citrus (12017), Collier (12021), Columbia (12023), Duval (12031), Glades (12043), Gulf (12045), Hardee (12049), 
Hendry (12051), Highlands (12055), Hillsborough (12057), Indian River (12061), Jackson (12063), Lafayette (12067), 
Lake (12069), Lee (12071), Leon (12073), Levy (12075), Marion (12083), Martin (12085), Miami-Dade (12086), 
Monroe (12087), Nassau (12089), Okeechobee (12093), Orange (12095), Osceola (12097), Palm Beach (12099), 
Pasco (12101), Pinellas (12103), Polk (12105), Putnam (12107), Sarasota (12115), Seminole (12117), St. 
Johns (12109), St. Lucie (12111), Sumter (12119), Taylor (12123), Volusia (12127) 

GA Brantley (13025), Brooks (13027), Camden (13039), Charlton (13049), Chatham (13051), Glynn (13127), 
Jenkins (13165), Liberty (13179), Long (13183), Mcintosh (13191), Screven (13251), Thomas (13275), Ware (13299), 
Wayne (13305), Worth (13321) 

MS Adams (28001), Claiborne (28021), Coahoma (28027), Sharkey (28125), Warren (28149)* 
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Ecology & Life History  
Basic Description: Wood stork; Ciconiidae 
General Description: A large, tall bird with long, broad wings; black flight feathers and tail contrast with white body; adult has bare, dark-gray 
head (feathered and grayish brown in immature); bill is long, thick, and downcurved; averages 102 cm long, 155 cm wingspan (NGS 1983). 
Diagnostic Characteristics: Differs from the jabiru by smaller size, smaller bill that turns downward rather than slightly upward, and by black
(rather than white) flight feathers and tail. Differs from white ibis in larger size, thicker bill, and black tail. Differs from egrets and herons in 
having a curved bill rather than a straight one. (NGS 1983). 
Reproduction Comments: Nesting is tied to receding water levels and concentration of food sources, regardless of date. Clutch size is 2-5 
(often 3). Incubation, by both sexes, lasts 28-32 days. Both parents tend young, which leave nest at 50-55 days (also reported as 9 weeks), 
return to nest for feeding and roosting until 75 days old. Nests in colonies of a few to thousands of pairs.  
 
In Georgia, nesting was most successful if nesters did not experience (a) periods of cold weather and (b) raccoon predation that was 
associated with drying of the water under the colony (Coulter and Bryan 1995). 
Ecology Comments: Notably gregarious. Roosts communally.  
 
In Georgia, lower water level led to lower nesting success because of increased predation of young, presumably by alligators (Ruckdeschel 
and Shoop 1989). Rise in water level during nesting period may result in breeding colony abandonment (Ramo and Busto 1992). 
Non-Migrant: Y 
Locally Migrant: N 
Long Distance Migrant: N 
Mobility and Migration Comments: Individuals from Mexican west coast are regular post-breeding migrants in California and Arizona; 
breeders from eastern Mexico appear in Texas and Louisiana (Matthews and Moseley 1990). 
Estuarine Habitat(s): Lagoon, Scrub-shrub wetland 
Lacustrine Habitat(s): Shallow water 
Palustrine Habitat(s): FORESTED WETLAND, HERBACEOUS WETLAND, Riparian, SCRUB-SHRUB WETLAND, TEMPORARY POOL 
Habitat Comments: Chiefly freshwater situations: marshes, swamps, lagoons, ponds, flooded fields; depressions in marshes are important 
during drought; also occurs in brackish wetlands. Nests mostly in upper parts of cypress trees, mangroves, or dead hardwoods over water or 
on islands along streams or adjacent to shallow lakes. Feeds in freshwater marshes, swamps, lagoons, ponds, flooded pastures and flooded 
ditches, depressions in marshes (especially during drought). 
Adult Food Habits: Piscivore 
Immature Food Habits: Piscivore 
Food Comments: Eats mainly fishes (usually over 3.5 cm long), also miscellaneous other small animals, detected mainly by contact with 
touch-sensitive bill. Forages mainly in shallow water (about 15-50 cm deep) and flooded fields; attracted to areas with falling water level and 
hence concentrated food sources (Palmer 1962, Ogden et al. 1978). May feed cooperatively, wading together in shallow water (Hilty and 
Brown 1986). Conservative estimate is that one pair requires about 200 kg of fish in one breeding season to supply needs of adults and 
young (see Van Meter 1989). May travel long distances (sometimes over 100 km, usually not more than 56 km) between nesting and feeding 
areas when feeding young (Ogden et al. 1978). 
Adult Phenology: Circadian 
Immature Phenology: Circadian 
Colonial Breeder: Y 
Length: 102 centimeters 
Weight: 2702 grams 

NC Brunswick (37019), Columbus (37047), Sampson (37163) 

SC Bamberg (45009), Beaufort (45013), Calhoun (45017), Charleston (45019), Colleton (45029), Georgetown (45043), 
Hampton (45049), Horry (45051), Jasper (45053), Newberry (45071) 

* Extirpated/possibly extirpated 

U.S. Distribution by Watershed (based on available natural heritage records) 
Watershed 
Region  Watershed Name (Watershed Code)

03 Black (03030006)+, Black (03040205)+, Waccamaw (03040206)+, Carolina Coastal-Sampit (03040207)+, 
Saluda (03050109)+, Congaree (03050110)+, Santee (03050112)+, Cooper (03050201)+, South Carolina 
Coastal (03050202)+, Edisto (03050205)+, Salkehatchie (03050207)+, Broad-St. Helena (03050208)+, 
Brier (03060108)+, Upper Ogeechee (03060201)+, Ogeechee Coastal (03060204)+, Altamaha (03070106)+, 
Satilla (03070201)+, Cumberland-St. Simons (03070203)+, St. Marys (03070204)+, Upper St. Johns (03080101)
+, Oklawaha (03080102)+, Lower St. Johns (03080103)+, Daytona - St. Augustine (03080201)+, Cape 
Canaveral (03080202)+, Vero Beach (03080203)+, Kissimmee (03090101)+, Western Okeechobee 
Inflow (03090103)+, Lake Okeechobee (03090201)+, Everglades (03090202)+, Big Cypress Swamp (03090204)
+, Caloosahatchee (03090205)+, Peace (03100101)+, Myakka (03100102)+, Charlotte Harbor (03100103)+, 
Sarasota Bay (03100201)+, Alafia (03100204)+, Hillsborough (03100205)+, Tampa Bay (03100206)+, Crystal-
Pithlachascotee (03100207)+, Withlacoochee (03100208)+, Econfina-Steinhatchee (03110102)+, 
Aucilla (03110103)+, Upper Suwannee (03110201)+, withlacoochee (03110203)+, Lower Suwannee (03110205)
+, Santa Fe (03110206)+, Apalachee Bay-St. Marks (03120001)+, Upper Ochlockonee (03120002)+, Lower 
Ochlockonee (03120003)+, Middle Flint (03130006)+, Apalachicola (03130011)+, Lower Tallapoosa (03150110)+ 

08 Lower Mississippi-Helena (08020100)+, Big Sunflower (08030207)+, Lower Mississippi-Natchez (08060100)+, 
Homochitto (08060205)+ 

+ Natural heritage record(s) exist for this watershed 
* Extirpated/possibly extirpated 

Economic Attributes Not yet assessed
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Management Summary  
Restoration Potential: The earliest possible data for complete recovery of the U.S. population is 2005, but a more realistic date might be 
2015-2020 (USFWS 1996). 
Management Requirements: See recovery plan (USFWS 1996). Control of water level is critical to the management of this species. See 
Coulter (1990) and Matthews and Moseley (1990) for information on the successful creation of artificial foraging habitat at Kathwood Lake, 
Silverbluff Plantation Sanctuary, South Carolina. 
Biological Research Needs: Continue research on the role of water management regimes in relation to productivity of rookeries. Study 
rookeries in north and central FL and the degree of interchange with south FL colonies. Monitor recruitment and factors that affect it. Evaluate 
dredge and fill activities for affects on wood stork nesting and feeding areas. Evaluate prey response to water management regimes. 
Population/Occurrence Delineation  
Group Name: COLONIAL WADING BIRDS 
 
Use Class: Breeding  
Subtype(s): Breeding Colony, Foraging Area  
Minimum Criteria for an Occurrence: Evidence of historical breeding , or current and likely recurring breeding, at a given location, 
minimally a reliable observation of one or more breeding pairs in appropriate habitat. Small heron colonies (rookeries or heronries) are often 
ephemeral in nature; recommend tracking rookeries which maintain a minimum of 15 active nests over 2-3 years. Where concentrations of 
non-breeding individuals occur within the boundaries of a breeding occurrence (especially if augmented by migrants), consider creating a 
separate occurrence with Location Use Class 'Nonbreeding.'  
Mapping Guidance: Map Foraging Areas in separate polygons from the breeding colony if they are separated from the colony by areas 
simply flown over on commuting routes.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 5 km  
Separation Distance for Suitable Habitat: 10 km  
Separation Justification: Occurrences include breeding colonies and foraging areas, but the separation distance pertains to breediing 
colonies. Hence, difference occurrences may overlap. Unsuitable habitat: upland areas, except those known to be used regularly for foraging 
(e.g., meadows used by great egrets). 
 
Separation distance is an arbitrary compromise between the high mobility of these birds and the need for occurrences of practical size for 
conservation planning. Occurrences do not necessarily represent discrete populations or metapopulations. 
 
Colony fidelity low in some species (e.g. Roseate Spoonbill, Dumas 2000; Glossy Ibis, Davis and Kricher 2000).  
 
Feeding areas associated with a breeding colony (i.e. different features of the same occurrence) may be a number of kilometers away from 
the colony: averaging 12 kilometers for Roseate Spoonbill (Dumas 2000); 7.3 kilometers for Glossy Ibis (Davis and Kricher 2000); 2.8 to more 
than 5 kilometers for Snowy Egrets (Smith 1995).  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 3 km  
Inferred Minimum Extent Justification: A low mean foraging range size for this group. 
Date: 28Oct2004 
Author: Cannings, S., and G. Hammerson 
 
Use Class: Nonbreeding  
Subtype(s): Roost, Foraging area  
Minimum Criteria for an Occurrence: Evidence of recurring presence of flocks of non-breeding birds (including historical), including non-
breeding birds within the breeding season and breeding individuals outside the breeding season; and potential recurring presence at a given 
location. Normally only areas where concentrations greater than 10 birds occur regularly for at least 20 days per year would be deemed 
occurrences. Be cautious about creating occurrences for observations that may represent single events.  
Separation Barriers: None.  
Separation Distance for Unsuitable Habitat: 10 km  
Separation Distance for Suitable Habitat: 10 km  
Separation Justification: Separation distance arbitrary, set at 10 kilometers to define occurrences of manageable size for conservation 
purposes. Occurrences defined primarily on the basis of areas supporting concentrations of foraging birds, rather than on the basis of distinct 
populations.  
Inferred Minimum Extent of Habitat Use (when actual extent is unknown): 3 km  
Inferred Minimum Extent Justification: Based on foraging ranges from breeding rookeries. 
Date: 19Apr2002 
Author: Cannings, S. 
Population/Occurrence Viability  
Justification: Use the Generic Element Occurrence Rank Specifications (2008).  
Key for Ranking Species Element Occurrences Using the Generic Approach (2008).  

Authors/Contributors  
NatureServe Conservation Status Factors Edition Date: 09May1996 
NatureServe Conservation Status Factors Author: NeSmith, C. C., D. R. Jackson, and G. Hammerson 
Element Ecology & Life History Edition Date: 05Apr1996

U.S. Invasive Species Impact Rank (I-Rank)  Not yet assessed
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Element Ecology & Life History Author(s): Hammerson, G.

Zoological data developed by NatureServe and its network of natural heritage programs (see Local Programs) and other contributors and 
cooperators (see Sources).  
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Note:All species and ecological community data presented in NatureServe Explorer at http://www.natureserve.org/explorer were updated 
to be current with NatureServe's central databases as of July 17, 2009.  
Note: This report was printed on October 15, 2009  

Trademark Notice: "NatureServe", NatureServe, NatureServe Explorer, The NatureServe logo, and all other names of NatureServe 
programs referenced herein are trademarks of NatureServe. Any other product or company names mentioned herein are the trademarks 
of their respective owners. 

Copyright Notice: Copyright © 2009 NatureServe, 1101 Wilson Boulevard, 15th Floor, Arlington Virginia 22209, U.S.A. All Rights 
Reserved. Each document delivered from this server or web site may contain other proprietary notices and copyright information relating 
to that document. The following citation should be used in any published materials which reference the web site.  

Citation for data on website including State Distribution, Watershed, and Reptile Range maps:  
NatureServe. 2009. NatureServe Explorer: An online encyclopedia of life [web application]. Version 7.1. 
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Citation for Bird Range Maps of North America:  
Ridgely, R.S., T.F. Allnutt, T. Brooks, D.K. McNicol, D.W. Mehlman, B.E. Young, and J.R. Zook. 2003. Digital 
Distribution Maps of the Birds of the Western Hemisphere, version 1.0. NatureServe, Arlington, Virginia, USA.  

Acknowledgement Statement for Bird Range Maps of North America:  
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Migratory Bird Program, Conservation International - CABS, World Wildlife Fund - US, and Environment 
Canada - WILDSPACE."  

Citation for Mammal Range Maps of North America:  
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Conservation International, and NatureServe, Washington, DC and Arlington, Virginia, USA.  

Acknowledgement Statement for Amphibian Range Maps of the Western Hemisphere:  
"Data developed as part of the Global Amphibian Assessment and provided by IUCN-World Conservation 
Union, Conservation International and NatureServe."  

NOTE: Full metadata for the Bird Range Maps of North America is available at: 
http://www.natureserve.org/library/birdDistributionmapsmetadatav1.pdf.  

Full metadata for the Mammal Range Maps of North America is available at: 
http://www.natureserve.org/library/mammalsDistributionmetadatav1.pdf.  

Restrictions on Use: Permission to use, copy and distribute documents delivered from this server is hereby granted under the following 
conditions: 

1. The above copyright notice must appear in all copies;  
2. Any use of the documents available from this server must be for informational purposes only and in no instance for 

commercial purposes;  
3. Some data may be downloaded to files and altered in format for analytical purposes, however the data should still be 

referenced using the citation above;  
4. No graphics available from this server can be used, copied or distributed separate from the accompanying text. Any 

rights not expressly granted herein are reserved by NatureServe. Nothing contained herein shall be construed as 
conferring by implication, estoppel, or otherwise any license or right under any trademark of NatureServe. No 
trademark owned by NatureServe may be used in advertising or promotion pertaining to the distribution of 
documents delivered from this server without specific advance permission from NatureServe. Except as expressly 
provided above, nothing contained herein shall be construed as conferring any license or right under any 
NatureServe copyright.  

Information Warranty Disclaimer: All documents and related graphics provided by this server and any other documents which are 
referenced by or linked to this server are provided "as is" without warranty as to the currentness, completeness, or accuracy of any 
specific data. NatureServe hereby disclaims all warranties and conditions with regard to any documents provided by this server or any 
other documents which are referenced by or linked to this server, including but not limited to all implied warranties and conditions of 
merchantibility, fitness for a particular purpose, and non-infringement. NatureServe makes no representations about the suitability of the 
information delivered from this server or any other documents that are referenced to or linked to this server. In no event shall NatureServe 
be liable for any special, indirect, incidental, consequential damages, or for damages of any kind arising out of or in connection with the 
use or performance of information contained in any documents provided by this server or in any other documents which are referenced by 
or linked to this server, under any theory of liability used. NatureServe may update or make changes to the documents provided by this 
server at any time without notice; however, NatureServe makes no commitment to update the information contained herein. Since the 
data in the central databases are continually being updated, it is advisable to refresh data retrieved at least once a year after its receipt. 
The data provided is for planning, assessment, and informational purposes. Site specific projects or activities should be reviewed for 
potential environmental impacts with appropriate regulatory agencies. If ground-disturbing activities are proposed on a site, the 
appropriate state natural heritage program(s) or conservation data center can be contacted for a site-specific review of the project area 
(see Visit Local Programs). 

Feedback Request: NatureServe encourages users to let us know of any errors or significant omissions that you find in the data through 
(see Contact Us). Your comments will be very valuable in improving the overall quality of our databases for the benefit of all users. 

Page 9 of 9Comprehensive Report Species - Mycteria americana

10/15/2009 2:11:10 PMhttp://www.natureserve.org/explorer/servlet/NatureServe?searchName=Mycteria+a...



 

 

 Search Results  (records: 7) Modify Search   Data Notes/Grant IDs   Help  
    District Name Phone County Students  Schools

1. CAYUGA ISD 
P O Box 427, Cayuga, TX 75832

(903) 928-2102 Anderson 580 3

2. ELKHART ISD 
301 E Parker St, Elkhart, TX 75839

(903) 764-2952 Anderson 1,376 4

3. FRANKSTON ISD 
P O Box 428, Frankston, TX 75763

(903) 876-2556 Anderson 801 3

4. NECHES ISD 
P O Box 310, Neches, TX 75779

(903) 584-3311 Anderson 361 2

5. PALESTINE ISD 
1600 S Loop 256, Palestine, TX 75801

(903) 731-8001 Anderson 3,306 5

6. SLOCUM ISD 
5765 E State Hwy 294, Elkhart, TX 75839

(903) 478-3624 Anderson 378 2

7. WESTWOOD ISD 
P O Box 260, Palestine, TX 75802

(903) 729-1776 Anderson 1,737 4

Source: CCD public school district data for the 2007-2008 school year
Note: "N/A" means the data are not available or not applicable.

Similar Search
Based on your geographic search for Public School Districts, 

you can also search for...
Public Schools  |  Private Schools  |  Public Libraries

Download This Data

 
Download 
Excel File

Your data file will be created based on the 
selection criteria you have entered.

Depending on the amount of data needed to create the file, this may take 
a few minutes. The option will also be available to download the Excel 
file as a compressed Zip file.
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 Search Results  (records: 3) Modify Search   Data Notes/Grant IDs   Help  
    District Name Phone County Students  Schools

1. BELLVILLE ISD 
518 S Mathews, Bellville, TX 77418

(979) 865-3133 Austin 2,210 6

2. BRAZOS ISD 
P O Box 819, Wallis, TX 77485

(979) 478-6551 Austin 833 3

3. SEALY ISD 
939 Tiger Ln, Sealy, TX 77474

(979) 885-3516 Austin 2,598 4

Source: CCD public school district data for the 2007-2008 school year
Note: "N/A" means the data are not available or not applicable.

Similar Search
Based on your geographic search for Public School Districts, 

you can also search for...
Public Schools  |  Private Schools  |  Public Libraries

Download This Data

 
Download 
Excel File

Your data file will be created based on the 
selection criteria you have entered.

Depending on the amount of data needed to create the file, this may take 
a few minutes. The option will also be available to download the Excel 
file as a compressed Zip file.
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 Search Results  (records: 9) Modify Search   Data Notes/Grant IDs   Help  
    District Name Phone County Students  Schools

1. BONHAM ISD 
P O Box 490, Bonham, TX 75418

(903) 583-5526 Fannin 2,055 6

2. DODD CITY ISD 
602 N Main St, Dodd City, TX 75438

(903) 583-7585 Fannin 294 1

3. ECTOR ISD 
P O Box 128, Ector, TX 75439

(903) 961-2355 Fannin 265 2

4. FANNINDEL ISD 
601 W Main St, Ladonia, TX 75449

(903) 367-7251 Fannin 188 2

5. HONEY GROVE ISD 
540 6th St, Honey Grove, TX 75446

(903) 378-2264 Fannin 642 3

6. LEONARD ISD 
1 Tiger Alley, Leonard, TX 75452

(903) 587-2318 Fannin 889 4

7. SAM RAYBURN ISD 
9363 E Fm 273, Ivanhoe, TX 75447

(903) 664-2255 Fannin 439 2

8. SAVOY ISD 
302 W Hayes, Savoy, TX 75479

(903) 965-5262 Fannin 294 2

9. TRENTON ISD 
P O Box 5, Trenton, TX 75490

(903) 989-2245 Fannin 554 3

Source: CCD public school district data for the 2007-2008 school year
Note: "N/A" means the data are not available or not applicable.

Similar Search
Based on your geographic search for Public School Districts, 

you can also search for...
Public Schools  |  Private Schools  |  Public Libraries

Download This Data

 
Download 
Excel File

Your data file will be created based on the 
selection criteria you have entered.

Depending on the amount of data needed to create the file, this may take 
a few minutes. The option will also be available to download the Excel 
file as a compressed Zip file.
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 Search Results  (records: 6) Modify Search   Data Notes/Grant IDs   Help  
    District Name Phone County Students  Schools

1. FORT BEND ISD 
16431 Lexington Blvd, Sugar Land, TX 78520

(281) 634-1000 Fort Bend 67,992 70

2. KATY ISD 
P O Box 159, Katy, TX 77492

(281) 396-6000 Fort Bend 54,402 57

3. KENDLETON ISD 
2601 Fm 2919, Kendleton, TX 78520

(979) 532-2855 Fort Bend 98 1

4. LAMAR CISD 
3911 Ave I, Rosenberg, TX 78520

(832) 223-0000 Fort Bend 21,936 34

5. NEEDVILLE ISD 
P O Box 412, Needville, TX 78520

(979) 793-4308 Fort Bend 2,602 5

6. STAFFORD MSD 
1625 Staffordshire Rd, Stafford, TX 78520

(281) 261-9200 Fort Bend 2,922 7

Source: CCD public school district data for the 2007-2008 school year
Note: "N/A" means the data are not available or not applicable.

Similar Search
Based on your geographic search for Public School Districts, 

you can also search for...
Public Schools  |  Private Schools  |  Public Libraries

Download This Data

 
Download 
Excel File

Your data file will be created based on the 
selection criteria you have entered.

Depending on the amount of data needed to create the file, this may take 
a few minutes. The option will also be available to download the Excel 
file as a compressed Zip file.
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1. DEW ISD 
Rt 2 Box 60, Teague, TX 75860

(903) 389-2828 Freestone 160 2

2. FAIRFIELD ISD 
615 Post Oak Rd, Fairfield, TX 75840

(903) 389-2532 Freestone 1,821 4

3. TEAGUE ISD 
420 N 10th, Teague, TX 75860

(254) 739-3071 Freestone 1,208 5

4. WORTHAM ISD 
P O Box 247, Wortham, TX 76693

(254) 765-3095 Freestone 478 4

Source: CCD public school district data for the 2007-2008 school year
Note: "N/A" means the data are not available or not applicable.

Similar Search
Based on your geographic search for Public School Districts, 

you can also search for...
Public Schools  |  Private Schools  |  Public Libraries

Download This Data

 
Download 
Excel File

Your data file will be created based on the 
selection criteria you have entered.

Depending on the amount of data needed to create the file, this may take 
a few minutes. The option will also be available to download the Excel 
file as a compressed Zip file.

Page 1 of 1Search for Public School Districts - Search Results

11/21/2009http://nces.ed.gov/ccd/districtsearch/district_list.asp?Search=1&details=1&InstName=&...



 

 

 Search Results  (records: 13) Modify Search   Data Notes/Grant IDs   Help  
    District Name Phone County Students  Schools

1. BELLS ISD 
P O Box 7, Bells, TX 75414

(903) 965-7721 Grayson 771 3

2. COLLINSVILLE ISD 
P O Box 49, Collinsville, TX 76233

(903) 429-6272 Grayson 596 3
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1201 S Rusk Ave, Denison, TX 75020

(903) 462-7000 Grayson 4,482 11
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P O Box 109, Gunter, TX 75058

(903) 433-4750 Grayson 878 6
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105 W Tutt St, Howe, TX 75459

(903) 532-5518 Grayson 1,013 5

6. POTTSBORO ISD 
P O Box 555, Pottsboro, TX 75076

(903) 786-3051 Grayson 1,308 4

7. S AND S CISD 
P O Box 837, Sadler, TX 76264

(903) 564-6051 Grayson 845 4

8. SHERMAN ISD 
P O Box 1176, Sherman, TX 75091

(903) 891-6400 Grayson 6,501 15

9. TIOGA ISD 
P O Box 159, Tioga, TX 76271

(940) 437-2366 Grayson 143 1

10. TOM BEAN ISD 
P O Box 128, Tom Bean, TX 75489

(903) 546-6076 Grayson 829 3

11. VAN ALSTYNE ISD 
P O Box 518, Van Alstyne, TX 75495

(903) 482-8802 Grayson 1,415 5

12. WHITESBORO ISD 
115 Fourth St, Whitesboro, TX 76273

(903) 564-4200 Grayson 1,599 5

13. WHITEWRIGHT ISD 
P O Box 888, Whitewright, TX 75491

(903) 364-2155 Grayson 761 4

Source: CCD public school district data for the 2007-2008 school year
Note: "N/A" means the data are not available or not applicable.
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Cost and Performance Baseline for Fossil Energy Plants 

NETL Viewpoint 
 
Background 
The goal of Fossil Energy Research, Development and Demonstration (RD&D) is to ensure the 
availability of ultra-clean (“zero” emissions), abundant, low-cost, domestic electricity and energy 
(including hydrogen) to fuel economic prosperity and strengthen energy security.  A broad 
portfolio of technologies is being developed within the Clean Coal Program to accomplish this 
objective.  Ever increasing technological enhancements are in various stages of the research 
“pipeline,” and multiple paths are being pursued to create a portfolio of promising technologies 
for development, demonstration, and eventual deployment.  The technological progress of recent 
years has created a remarkable new opportunity for coal.  Advances in technology are making it 
possible to generate power from fossil fuels with great improvements in the efficiency of energy 
use while at the same time significantly reducing the impact on the environment, including the 
long-term impact of fossil energy use on the Earth’s climate.  The objective of the Clean Coal 
RD&D Program is to build on these advances and bring these building blocks together into a 
new, revolutionary concept for future coal-based power and energy production.  

Objective 
To establish baseline performance and cost estimates for today’s fossil energy plants, it is 
necessary to look at the current state of technology.  Such a baseline can be used to benchmark 
the progress of the Fossil Energy RD&D portfolio.  This study provides an accurate, independent 
assessment of the cost and performance for Pulverized Coal Combustion (PC), Integrated 
Gasification Combined Cycles (IGCC), and Natural Gas Combined Cycles (NGCC), all with and 
without carbon dioxide capture and storage assuming that the plants use technology available 
today.   

Approach 
The power plant configurations analyzed in this study were modeled using the ASPEN Plus 
modeling program.  Performance and process limits were based upon published reports, 
information obtained from vendors and users of the technology, cost and performance data from 
design/build utility projects, and/or best engineering judgment.  Capital and operating costs were 
estimated by WorleyParsons based on simulation results and through a combination of existing 
vendor quotes, scaled estimates from previous design/build projects, or a combination of the two.  
O&M costs and the cost for transporting, storing and monitoring CO2 in the cases with carbon 
capture were also estimated based on reference data and scaled estimates.  Levelized cost of 
electricity (LCOE) was determined for all plants assuming investor owned utility financing.  The 
initial results of this analysis were subjected to a significant peer review by industry experts, 
academia and government research and regulatory agencies.  Based on the feedback from these 
experts, the report was updated both in terms of technical content and revised costs.   

Results 
This independent assessment of fossil energy plant cost and performance is considered to be the 
most comprehensive set of publicly available data to date.  While input was sought from various 
technology vendors, the final assessment of performance and cost was determined 
independently, and may not represent the view of the technology vendors.  The extent of 

i 



Cost and Performance Baseline for Fossil Energy Plants 

collaboration with technology vendors varied from case to case, with minimal or no 
collaboration obtained from some vendors.  Selection of system components and plant 
configurations from the range of potential options and the current rapid escalation in labor and 
material costs made it a challenge to develop state-of-the-art configurations and cost estimates.   
The rigorous expert technical review and systematic use of existing vendor quotes and project 
design/build data to develop the cost estimates in this report are believed to provide the most up-
to-date performance and costs available in the public literature.  Highlights of the study are the 
following: 

• Coal-based plants using today’s technology are capable of producing electricity at 
relatively high efficiencies of about 39%, HHV (without capture) on bituminous coal and 
at the same time meet or exceed current environmental requirements for criteria 
pollutants. 

 
• Capital cost (total plant cost) for the non-capture plants are as follows:  NGCC, $554/kW; 

PC, $1,562/kW (average); IGCC, $1,841/kW (average).  With capture, capital costs are:  
NGCC, $1,172/kW; PC, $2,883/kW (average); IGCC, $2,496/kW (average). 

 
• At fuel costs of $1.80/ton of coal and $6.75/MMBtu of natural gas, the 20-year levelized 

cost of electricity for the non-capture plants are: 64 mills/kWh (average) for PC, 68 
mills/kWh for NGCC, and 78 mills/kWh (average) for IGCC. 

 
• When today’s technology for carbon capture and sequestration is integrated into these 

new power plants, the resultant 20-year levelized COE including the cost of CO2 
transport, storage and monitoring is: 97 mills/kWh for NGCC; 106 mills/kWh (average) 
for IGCC; and 117 mills/kWh (average) for PC.  The cost of transporting CO2 50 miles 
for storage in a geologic formation with over 30 years of monitoring is estimated to add 
about 4 mills/kWh.  This represents only about 10% of the total carbon capture and 
sequestration costs.  

 
• A sensitivity study on natural gas price reveals that the COE for IGCC is equal to that of 

NGCC at $7.73/MMBtu, and for PC, the COE is equivalent to NGCC at a gas price of 
$8.87/MMBtu.  In terms of capacity factor, when the NGCC drops below 60 percent, 
such as in a peaking application, the resulting COE is higher than that of an IGCC 
operating at baseload (80 percent capacity factor).   

Fossil Energy RD&D is aimed at improving the performance and cost of clean coal power 
systems including the development of new approaches to capture and sequester greenhouse 
gases.  Improved efficiencies and reduced costs are required to improve the competitiveness of 
these systems in today’s market and regulatory environment as well as in a carbon constrained 
scenario.  The results of this analysis provide a starting point from which to measure the progress 
of RD&D achievements. 
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EXECUTIVE SUMMARY 
The objective of this report is to present an accurate, independent assessment of the cost and 
performance of fossil energy power systems, specifically integrated gasification combined cycle 
(IGCC), pulverized coal (PC), and natural gas combined cycle (NGCC) plants, using a consistent 
technical and economic approach that accurately reflects current market conditions for plants 
starting operation in 2010.  This is Volume 1 of a three volume report.  The three volume series 
consists of the following: 

• Volume 1: Electricity production using bituminous coal for coal-based technologies  

• Volume 2: Synthetic natural gas production and repowering using a variety of coal types 

• Volume 3: Electricity production from low rank coal (PC and IGCC) 

The cost and performance of the various fossil fuel-based technologies will most likely 
determine which combination of technologies will be utilized to meet the demands of the power 
market.  Selection of new generation technologies will depend on many factors, including: 

• Capital and operating costs 

• Overall energy efficiency 

• Fuel prices 

• Cost of electricity (COE) 

• Availability, reliability and environmental performance 

• Current and potential regulation of air, water, and solid waste discharges from fossil-
fueled power plants 

• Market penetration of clean coal technologies that have matured and improved as a result 
of recent commercial-scale demonstrations under the Department of Energy’s (DOE’s) 
Clean Coal Programs 

Twelve power plant configurations were analyzed as listed in Exhibit ES-1.  The list includes six 
IGCC cases utilizing General Electric Energy (GEE), ConocoPhillips (CoP), and Shell gasifiers 
each with and without CO2 capture; four PC cases, two subcritical and two supercritical, each 
with and without CO2 capture; and two NGCC plants with and without CO2 capture.  Two 
additional cases were originally included in this study and involve production of synthetic 
natural gas (SNG) and the repowering of an existing NGCC facility using SNG.  The two SNG 
cases were subsequently moved to Volume 2 of this report resulting in the discontinuity of case 
numbers (1-6 and 9-14).  The two SNG cases are now cases 2 and 2a in Volume 2. 

While input was sought from various technology vendors, the final assessment of performance 
and cost was determined independently, and may not represent the views of the technology 
vendors. The extent of collaboration with technology vendors varied from case to case, with 
minimal or no collaboration obtained from some vendors. 

The methodology included performing steady-state simulations of the various technologies using 
the Aspen Plus (Aspen) modeling program.  The resulting mass and energy balance data from the 
Aspen model were used to size major pieces of equipment.  These equipment sizes formed the 
basis for cost estimating.  Performance and process limits were based upon published reports, 
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information obtained from vendors and users of the technology, performance data from 
design/build utility projects, and/or best engineering judgement.  Capital and operating costs 
were estimated by WorleyParsons based on simulation results and through a combination of 
vendor quotes, scaled estimates from previous design/build projects, or a combination of the two.    
Baseline fuel costs for this analysis were determined using data from the Energy Information 
Administration’s (EIA) Annual Energy Outlook (AEO) 2007.  The first year (2010) costs used 
are $1.71/MMkJ ($1.80/MMBtu) for coal (Illinois No. 6) and $6.40/MMkJ ($6.75/MMBtu) for 
natural gas, both on a higher heating value (HHV) basis and in 2007 U.S. dollars. 

Exhibit ES-1  Case Descriptions 

Case Unit 
Cycle 

Steam Cycle, 
psig/°F/°F 

Combustion 
Turbine 

Gasifier/Boiler 
Technology Oxidant

H2S 
Separation/ 

Removal 

Sulfur 
Removal/
Recovery

CO2 
Separa-

tion 

1 IGCC 1800/1050/1050 
2 x Advanced 

F Class 
GEE Radiant 

Only 
95 mol% 

O2 
Selexol Claus Plant  

2 IGCC 1800/1000/1000 
2 x Advanced 

F Class 
GEE Radiant 

Only 
95 mol% 

O2 
Selexol Claus Plant

Selexol 
2nd stage

3 IGCC 1800/1050/1050 
2 x Advanced 

F Class 
CoP E-Gas™ 

95 mol% 
O2 

Refrigerated 
MDEA 

Claus Plant  

4 IGCC 1800/1000/1000 
2 x Advanced 

F Class 
CoP E-Gas™ 

95 mol% 
O2 

Selexol Claus Plant
Selexol 

2nd stage

5 IGCC 1800/1050/1050 
2 x Advanced 

F Class 
Shell  

95 mol% 
O2 

Sulfinol-M Claus Plant  

6 IGCC 1800/1000/1000 
2 x Advanced 

F Class 
Shell  

95 mol% 
O2 

Selexol Claus Plant
Selexol 

2nd stage

-- -- -- -- -- -- -- -- -- 

-- -- -- -- -- -- -- -- -- 

9 PC 2400/1050/1050  Subcritical PC Air 
 Wet FGD/ 

Gypsum 
 

10 PC 2400/1050/1050  Subcritical PC Air 
 Wet FGD/ 

Gypsum 
Amine 

Absorber

11 PC 3500/1100/1100  Supercritical PC Air 
 Wet FGD/ 

Gypsum 
 

12 PC 3500/1100/1100  Supercritical PC Air 
 Wet FGD/ 

Gypsum 
Amine 

Absorber

13 NGCC 2400/1050/950 
2 x Advanced 

F Class 
HRSG Air 

 
  

14 NGCC 2400/1050/950 
2 x Advanced 

F Class 
HRSG Air 

 
 

Amine 
Absorber

All plant configurations are evaluated based on installation at a greenfield site.  Since these are 
state-of-the-art plants, they will have higher efficiencies than the average power plant population.  
Consequently, these plants would be expected to be near the top of the dispatch list and the study 
capacity factor is chosen to reflect the maximum availability demonstrated for the specific plant 
type, i.e. 80 percent for IGCC and 85 percent for PC and NGCC configurations.  Since variations 
in fuel costs and other factors can influence dispatch order and capacity factor, sensitivity of 
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levelized COE to capacity factor is evaluated and presented later in this Executive Summary 
(Exhibit ES-10) and in the body of the report. 

The nominal net plant output for this study is set at 550 MW.  The actual net output varies 
between technologies because the combustion turbines in the IGCC and NGCC cases are 
manufactured in discrete sizes, but the boilers and steam turbines in the PC cases are readily 
available in a wide range of capacities.  The result is that all of the PC cases have a net output of 
550 MW, but the IGCC cases have net outputs ranging from 517 to 640 MW.  The range in 
IGCC net output is caused by the much higher auxiliary load imposed in the CO2 capture cases, 
primarily due to CO2 compression, and the need for extraction steam in the water-gas shift 
reactions, which reduces steam turbine output.  Higher auxiliary load and extraction steam 
requirements can be accommodated in the PC cases (larger boiler and steam turbine) but not in 
the IGCC cases where it is impossible to maintain a constant net output from the steam cycle 
given the fixed input (combustion turbine).  Likewise, the two NGCC cases have a net output of 
560 and 482 MW because of the combustion turbine constraint. 

Exhibit ES-2 shows the cost, performance and environmental profile summary for all cases.  The 
results are discussed below in the following order: 

• Performance (efficiency and raw water usage) 

• Cost (total plant cost and levelized cost of electricity) 

• Environmental  profile 

PERFORMANCE 

ENERGY EFFICIENCY 
The net plant efficiency (HHV basis) for all 12 cases is shown in Exhibit ES-3.  The primary 
conclusions that can be drawn are: 

• The NGCC with no CO2 capture has the highest net efficiency of the technologies 
modeled in this study with an efficiency of 50.8 percent.   

• The NGCC case with CO2 capture results in the highest efficiency (43.7 percent) 
among all of the capture technologies. 

• The NGCC with CO2 capture results in an efficiency penalty of 7.1 absolute percent, 
relative to the non-capture case.  The NGCC penalty is less than for the PC cases 
because natural gas is less carbon intensive than coal, and there is less CO2 to capture 
and to compress for equal net power outputs.   

• The energy efficiency of the IGCC non-capture cases is as follows: the dry-fed Shell 
gasifier (41.1 percent), the slurry-fed, two-stage CoP gasifier (39.3 percent) and the 
slurry-fed, single-stage GEE gasifier (38.2 percent).   

• When CO2 capture is added to the IGCC cases, the energy efficiency of all three cases 
is almost equal, ranging from 31.7 percent for CoP to 32.5 percent for GEE, with 
Shell intermediate at 32.0 percent. 
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Exhibit ES-2  Cost and Performance Summary and Environmental Profile for All Cases 

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6  Case 9 Case 10 Case 11 Case 12 Case 13 Case 14
CO2 Capture No Yes No Yes No Yes No Yes No Yes No Yes

Gross Power Output (kWe) 770,350 744,960 742,510 693,840 748,020 693,555 583,315 679,923 580,260 663,445 570,200 520,090
Auxiliary Power Requirement (kWe) 130,100 189,285 119,140 175,600 112,170 176,420 32,870 130,310 30,110 117,450 9,840 38,200
Net Power Output (kWe) 640,250 555,675 623,370 518,240 635,850 517,135 550,445 549,613 550,150 545,995 560,360 481,890
Coal Flowrate (lb/hr) 489,634 500,379 463,889 477,855 452,620 473,176 437,699 646,589 411,282 586,627 N/A N/A
Natural Gas Flowrate (lb/hr) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 165,182 165,182
HHV Thermal Input (kWth) 1,674,044 1,710,780 1,586,023 1,633,771 1,547,493 1,617,772 1,496,479 2,210,668 1,406,161 2,005,660 1,103,363 1,103,363
Net Plant HHV Efficiency (%) 38.2% 32.5% 39.3% 31.7% 41.1% 32.0% 36.8% 24.9% 39.1% 27.2% 50.8% 43.7%
Net Plant HHV Heat Rate (Btu/kW-hr) 8,922 10,505 8,681 10,757 8,304 10,674 9,276 13,724 8,721 12,534 6,719 7,813
Raw Water Usage, gpm 4,003 4,579 3,757 4,135 3,792 4,563 6,212 12,187 5,441 10,444 2,511 3,901
Total Plant Cost ($ x 1,000) 1,160,919 1,328,209 1,080,166 1,259,883 1,256,810 1,379,524 852,612 1,591,277 866,391 1,567,073 310,710 564,628
Total Plant Cost ($/kW) 1,813 2,390 1,733 2,431 1,977 2,668 1,549 2,895 1,575 2,870 554 1,172
LCOE (mills/kWh)1

78.0 102.9 75.3 105.7 80.5 110.4 64.0 118.8 63.3 114.8 68.4 97.4

CO2 Emissions (lb/hr) 1,123,781 114,476 1,078,144 131,328 1,054,221 103,041 1,038,110 152,975 975,370 138,681 446,339 44,634

CO2 Emissions (tons/year) @ CF1 3,937,728 401,124 3,777,815 460,175 3,693,990 361,056 3,864,884 569,524 3,631,301 516,310 1,661,720 166,172

CO2 Emissions (tonnes/year) @ CF1 3,572,267 363,896 3,427,196 417,466 3,351,151 327,546 3,506,185 516,667 3,294,280 468,392 1,507,496 150,750
CO2 Emissions (lb/MMBtu) 197 19.6 199 23.6 200 18.7 203 20.3 203 20.3 119 11.9

CO2 Emissions (lb/MWh)2 1,459 154 1,452 189 1,409 149 1,780 225 1,681 209 783 85.8
CO2 Emissions (lb/MWh)3 1,755 206 1,730 253 1,658 199 1,886 278 1,773 254 797 93

SO2 Emissions (lb/hr) 73 56 68 48 55 58 433 Negligible 407 Negligible Negligible Negligible

SO2 Emissions (tons/year) @ CF1 254 196 237 167 194 204 1,613 Negligible 1,514 Negligible Negligible Negligible

SO2 Emissions (tonnes/year) @ CF1 231 178 215 151 176 185 1,463 Negligible 1,373 Negligible Negligible Negligible
SO2 Emissions (lb/MMBtu) 0.0127 0.0096 0.0125 0.0085 0.0105 0.0105 0.0848 Negligible 0.0847 Negligible Negligible Negligible
SO2 Emissions (lb/MWh)2 0.0942 0.0751 0.0909 0.0686 0.0739 0.0837 0.7426 Negligible 0.7007 Negligible Negligible Negligible

NOx Emissions (lb/hr) 313 273 321 277 309 269 357 528 336 479 34 34
NOx Emissions (tons/year) @ CF1 1,096 955 1,126 972 1,082 944 1,331 1,966 1,250 1,784 127 127
NOx Emissions (tonnes/year) @ CF1 994 867 1,021 882 982 856 1,207 1,783 1,134 1,618 115 115
NOx Emissions (lb/MMBtu) 0.055 0.047 0.059 0.050 0.058 0.049 0.070 0.070 0.070 0.070 0.009 0.009
NOx Emissions (lb/MWh)2

0.406 0.366 0.433 0.400 0.413 0.388 0.613 0.777 0.579 0.722 0.060 0.066
PM Emissions (lb/hr) 41 41 38 40 37 39 66 98 62 89 Negligible Negligible
PM Emissions (tons/year) @ CF1 142 145 135 139 131 137 247 365 232 331 Negligible Negligible
PM Emissions (tonnes/year) @ CF1 129 132 122 126 119 125 224 331 211 300 Negligible Negligible
PM Emissions (lb/MMBtu) 0.0071 0.0071 0.0071 0.0071 0.0071 0.0071 0.0130 0.0130 0.0130 0.0130 Negligible Negligible
PM Emissions (lb/MWh)2

0.053 0.056 0.052 0.057 0.050 0.057 0.114 0.144 0.107 0.134 Negligible Negligible
Hg Emissions (lb/hr) 0.0033 0.0033 0.0031 0.0032 0.0030 0.0032 0.0058 0.0086 0.0055 0.0078 Negligible Negligible
Hg Emissions (tons/year) @ CF1 0.011 0.012 0.011 0.011 0.011 0.011 0.022 0.032 0.020 0.029 Negligible Negligible
Hg Emissions (tonnes/year) @ CF1 0.010 0.011 0.010 0.010 0.010 0.010 0.020 0.029 0.019 0.026 Negligible Negligible
Hg Emissions (lb/TBtu) 0.571 0.571 0.571 0.571 0.571 0.571 1.14 1.14 1.14 1.14 Negligible Negligible
Hg Emissions (lb/MWh)2

4.24E-06 4.48E-06 4.16E-06 4.59E-06 4.03E-06 4.55E-06 1.00E-05 1.27E-05 9.45E-06 1.18E-05 Negligible Negligible
1 Capacity factor is 80% for IGCC cases and 85% for PC and NGCC cases
2 Value is based on gross output
3 Value is based on net output

GEE CoP Shell
Integrated Gasification Combined Cycle Pulverized Coal Boiler NGCC

PC Subcritical PC Supercritical Advanced F Class
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Exhibit ES-3  Net Plant Efficiency (HHV Basis) 
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• Supercritical PC without CO2 capture has an efficiency of 39.1 percent, which is 
nearly equal to the average of the three non-capture IGCC technologies.  Subcritical 
PC has an efficiency of 36.8 percent, which is the lowest of all the non-capture cases 
in the study. 

• The addition of CO2 capture to the PC cases (Fluor’s Econamine FG Plus process) 
has a much greater impact on efficiency than CO2 capture in the IGCC cases.  This is 
primarily because the low partial pressure of CO2 in the flue gas from a PC plant 
requires a chemical absorption process rather than physical absorption.  For chemical 
absorption processes, the regeneration requirements are much more energy intensive.  
Thus the energy penalty for both subcritical and supercritical PC is 11.9 absolute 
percent resulting in post-capture efficiencies of 24.9 percent and 27.2 percent, 
respectively. 

WATER USE 
Three water values are presented for each technology in Exhibit ES-4: water demand, internal 
recycle and raw water usage.  Each value is normalized by net output.  Demand is the amount of 
water required to satisfy a particular process (slurry, quench, FGD makeup, etc.) and internal 
recycle is water available within the process (boiler feedwater blowdown, condensate, etc.).  
Raw water usage is the difference between demand and recycle, and it represents the overall 
impact of the process on the water source, which in this study is considered to be 50 percent 
from groundwater (wells) and 50 percent from a municipal source.  All plants are equipped with 
evaporative cooling towers, and all process blowdown streams are assumed to be treated and 
recycled to the cooling tower.  The primary conclusions that can be drawn are: 

• In all cases the primary water consumer is cooling tower makeup, which ranges from 
71 to 99 percent of the total raw water usage. 

• Among non-capture cases, NGCC requires the least amount of raw water makeup, 
followed by IGCC and PC.  If an average raw water usage for the three IGCC cases 
and two PC cases is used, the relative normalized raw water usage for the 
technologies is 2.4:1.4:1.0 (PC:IGCC:NGCC).  The relative results are as expected 
given the much higher steam turbine output in the PC cases which results in higher 
condenser duties, higher cooling water requirements and ultimately higher cooling 
water makeup.  The IGCC cases and the NGCC case have comparable steam turbine 
outputs, but IGCC requires additional water for coal slurry (GEE and CoP), syngas 
quench (GEE), humidification (CoP and Shell), gasifier steam (Shell), and slag 
handling (all cases), which increases the IGCC water demand over NGCC. 

• Among capture cases, the raw water requirement increases (relative to non-capture 
cases) much more dramatically for the PC and NGCC cases than for IGCC cases 
because of the large cooling water demand of the Econamine process which results in 
much greater cooling water makeup requirements.  If average water usage values are 
used for IGCC and PC cases, the relative normalized raw water usage for the 
technologies in CO2 capture cases is 2.6:1.03:1.0 (PC:IGCC:NGCC).  The NGCC 
CO2 capture case still has the lowest water requirement, but the difference between it 
and the average of the three IGCC cases is minimal. 
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• CO2 capture increases the average raw water usage for all three technologies 
evaluated, but the increase is lowest for the IGCC cases.  The average normalized raw 
water usage for the three IGCC cases increases by about 37 percent due primarily to 
the need for additional water in the syngas to accomplish the water gas shift reaction 
and the increased auxiliary load.  With the addition of CO2 capture, PC normalized 
raw water usage increases by 95 percent and NGCC by 81 percent.  The large cooling 
water demand of the Econamine process drives this substantial increase for PC and 
NGCC.



Cost and Performance Baseline for Fossil Energy Plants 

8 

7.7

6.25

9.8

8.2

6.6
6.03

9.7

8.0

6.2 5.96

10.8

8.8

11.4 11.3

24.7

22.2

10.0 9.9

21.6

19.1

4.5 4.5

9.2
8.1

0

5

10

15

20

25

30

W
at

er
, g

pm
/M

W
(n

et
)

GEE GEE w/CO2
Capture

CoP CoP w/ CO2
Capture

Shell Shell w/
CO2

Capture

Subcritical
PC

Subcritical
PC w/ CO2

Capture

Supercritical
PC

Supercritical
PC w/ CO2

Capture

NGCC NGCC w/
CO2

Capture

Water Demand

Internal Recycle

Raw Water Usage

 

Exhibit ES-4  Water Demand and Usage 
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COST RESULTS 

TOTAL PLANT COST 
The total plant cost (TPC) for each technology was determined through a combination of vendor 
quotes, scaled estimates from previous design/build projects, or a combination of the two.  TPC 
includes all equipment (complete with initial chemical and catalyst loadings), materials, labor 
(direct and indirect), engineering and construction management, and contingencies (process and 
project).  Owner’s costs are not included.   

The cost estimates carry an accuracy of ±30 percent, consistent with the screening study level of 
design engineering applied to the various cases in this study.  The value of the study lies not in 
the absolute accuracy of the individual case results but in the fact that all cases were evaluated 
under the same set of technical and economic assumptions.  This consistency of approach allows 
meaningful comparisons among the cases evaluated.   

Project contingencies were added to the Engineering/Procurement/Construction Management 
(EPCM) capital accounts to cover project uncertainty and the cost of any additional equipment 
that would result from a detailed design.  The contingencies represent costs that are expected to 
occur.  Each bare erected cost (BEC) account was evaluated against the level of estimate detail 
and field experience to determine project contingency.  Process contingency was added to cost 
account items that were deemed to be first-of-a-kind or posed significant risk due to lack of 
operating experience.  The cost accounts that received a process contingency include: 

• Slurry Prep and Feed – 5 percent on GE IGCC cases - systems are operating at 
approximately 800 psia as compared to 600 psia for the other IGCC cases. 

• Gasifiers and Syngas Coolers – 15 percent on all IGCC cases – next-generation 
commercial offering and integration with the power island. 

• Two Stage Selexol – 20 percent on all IGCC capture cases – lack of operating 
experience at commercial scale in IGCC service. 

• Mercury Removal – 5 percent on all IGCC cases – minimal commercial scale 
experience in IGCC applications. 

• CO2 Removal System – 20 percent on all PC/NGCC capture cases - post-combustion 
process unproven at commercial scale for power plant applications. 

• Combustion Turbine Generator – 5 percent on all IGCC non-capture cases – syngas 
firing and ASU integration; 10 percent on all IGCC capture cases – high hydrogen 
firing.   

• Instrumentation and Controls – 5 percent on all IGCC accounts and 5 percent on the 
PC and NGCC capture cases – integration issues. 

The normalized total plant cost (TPC) for each technology is shown in Exhibit ES-5.  The 
following conclusions can be drawn: 
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Exhibit ES-5  Total Plant Cost 
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• Among the non-capture cases, NGCC has the lowest capital cost at $554/kW 
followed by PC with an average cost of $1,562/kW and IGCC with an average cost of 
$1,841/kW.  The average IGCC cost is 18 percent greater than the average PC cost.  
The process contingency for the IGCC cases ranges from $44-51/kW while there is 
zero process contingency for the PC and NGCC non-capture cases.  The differential 
between IGCC and PC is reduced to 15 percent when process contingency is 
eliminated. 

• The three IGCC non-capture cases have a capital cost ranging from $1,733/kW (CoP) 
to $1,977/kW (Shell) with GEE intermediate at $1,813/kW. 

• Among the capture cases, NGCC has the lowest capital cost, despite the fact that the 
capital cost of the NGCC capture case is more than double the cost of the non-capture 
case at $1,172/kW.   

• Among the capture cases, the PC cases have the highest capital cost at an average of 
$2,883/kW.  The average capital cost for IGCC CO2 capture cases is $2,496/kW, 
which is 13 percent less than the average of the PC cases.  The process contingency 
for the IGCC capture cases ranges from $101-105/kW, for the PC cases from $99-
104/kW and $59/kW for the NGCC case.  If process contingency is removed from the 
PC and IGCC cases, the cost of IGCC is 16 percent less than PC. 

LEVELIZED COST OF ELECTRICITY (LCOE) 
The 20-year LCOE was calculated for each case using the economic parameters shown in 
Exhibit ES-6.  The cases were divided into two categories, representing high risk and low risk 
projects undertaken at investor owned utilities.  High risk projects are those in which commercial 
scale operating experience is limited.  The IGCC cases (with and without CO2 capture) and the 
PC and NGCC cases with CO2 capture were considered to be high risk.  The non-capture PC and 
NGCC cases were considered to be low risk.     

Exhibit ES-6  Economic Parameters Used to Calculate LCOE 

 High Risk Low Risk 
Capital Charge Factor 0.175 0.164 
Coal Levelization Factor 1.2022 1.2089 
Natural Gas Levelization Factor 1.1651 1.1705 
Levelization for all other O&M 1.1568 1.1618 

The LCOE results are shown in Exhibit ES-7 with the capital cost, fixed operating cost, variable 
operating cost and fuel cost shown separately.  In the capture cases the CO2 transport, storage 
and monitoring (TS&M) costs are also shown as a separate bar segment.  The following 
conclusions can be drawn: 

• In non-capture cases, PC plants have the lowest LCOE (average 63.7 mills/kWh), 
followed by NGCC (68.4 mills/kWh) and IGCC (average 77.9 mills/kWh). 
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Exhibit ES-7  LCOE By Cost Component 
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• In capture cases, NGCC plants have the lowest LCOE (97.4 mills/kWh), followed by 
IGCC (average 106.3 mills/kWh) and PC (average 116.8 mills/kWh). 

• The LCOE for the three IGCC non-capture cases ranges from 75.3 mills/kWh (CoP) to 
80.5 mills/kWh (Shell) with GEE in between at 78.0 mills/kWh.  The study level of 
accuracy is insufficient to distinguish between the LCOE of the three IGCC technologies. 

• Non-capture supercritical PC has an LCOE of 63.3 mills/kWh and subcritical PC is 64.0 
mills/kWh, an insignificant difference given the level of accuracy of the study estimate. 

• PC is the most expensive technology with CO2 capture, 10 percent higher than IGCC and 
nearly 20 percent higher than NGCC. 

• The capital cost component of LCOE is between 53 and 62 percent in all IGCC and PC 
cases.  It represents only 18 percent of LCOE in the NGCC non-capture case and 28 
percent in the CO2 capture case.   

• The fuel component of LCOE ranges from 21-25 percent for the IGCC cases and the PC 
CO2 capture cases.  For the PC non-capture cases the fuel component varies from 30-32 
percent.  The fuel component is 78 percent of the total in the NGCC non-capture case and 
63 percent in the CO2 capture case. 

• CO2 transport, storage and monitoring is estimated to add 4 mills/kWh to the LCOE, 
which is less than 4 perecent of the total LCOE for all capture cases. 

Exhibit ES-8 shows the LCOE sensitivity to fuel costs for the non-capture cases.  The solid line 
is the LCOE of NGCC as a function of natural gas cost.  The points on the line represent the 
natural gas cost that would be required to make the LCOE of NGCC equal to PC or IGCC at a 
given coal cost.  The coal prices shown ($1.35, $1.80 and $2.25/MMBtu) represent the baseline 
cost and a range of ±25 percent around the baseline.  As an example, at a coal cost of 
$1.80/MMBtu, the LCOE of PC equals NGCC at a natural gas price of $6.15/MMBtu.   

Another observation from Exhibit ES-8 is that the LCOE of IGCC at a coal price of 
$1.35/MMBtu is greater than PC at a coal price of $2.25/MMBtu, due to the higher capital cost 
of IGCC and its relative insensitivity to fuel price.  For example, a decrease in coal cost of 40 
percent (from $2.25 to $1.35/MMBtu) results in an IGCC LCOE decrease of only 13 percent 
(82.5 to 73.2 mills/kWh). 

Fuel cost sensitivity is presented for the CO2 capture cases in Exhibit ES-9.  Even at the lowest 
coal cost shown, the LCOE of NGCC is less than IGCC and PC at the baseline natural gas price 
of $6.75/MMBtu.  For the coal-based technologies at the baseline coal cost of $1.80/MMBtu to 
be equal to NGCC, the cost of natural gas would have to be $7.73/MMBtu (IGCC) or 
$8.87/MMBtu (PC).  Alternatively, for the LCOE of coal-based technologies to be equal to 
NGCC at the high end coal cost of $2.25/MMBtu, natural gas prices would have to be 
$8.35/MMBtu for IGCC and $9.65/MMBtu for PC. 
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Exhibit ES-8  LCOE Sensitivity to Fuel Costs in Non-Capture Cases 
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Exhibit ES-9  LCOE Sensitivity to Fuel Costs in CO2 Capture Cases 
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The sensitivity of LCOE to capacity factor is shown for all technologies in Exhibit ES-10.  The 
subcritical and supercritical PC cases with no CO2 capture are nearly identical so that the two 
curves appear as a single curve on the graph.  The capacity factor is plotted from 40 to 90 
percent.  The baseline capacity factor is 80 percent for IGCC cases with no spare gasifier and is 
85 percent for PC and NGCC cases.  The curves plotted in Exhibit ES-10 for the IGCC cases 
assume that the capacity factor could be extended to 90 percent with no spare gasifier.  Similarly, 
the PC and NGCC curves assume that the capacity factor could reach 90 percent with no 
additional capital equipment. 

Exhibit ES-10  LCOE Sensitivity to Capacity Factor 
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Technologies with high capital cost (PC and IGCC with CO2 capture) show a greater increase in 
LCOE with decreased capacity factor.  Conversely, NGCC with no CO2 capture is relatively flat 
because the LCOE is dominated by fuel charges which decrease as the capacity factor decreases.  
Conclusions that can be drawn from Exhibit ES-10 include: 

• At a capacity factor below 72 percent NGCC has the lowest LCOE in the non-capture 
cases. 

• The LCOE of NGCC with CO2 capture is the lowest of the capture technologies in 
the baseline study, and the advantage increases as capacity factor decreases.  The 
relatively low capital cost component of NGCC accounts for the increased cost 
differential with decreased capacity factor. 
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COST OF CO2 REMOVED/AVOIDED 

 

The LCOE with CO2 removal includes the costs of capture and compression as well as TS&M 
costs.  The resulting removal and avoided costs are shown in Exhibit ES-11 for each of the six 
technologies modeled.  The following conclusions can be drawn: 

 

 

The cost of CO2 capture was calculated in two ways, the cost of CO2 removed and the cost of 
CO2 avoided, as illustrated in Equations ES-1 and ES-2, respectively. 

• CO2 removal and avoided costs for the GEE IGCC plant are less than for the CoP and 
Shell IGCC plants.  This is consistent with the efficiency changes observed when 
going from a non-capture to capture configuration for the GEE IGCC plant.  The 
GEE plant started with the lowest efficiency of the IGCC plants but realized the 
smallest reduction in efficiency between the non-capture and capture configurations. 

• CO2 removal and avoided costs for IGCC plants are less than NGCC plants because 
the baseline CO2 emissions for NGCC plants are 46 percent less than for IGCC 
plants.  Consequently, the normalized removal cost for NGCC plants is divided by a 
smaller amount of CO2. 

• CO2 removal and avoided costs for IGCC plants are substantially less than for PC and 
NGCC because the IGCC CO2 removal is accomplished prior to combustion and at 
elevated pressure using physical absorption. 

• The total cost of CO2 avoided is $39/ton (average IGCC), $68/ton (average PC), and 
$83/ton (NGCC). 

• In non-capture cases NGCC at 40 percent capacity factor has the same LCOE as the 
average of the three IGCC cases at 72 percent capacity factor further illustrating the 
relatively small impact of capacity factor on NGCC LCOE. 
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Exhibit ES-11  CO2 Capture Costs 



Cost and Performance Baseline for Fossil Energy Plants 

18 

ENVIRONMENTAL PERFORMANCE 
The environmental targets for each technology are summarized in Exhibit ES-12.  Emission rates 
of SO2, NOx and PM are shown graphically in Exhibit ES-13, and emission rates of Hg are 
shown separately in Exhibit ES-14 because of the orders of magnitude difference in emission 
rate values.  Targets were chosen on the basis of the environmental regulations that would most 
likely apply to plants built in 2010.    

Exhibit ES-12  Study Environmental Targets 

Technology 

Pollutant 

IGCC PC NGCC 

SO2 0.0128 lb/MMBtu 0.085 lb/MMBtu Negligible 

NOx 15 ppmv (dry) @ 
15% O2 

0.070 lb/MMBtu 2.5 ppmv (dry) @ 
15% O2 

PM (Filterable) 0.0071 lb/MMBtu 0.013 lb/MMBtu Negligible 

Hg >90% capture 1.14 lb/TBtu N/A 

Environmental targets were established for each of the technologies as follows: 

• IGCC cases use the EPRI targets established in their CoalFleet for Tomorrow work as 
documented in the CoalFleet User Design Basis Specification for Coal-Based Integrated 
Gasification Combined Cycle (IGCC) Power Plants: Version 4. 

• PC and NGCC cases are based on best available control technology. 

The primary conclusions that can be drawn are: 

• The NGCC baseline plant generates the lowest emissions, followed by IGCC and then 
PC. 

• In NGCC cases, study assumptions result in zero emissions of SO2, PM and Hg.  If the 
pipeline natural gas contained the maximum amount of sulfur allowed by EPA definition 
(0.6 gr/100 scf), SO2 emissions would be 0.000839 kg/GJ (0.00195 lb/MMBtu). 

• Based on vendor data it was assumed that dry low NOx burners could achieve 25 ppmv 
(dry) at 15 percent O2 and, coupled with a selective catalytic reduction (SCR) unit that 
achieves 90 percent NOx reduction efficiency, would result in the environmental target of 
2.5 ppmv (dry) at 15 percent O2 for both NGCC cases. 

• Based on vendor data it was assumed that Selexol, Sulfinol-M and refrigerated MDEA 
could all meet the sulfur environmental target, hence emissions of approximately 0.0128 
lb/MMBtu in each of the IGCC non-capture cases.  In the CO2 capture cases, to achieve 
95 percent CO2 capture from the syngas, the sulfur removal is greater than in the non-
capture cases resulting in emissions of approximately 0.0041 kg/GJ (0.0095 lb/MMBtu). 
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Exhibit ES-13  SO2, NOx and Particulate Emission Rates 
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• It was a study assumption that each IGCC technology could meet the filterable particulate 
emission limit with the combination of technologies employed.  In the case of Shell and 
CoP, this consists of cyclones, candle filters and the syngas scrubber.  In the case of GEE 
particulate control consists of a water quench and syngas scrubber. 

• Based on vendor data it was assumed that a combination of low NOx burners and 
nitrogen dilution could limit IGCC NOx emissions to the environmental target of 15 
ppmv (dry) at 15 percent O2.  The small variations in NOx emissions are due to small 
variations in combustion turbine gas volumes. 

• Based on vendor data it was assumed that 95 percent Hg removal could be achieved 
using carbon beds thus meeting the environmental target.  The Hg emissions are reported 
in Exhibit ES-14 as lb/10 per trillion Btu to make the values the same order of magnitude 
as the other reported values. 

• It was a study assumption that the PC flue gas desulfurization (FGD) unit would remove 
98 percent of the inlet SO2, resulting in the environmental target of 0.037 kg/GJ (0.085 
lb/MMBtu).  In the CO2 capture cases, the Econamine system employs a polishing 
scrubber to reduce emissions to 10 ppmv entering the CO2 absorber.  Nearly all of the 
remaining SO2 is absorbed by the Econamine solvent resulting in negligible emissions of 
SO2 in those cases. 

• In PC cases, it was a study assumption that a fabric filter would remove 99.9 percent of 
the entering particulate and that there is an 80/20 split between fly ash and bottom ash.  
The result is the environmental target of 0.006 kg/GJ (0.013 lb/MMBtu) of filterable 
particulate. 

• In PC cases, it was a study assumption that NOx emissions exiting the boiler equipped 
with low NOx burners and overfire air would be 0.22 kg/GJ (0.50 lb/MMBtu) and that an 
SCR unit would further reduce the NOx by 86 percent, resulting in the environmental 
target of 0.030 kg/GJ (0.070 lb/MMBtu). 

• In PC cases, it was a study assumption that the environmental target of 90 percent of the 
incoming Hg would be removed by the combination of SCR, fabric filter and wet FGD 
thus eliminating the need for activated carbon injection.  The resulting Hg emissions for 
each of the PC cases are 4.92 x 10-7 kg/GJ (1.14 lb/TBtu). 

Carbon dioxide emissions are not currently regulated.  However, since there is increasing 
momentum for establishing carbon limits, it was an objective of this study to examine the 
relative amounts of carbon capture achievable among the six technologies.  CO2 emissions are 
presented in Exhibit ES-15 for each case, normalized by gross output.  In the body of the report 
CO2 emissions are presented on both a net and gross MWh basis.  New Source Performance 
Standards (NSPS) contain emission limits for SO2 and NOx on a lb/(gross) MWh basis.  
However, since CO2 emissions are not currently regulated, the potential future emission limit 
basis is not known and hence the two reported values of CO2.  The following conclusions can be 
drawn: 

• In cases with no carbon capture, NGCC emits 55 percent less CO2 than PC and 46 
percent less CO2 than IGCC per unit of gross output.  The lower NGCC CO2 emissions 
reflect the lower carbon intensity of natural gas relative to coal.  Based on the fuel 
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compositions used in this study, natural gas contains 32 pounds of carbon per million Btu 
of heat input and coal contains 55 pounds per million Btu. 

• The CO2 reduction goal in this study was a nominal 90 percent in all cases.  The result is 
that the controlled CO2 emissions follow the same trend as the uncontrolled, i.e., the 
NGCC case emits less CO2 than the IGCC cases which emit less than the PC cases. 

• In the IGCC cases the nominal 90 percent CO2 reduction was accomplished by adding 
sour gas shift (SGS) reactors to convert CO to CO2 and using a two-stage Selexol process 
with a second stage CO2 removal efficiency of up to 95 percent, a number that was 
supported by vendor quotes.  In the GEE CO2 capture case, two stages of SGS and a 
Selexol CO2 removal efficiency of 92 percent were required, which resulted in 90.2 
percent reduction of CO2 in the syngas.  The CoP capture case required three stages of 
SGS and 95 percent CO2 capture in the Selexol process, which resulted in 88.4 percent 
reduction of CO2 in the syngas.  In the CoP case, the capture target of 90 percent could 
not be achieved because of the high syngas methane content (3.5 vol% compared to 0.10 
vol% in the GEE gasifier and 0.04 vol% in the Shell gasifier).  The Shell capture case 
required two stages of SGS and 95 percent capture in the Selexol process, which resulted 
in 90.8 percent reduction of CO2 in the syngas. 

• The CO2 emissions in the three non-capture IGCC cases are nearly identical.  The slight 
difference reflects the relative efficiency between the three technologies.  The emissions 
in the CO2 capture cases are nearly identical for the Shell and GEE cases, but about 19 
percent higher in the CoP case because of the high syngas CH4 content discussed above. 

• The PC and NGCC cases both assume that all of the carbon in the fuel is converted to 
CO2 in the flue gas and that 90 percent is subsequently removed in the Econamine FG 
Plus process, which was also supported by a vendor quote. 
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Exhibit ES-15  CO2 Emissions Normalized By Gross Output 



Cost and Performance Baseline for Fossil Energy Plants 

This page intentionally left blank 

 24  



Cost and Performance Baseline for Fossil Energy Plants 

1 INTRODUCTION 
The objective of this report is to present an accurate, independent assessment of the cost and 
performance of fossil energy power systems, specifically integrated gasification combined cycle 
(IGCC), pulverized coal (PC), and natural gas combined cycle (NGCC) plants, in a consistent 
technical and economic manner that accurately reflects current market conditions for plants 
starting operation in 2010.  This is Volume 1 of a three volume report.  The three volume series 
consists of the following: 

• Volume 1: Electricity production only using bituminous coal for coal-based technologies  

• Volume 2: Synthetic natural gas production and repowering using a variety of coal types 

• Volume 3: Electricity production only from low rank coal (PC and IGCC) 

The cost and performance of the various fossil fuel-based technologies will largely determine 
which technologies will be utilized to meet the demands of the power market.  Selection of new 
generation technologies will depend on many factors, including: 

• Capital and operating costs 

• Overall energy efficiency 

• Fuel prices 

• Cost of electricity (COE) 

• Availability, reliability and environmental performance 

• Current and potential regulation of air, water, and solid waste discharges from fossil-
fueled power plants 

• Market penetration of clean coal technologies that have matured and improved as a result 
of recent commercial-scale demonstrations under the Department of Energy’s (DOE) 
Clean Coal Programs 

Twelve different power plant design configurations were analyzed.  The configurations are listed 
in Exhibit 1-1.  The list includes six IGCC cases utilizing the General Electric Energy (GEE), 
ConocoPhillips (CoP), and Shell gasifiers each with and without CO2 capture, and six cases 
representing conventional technologies: PC-subcritical, PC-supercritical, and NGCC plants both 
with and without CO2 capture.  While input was sought from various technology vendors, the 
final assessment of performance and cost was determined independently, and may not represent 
the views of the technology vendors. The extent of collaboration with technology vendors varied 
from case to case, with minimal or no collaboration obtained from some vendors. 

Cases 7 and 8 were originally included in this study and involve production of synthetic natural 
gas (SNG) and the repowering of an existing NGCC facility using SNG.  The two SNG cases 
were subsequently moved to Volume 2 of this report resulting in the discontinuity of case 
numbers (1-6 and 9-14).  The two SNG cases are now cases 2 and 2a in Volume 2. 
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GENERATING UNIT CONFIGURATIONS 
A summary of plant configurations considered in this study is presented in Exhibit 1-1.  
Components for each plant configuration are described in more detail in the corresponding report 
sections for each case. 

The IGCC cases have different gross and net power outputs because of the gas turbine size 
constraint.  The advanced F-class turbine used to model the IGCC cases comes in a standard size 
of 232 MW when operated on syngas.  Each case uses two combustion turbines for a combined 
gross output of 464 MW.  In the combined cycle a heat recovery steam generator extracts heat 
from the combustion turbine exhaust to power a steam turbine.  However, the carbon capture 
cases consume more extraction steam than the non-capture cases, thus reducing the steam turbine 
output.  In addition, the capture cases have a higher auxiliary load requirement than non-capture 
cases, which serves to further reduce net plant output.  While the two combustion turbines 
provide 464 MW gross output in all six cases, the overall combined cycle gross output ranges 
from 694 to 770 MW, which results in a range of net output from 517 to 640 MW.  The coal feed 
rate required to achieve the gross power output is also different between the six cases, ranging 
from 204,117 to 226,796 kg/h (450,000 to 500,000 lb/h). 

Similar to the IGCC cases, the NGCC cases do not have a common net power output.  The 
NGCC system is again constrained by the available combustion turbine size, which is 185 MW 
for both cases (based on the same advanced F class turbine used in the IGCC cases).  Since the 
carbon capture case requires both a higher auxiliary power load and a significant amount of 
extraction steam, which significantly reduces the steam turbine output, the net output in the 
NGCC case is also reduced.   

All four PC cases have a net output of 550 MW.  The boiler and steam turbine industry’s ability 
to match unit size to a custom specification has been commercially demonstrated enabling a 
common net output comparison of the PC cases in this study.  The coal feed rate was increased 
in the carbon capture cases to increase the gross steam turbine output and account for the higher 
auxiliary load, resulting in a constant net output. 

The balance of this report is organized as follows: 

• Chapter 2 provides the basis for technical, environmental and cost evaluations. 

• Chapter 3 describes the IGCC technologies modeled and presents the results for the 
six IGCC cases. 

• Chapter 4 describes the PC technologies modeled and presents the results for the four 
PC cases. 

• Chapter 5 desribes the NGCC technologies modeled and presents the results for the 
two NGCC cases. 

• Chapter 6 contains the reference list. 
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Exhibit 1-1  Case Descriptions 

Case Unit 
Cycle 

Steam Cycle, 
psig/°F/°F 

Combustion 
Turbine 

Gasifier/Boiler 
Technology Oxidant

H2S 
Separation/

Removal 

Sulfur 
Removal/ 
Recovery 

PM Control NOx 
Control

CO2 
Separa-

tion 
CO2 

Capture
CO2 

Sequestra-
tion 

1 IGCC 1800/1050/1050 
2 x Advanced 

F Class 
GEE Radiant 

Only 
95 mol% 

O2 
Selexol Claus Plant 

Quench, scrubber 
and AGR adsorber

N2 dilution    

2 IGCC 1800/1000/1000 
2 x Advanced 

F Class 
GEE Radiant 

Only 
95 mol% 

O2 
Selexol Claus Plant 

Quench, scrubber 
and AGR adsorber

N2 dilution
Selexol 

2nd stage
90% (1) Off-Site  

3 IGCC 1800/1050/1050 
2 x Advanced 

F Class 
CoP E-Gas™ 

95 mol% 
O2 

Refrigerated 
MDEA 

Claus Plant 
Cyclone, barrier 

filter and scrubber 
N2 dilution    

4 IGCC 1800/1000/1000 
2 x Advanced 

F Class 
CoP E-Gas™ 

95 mol% 
O2 

Selexol Claus Plant 
Cyclone, barrier 

filter and scrubber 
N2 dilution

Selexol 
2nd stage

88% (1) Off-Site  

5 IGCC 1800/1050/1050 
2 x Advanced 

F Class 
Shell  

95 mol% 
O2 

Sulfinol-M Claus Plant 
Cyclone, barrier 

filter and scrubber 
N2 dilution    

6 IGCC 1800/1000/1000 
2 x Advanced 

F Class 
Shell  

95 mol% 
O2 

Selexol Claus Plant 
Cyclone, barrier 

filter and scrubber 
N2 dilution

Selexol 
2nd stage

90% (1) Off-Site 

-- -- -- -- -- -- -- -- -- -- -- -- -- 

-- -- -- -- -- -- -- -- -- -- -- -- -- 

9 PC 2400/1050/1050  Subcritical PC Air 
 

Wet FGD/ 
Gypsum 

Baghouse 
LNB 

w/OFA 
and SCR

   

10 PC 2400/1050/1050  Subcritical PC Air 
 

Wet FGD/ 
Gypsum 

Baghouse 
LNB 

w/OFA 
and SCR

Amine 
Absorber

90% Off-Site 

11 PC 3500/1100/1100  Supercritical PC Air 
 

Wet FGD/ 
Gypsum 

Baghouse 
LNB 

w/OFA 
and SCR

   

12 PC 3500/1100/1100  Supercritical PC Air 
 

Wet FGD/ 
Gypsum 

Baghouse 
LNB 

w/OFA 
and SCR

Amine 
Absorber

90% Off-Site 

13 NGCC 2400/1050/950 
2 x Advanced 

F Class 
HRSG Air 

 
  

LNB and 
SCR    

14 NGCC 2400/1050/950 
2 x Advanced 

F Class 
HRSG Air 

 
  

LNB and 
SCR 

Amine 
Absorber

90% Off-Site 

Note (1) Defined as the percentage of carbon in the syngas that is captured; differences are explained in Chapter 3. 
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2 GENERAL EVALUATION BASIS 
For each of the plant configurations in this study an AspenPlus model was developed and used to 
generate material and energy balances, which in turn were used to provide a design basis for 
items in the major equipment list.  The equipment list and material balances were used as the 
basis for generating the capital and operating cost estimates.  Performance and process limits 
were based upon published reports, information obtained from vendors and users of the 
technology, performance data from design/build utility projects, and/or best engineering 
judgement.  Capital and operating costs were estimated by WorleyParsons based on simulation 
results and through a combination of vendor quotes, scaled estimates from previous design/buil 
projects, or a combination of the two.  Ultimately a 20-year levelized cost of electricity (LCOE) 
was calculated for each of the cases and is reported as the revenue requirement figure-of-merit. 

The balance of this chapter documents the design basis common to all technologies, as well as 
environmental targets and cost assumptions used in the study.  Technology specific design 
criteria are covered in subsequent chapters. 

2.1 SITE CHARACTERISTICS 
All plants in this study are assumed to be located at a generic plant site in Midwestern USA, with 
ambient conditions and site characteristics as presented in Exhibit 2-1 and Exhibit 2-2.  The 
ambient conditions are the same as ISO conditions. 

Exhibit 2-1  Site Ambient Conditions 

Elevation, m (ft) 0 
Barometric Pressure, MPa (psia) 0.10 (14.696) 

Design Ambient Temperature, Dry Bulb, °C (°F) 15 (59) 

Design Ambient Temperature, Wet Bulb, °C (°F) 11 (51.5) 

Design Ambient Relative Humidity, % 60 

Exhibit 2-2  Site Characteristics 

Location Greenfield, Midwestern USA 
Topography Level 
Size, acres 300 (PC/IGCC)     100 (NGCC) 
Transportation Rail 
Ash/Slag Disposal  Off Site 
Water Municipal (50%) / Groundwater (50%) 
Access Land locked, having access by train and highway 

CO2 Storage 
Compressed to 15.3 MPa (2,215 psia), transported 80 
kilometers (50 miles) and sequestered in a saline 
formation at a depth of 1,239 meters (4,055 feet) 

 29  



Cost and Performance Baseline for Fossil Energy Plants 

The land area for PC and IGCC cases assumes 30 acres are required for the plant proper and the 
balance provides a buffer of approximately 0.25 miles to the fence line.  The extra land could 
also provide for a rail loop if required.  In the NGCC cases it was assumed the plant proper 
occupies about 10 acres leaving a buffer of 0.15 miles to the plant fence line. 

In all cases it was assumed that the steam turbine is enclosed in a turbine building and in the PC 
cases the boiler is also enclosed.  The gasifier in the IGCC cases and the combustion turbines in 
the IGCC and NGCC cases are not enclosed. 

The following design parameters are considered site-specific, and are not quantified for this 
study.  Allowances for normal conditions and construction are included in the cost estimates. 

• Flood plain considerations 

• Existing soil/site conditions 

• Water discharges and reuse 

• Rainfall/snowfall criteria 

• Seismic design 

• Buildings/enclosures 

• Fire protection 

• Local code height requirements 

• Noise regulations – Impact on site and surrounding area 

2.2 COAL CHARACTERISTICS 
The design coal is Illinois No. 6 with characteristics presented in Exhibit 2-3.  The coal 
properties are from NETL’s Coal Quality Guidelines. [1]    

The first year cost of coal used in this study is $1.71/MMkJ ($1.80/MMBtu) (2010 cost of coal in 
2007 dollars).  The cost was determined using the following information from the Energy 
Information Administration’s (EIA) 2007 Annual Energy Outlook (AEO): 

• The 2010 minemouth cost of coal in 2005 dollars, $35.23/tonne ($31.96/ton), was 
obtained from Supplemental Table 113 of the EIA’s 2007 AEO for eastern interior 
high-sulfur bituminous coal. 

• The delivery costs were assumed to be 25 percent of the minemouth cost for eastern 
interior coal delivered to Illinois and surrounding states. [2] 

• The 2010 delivered cost ($44.04/tonne [$39.95/ton]) was escalated to 2007 dollars 
using the gross domestic product (GDP) chain-type price index from AEO 2007, 
resulting in a delivered 2010 price in 2007 dollars of $45.32/tonne ($41.11/ton) or 
$1.71/MMkJ ($1.80/MMBtu). [3]  (Note: The conversion of $41.11/ton to dollars per 
million Btu results in $1.8049/MMBtu which was used in calculations, but only two 
decimal places are shown in the report.) 
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Exhibit 2-3  Design Coal 

Rank Bituminous  
Seam Illinois No. 6 (Herrin) 
Source Old Ben Mine 

Proximate Analysis (weight %) (Note A) 
 As Received Dry 
Moisture 11.12 0.00 
Ash 9.70 10.91 
Volatile Matter 34.99 39.37 
Fixed Carbon 44.19 49.72 
Total 100.00 100.00 
Sulfur 2.51 2.82 

HHV, kJ/kg 27,113 30,506 
HHV, Btu/lb 11,666 13,126 
LHV, kJ/kg 26,151 29,544 

LHV, Btu/lb 11,252 12,712 

Ultimate Analysis (weight %) 
 As Received Dry 
Moisture 11.12 0.00 
Carbon 63.75 71.72 
Hydrogen 4.50 5.06 
Nitrogen 1.25 1.41 
Chlorine 0.29 0.33 
Sulfur 2.51 2.82 
Ash 9.70 10.91 
Oxygen (Note B) 6.88 7.75 
Total 100.00 100.00 

Notes: A. The proximate analysis assumes sulfur as volatile matter 
B. By difference 
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2.3 NATURAL GAS CHARACTERISTICS 
Natural gas is utilized as the main fuel in Cases 13 and 14 (NGCC with and without CO2 
capture), and its composition is presented in Exhibit 2-4. [4] 

Exhibit 2-4  Natural Gas Composition 

Component Volume Percentage 

Methane CH4 93.9 
Ethane C2H6 3.2 
Propane C3H8 0.7 
n-Butane  C4H10 0.4 
Carbon Dioxide CO2 1.0 
Nitrogen N2 0.8 

 Total 100.0 

 LHV HHV 
kJ/kg 47,764 52,970 
MJ/scm 35 39 
Btu/lb 20,552 22,792 
Btu/scf 939 1,040 

Note: Fuel composition is normalized and heating values are calculated  

The first year cost of natural gas used in this study is $6.40/MMkJ ($6.75/MMBtu) (2010 cost of 
natural gas in 2007 dollars).  The cost was determined using the following information from the 
EIA’s 2007 AEO: 

• The 2010 national average delivered cost of natural gas to electric utilities in 2005 
dollars, $6.07/MMkJ ($6.40/MMBtu), was obtained from the AEO 2007 reference 
case Table 13. 

• The 2010 cost was escalated to 2007 dollars using the GDP chain-type price index 
from AEO 2007, resulting in a delivered 2010 price in 2007 dollars of $6.40/MMkJ 
($6.75/MMBtu). [3] 

2.4 ENVIRONMENTAL TARGETS 
The environmental targets for the study were considered on a technology- and fuel-specific basis.  
In setting the environmental targets a number of factors were considered, including current 
emission regulations, regulation trends, results from recent permitting activities and the status of 
current best available control technology (BACT). 

The current federal regulation governing new fossil-fuel fired electric utility steam generating 
units is the New Source Performance Standards (NSPS) as amended in February 2006 and shown 
in Exhibit 2-5, which represents the minimum level of control that would be required for a new 
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fossil energy plant. [5]  Stationary combustion turbine emission limits are further defined in 40 
CFR Part 60, Subpart KKKK.   

Exhibit 2-5  Standards of Performance for Electric Utility Steam Generating Units 
Built, Reconstructed, or Modified After February 28, 2005 

New Units Reconstructed Units Modified Units 

 Emission 
Limit 

% 
Reduction 

Emission 
Limit 

(lb/MMBtu)

% 
Reduction 

Emission 
Limit 

(lb/MMBtu) 

% 
Reduction 

PM 0.015 
lb/MMBtu 99.9 0.015 99.9 0.015 99.8 

SO2 1.4 lb/MWh 95 0.15 95 0.15 90 

NOx 1.0 lb/MWh N/A 0.11 N/A 0.15 N/A 

 

The new NSPS standards apply to units with the capacity to generate greater than 73 MW of 
power by burning fossil fuels, as well as cogeneration units that sell more than 25 MW of power 
and more than one-third of their potential output capacity to any utility power distribution 
system.  The rule also applies to combined cycle, including IGCC plants, and combined heat and 
power combustion turbines that burn 75 percent or more synthetic-coal gas.  In cases where both 
an emission limit and a percent reduction are presented, the unit has the option of meeting one or 
the other.  All limits with the unit lb/MWh are based on gross power output. 

Other regulations that could affect emissions limits from a new plant include the New Source 
Review (NSR) permitting process and Prevention of Significant Deterioration (PSD).  The NSR 
process requires installation of emission control technology meeting either BACT determinations 
for new sources being located in areas meeting ambient air quality standards (attainment areas), 
or Lowest Achievable Emission Rate (LAER) technology for sources being located in areas not 
meeting ambient air quality standards (non-attainment areas).  Environmental area designation 
varies by county and can be established only for a specific site location.  Based on the 
Environmental Protection Agency (EPA) Green Book Non-attainment Area Map relatively few 
areas in the Midwestern U.S. are classified as “non-attainment” so the plant site for this study 
was assumed to be in an attainment area. [6]   

In addition to federal regulations, state and local jurisdictions can impose even more stringent 
regulations on a new facility.  However, since each new plant has unique environmental 
requirements, it was necessary to apply some judgment in setting the environmental targets for 
this study. 

The Clean Air Mercury Rule (CAMR) established NSPS limits for Hg emissions from new 
pulverized coal-fired boilers based on coal type as well as for IGCC units independent of coal 
type.  The NSPS limits, based on gross output, are shown in Exhibit 2-6. [7]  The applicable 
limit in this study is 20 x 10-6 lb/MWh for both bituminous coal-fired PC boilers and for IGCC 
units. 
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Exhibit 2-6  NSPS Mercury Emission Limits 

Coal Type / Technology Hg Emission Limit 

Bituminous 20 x 10-6 lb/MWh 

Subbituminous (wet units) 66 x 10-6 lb/MWh 

Subbituminous (dry units) 97 x 10-6 lb/MWh 

Lignite 175 x 10-6 lb/MWh 

Coal refuse 16 x 10-6 lb/MWh 

IGCC 20 x 10-6 lb/MWh 

The mercury content of 34 samples of Illinois No. 6 coal has an arithmetic mean value of 
0.09 ppm (dry basis) with standard deviation of 0.06 based on coal samples shipped by Illinois 
mines. [8]  Hence, as illustrated in Exhibit 2-7, there is a 50 percent probability that the mercury 
content in the Illinois No. 6 coal would not exceed 0.09 ppm (dry basis).  The coal mercury 
content for this study was assumed to be 0.15 ppm (dry) for all IGCC and PC cases, which 
corresponds to the mean plus one standard deviation and encompasses about 84 percent of the 
samples.  It was further assumed that all of the coal Hg enters the gas phase and none leaves with 
the bottom ash or slag. 

The current NSPS emission limits are provided below for each technology along with the 
environmental targets for this study and the control technologies employed to meet the targets.  
In some cases, application of the control technology results in emissions that are less than the 
target, but in no case are the emissions greater than the target. 
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Exhibit 2-7  Probability Distribution of Mercury Concentration in the Illinois No. 6 Coal 
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2.4.1 IGCC 
The IGCC environmental targets were chosen to match the Electric Power Research Institute’s 
(EPRI) design basis for their CoalFleet for Tomorrow Initiative and are shown in Exhibit 2-8. [9]  
EPRI notes that these are design targets and are not to be used for permitting values. 

Exhibit 2-8  Environmental Targets for IGCC Cases 

Pollutant Environmental 
Target NSPS Limit1 Control Technology 

NOx 15 ppmv (dry) @ 15% 
O2 

1.0 lb/MWh   
(0.116 lb/MMBtu) 

Low NOx burners and 
syngas nitrogen dilution 

SO2 0.0128 lb/MMBtu 1.4 lb/MWh   
(0.162 lb/MMBtu) 

Selexol, MDEA or 
Sulfinol (depending on 

gasifier technology) 

Particulate 
Matter 
(Filterable) 

0.0071 lb/MMBtu 0.015 lb/MMBtu 

Quench, water scrubber, 
and/or cyclones and 

candle filters (depending 
on gasifier technology) 

Mercury > 90% capture 20 x 10-6 lb/MWh 
(2.3 lb/TBtu) Carbon bed 

1 The value in parentheses is calculated based on an average heat rate of 8,640 Btu/kWh from the 
three non-CO2 capture gasifier cases. 
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Based on published vendor literature, it was assumed that low NOx burners (LNB) and nitrogen 
dilution can achieve 15 ppmv (dry) at 15 percent O2, and that value was used for all IGCC cases. 
[10, 11]   

To achieve an environmental target of 0.0128 lb/MMBtu of SO2 requires approximately 28 ppmv 
sulfur in the sweet syngas.  The acid gas removal (AGR) process must have a sulfur capture 
efficiency of about 99.7 percent to reach the environmental target.  Vendor data on each of the 
three AGR processes used in the non-capture cases indicate that this level of sulfur removal is 
possible.  In the CO2 capture cases, the two-stage Selexol process was designed for 95 percent 
CO2 removal which results in a sulfur capture of greater than 99.7 percent, hence the lower sulfur 
emissions in the CO2 capture cases. 

Most of the coal ash is removed from the gasifier as slag.  The ash that remains entrained in the 
syngas is captured in the downstream equipment, including the syngas scrubber and a cyclone 
and either ceramic or metallic candle filters (CoP and Shell).  The environmental target of 0.0071 
lb/MMBtu filterable particulates can be achieved with each combination of particulate control 
devices so that in each IGCC case it was assumed the environmental target was met exactly. 

The environmental target for mercury capture is greater than 90 percent.  Based on experience at 
the Eastman Chemical plant, where syngas from a GEE gasifier is treated, the actual mercury 
removal efficiency used is 95 percent.  Sulfur-impregnated activated carbon is used by Eastman 
as the adsorbent in the packed beds operated at 30°C (86°F) and 6.2 MPa (900 psig).  Mercury 
removal between 90 and 95 percent has been reported with a bed life of 18 to 24 months.  
Removal efficiencies may be even higher, but at 95 percent the measurement precision limit was 
reached.  Eastman has yet to experience any mercury contamination in its product. [12]  Mercury 
removals of greater than 99 percent can be achieved by the use of dual beds, i.e., two beds in 
series.  However, this study assumes that the use of sulfur-impregnated carbon in a single carbon 
bed achieves 95 percent reduction of mercury emissions which meets the environmental target 
and NSPS limits in all cases. 

2.4.2 PC 
BACT was applied to each of the PC cases and the resulting emissions compared to NSPS limits 
and recent permit averages.  Since the BACT results met or exceeded the NSPS requirements 
and the average of recent permits, they were used as the environmental targets as shown in 
Exhibit 2-9.  The average of recent permits is comprised of 8 units at 5 locations.  The 5 plants 
include Elm Road Generating Station, Longview Power, Prairie State, Thoroughbred and Cross. 

It was assumed that LNBs and staged overfire air (OFA) would limit NOx emissions to 0.5 
lb/MMBtu and that selective catalytic reduction (SCR) technology would be 86 percent efficient, 
resulting in emissions of 0.07 lb/MMBtu for all cases. 

The wet limestone scrubber was assumed to be 98 percent efficient which results in SO2 
emissions of 0.085 lb/MMBtu.  Current technology allows flue gas desulfurization (FGD) 
removal efficiencies in excess of 99 percent, but based on NSPS requirements and recent permit 
averages, such high removal efficiency is not necessary. 

The fabric filter used for particulate control was assumed to be 99.8 percent efficient.  The result 
is particulate emissions of 0.013 lb/MMBtu in all cases, which also exceeds NSPS and recent 
permit average requirements. 
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Exhibit 2-9  Environmental Targets for PC Cases 

Pollutant Environmental 
Target NSPS Limit 

Average of 
Recent 
Permits 

Control 
Technology 

NOx 0.07 lb/MMBtu 
1.0 lb/MWh 

(0.111 
lb/MMBtu) 

0.08 
lb/MMBtu 

Low NOx 
burners, overfire 

air and SCR 

SO2 
0.085 

lb/MMBtu 

1.4 lb/MWh 
(0.156 

lb/MMBtu) 

0.16 
lb/MMBtu 

Wet limestone 
scrubber 

Particulate 
Matter 
(Filterable) 

0.013 
lb/MMBtu 0.015 lb/MMBtu 0.017 

lb/MMBtu Fabric filter 

Mercury 1.14 lb/TBtu 20 x 10-6 lb/MWh 
(2.2 lb/TBtu) 2.49 lb/TBtu Co-benefit 

capture 

Mercury control for PC cases was assumed to occur through 90 percent co-benefit capture in the 
fabric filter and the wet FGD scrubber.  EPA used a statistical method to calculate the Hg co-
benefit capture from units using a “best demonstrated technology” approach, which for 
bituminous coals was considered to be a combination of a fabric filter and an FGD system.  The 
statistical analysis resulted in a co-benefit capture estimate of 86.7 percent with an efficiency 
range of 83.8 to 98.8 percent. [13]  EPA’s documentation for their Integrated Planning Model 
(IPM) provides mercury emission modification factors (EMF) based on 190 combinations of 
boiler types and control technologies.  The EMF is simply one minus the removal efficiency.  
For PC boilers (as opposed to cyclones, stokers, fluidized beds and ‘others’) with a fabric filter, 
SCR and wet FGD, the EMF is 0.1 which corresponds to a removal efficiency of 90 percent. 
[14]  The average reduction in total Hg emissions developed from EPA’s Information Collection 
Request (ICR) data on U.S. coal-fired boilers using bituminous coal, fabric filters and wet FGD 
is 98 percent. [15]  The referenced sources bound the co-benefit Hg capture for bituminous coal 
units employing SCR, a fabric filter and a wet FGD system between 83.8 and 98 percent.  Ninety 
percent was chosen as near the mid-point of this range and it also matches the value used by EPA 
in their IPM. 

Since co-benefit capture alone exceeds the requirements of NSPS and recent permit averages, no 
activated carbon injection is included in this study. 

2.4.3 NGCC 
BACT was applied to the NGCC cases and the resulting emissions compared to NSPS limits.  
The NGCC environmental targets were chosen based on reasonably obtainable limits given the 
control technologies employed and are presented in Exhibit 2-10. 
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Exhibit 2-10  Environmental Targets for NGCC Cases 

Pollutant Environmental 
Target 

40 CFR Part 60, 
Subpart KKKK 

Limits 

Control 
Technology 

NOx 2.5 ppmv @ 15% O2 15 ppmv @ 15% O2 
Low NOx burners 

and SCR 

SO2 Negligible 0.9 lb/MWh        
(0.135 lb/MMBtu)1 

Low sulfur content 
fuel 

Particulate Matter 
(Filterable) N/A N/A N/A 

Mercury N/A N/A N/A 
1 Assumes a heat rate of 6,690 Btu/kWh. 

Published vendor literature indicates that 25 ppmv NOx at 15 percent O2 is achievable using 
natural gas and dry low NOx (DLN) technology. [16, 17]  The application of SCR with 90 
percent efficiency further reduces NOx emissions to 2.5 ppmv, which was selected as the 
environmental target.   

For the purpose of this study, natural gas was assumed to contain a negligible amount of sulfur 
compounds, and therefore generate negligible sulfur emissions.  The EPA defines pipeline 
natural gas as containing >70 percent methane by volume or having a gross calorific value of 
between 35.4 and 40.9 MJ/Nm3 (950 and 1,100 Btu/scf) and having a total sulfur content of less 
than 13.7 mg/Nm3 (0.6 gr/100 scf). [18]  Assuming a sulfur content equal to the EPA limit for 
pipeline natural gas, resulting SO2 emissions for the two NGCC cases in this study would be 21 
tonnes/yr (23.2 tons/yr) at 85 percent capacity factor or 0.00084 kg/GJ (0.00195 lb/MMBtu).  
Thus for the purpose of this study, SO2 emissions were considered negligible. 

The pipeline natural gas was assumed to contain no particulate matter and no mercury resulting 
in no emissions of either. 

2.4.4 CARBON DIOXIDE 
Carbon dioxide (CO2) is not currently regulated.  However, the possibility exists that carbon 
limits will be imposed in the future and this study examines cases that include a reduction in CO2 
emissions.  Because the form of emission limits, should they be imposed, is not known, CO2 
emissions are reported on both a lb/(gross) MWh and lb/(net) MWh basis in each capture case 
emissions table. 

For the IGCC cases that have CO2 capture, the basis is a nominal 90 percent removal based on 
carbon input from the coal and excluding carbon that exits the gasifier with the slag.  The 
minimum number of water gas shift reactors was used with a maximum Selexol CO2 removal 
efficiency of 95 percent (based on a vendor quote) to achieve an overall CO2 removal efficiency 
of 90 percent.  Once the number of shift reactors was determined, the Selexol removal efficiency 
was decreased from 95 percent if possible while still meeting the 90 percent overall target.  In the 
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case of the E-Gas™ gasifier, CO2 capture is limited to 88.4 percent because of the relatively high 
methane content in the syngas that is not converted to CO2 in the shift reactors. 

For PC and NGCC cases that have CO2 capture, it is assumed that all of the fuel carbon is 
converted to CO2 in the flue gas.  CO2 is also generated from limestone in the FGD system, and 
90 percent of the CO2 exiting the FGD absorber is subsequently captured using the Econamine 
FG Plus technology. 

The cost of CO2 capture was calculated in two ways, the cost of CO2 removed and the cost of 
CO2 avoided, as illustrated in Equations 1 and 2, respectively.  The cost of electricity in the CO2 
capture cases includes transport, storage and monitoring (TS&M) as well as capture and 
compression. 
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2.5 CAPACITY FACTOR 
This study assumes that each new plant would be dispatched any time it is available and would 
be capable of generating maximum capacity when online.  Therefore capacity factor and 
availability are equal.  The availability for PC and NGCC cases was determined using the 
Generating Availability Data System (GADS) from the North American Electric Reliability 
Council (NERC). [19]  Since there are only two operating IGCC plants in North America, the 
same database was not useful for determining IGCC availability.  Rather, input from EPRI and 
their work on the CoalFleet for Tomorrow Initiative was used. 

NERC defines an equivalent availability factor (EAF), which is essentially a measure of the plant 
capacity factor assuming there is always a demand for the output.  The EAF accounts for planned 
and scheduled derated hours as well as seasonal derated hours.  As such, the EAF matches this 
study’s definition of capacity factor. 

The average EAF for coal-fired plants in the 400-599 MW size range was 84.9 percent in 2004 
and averaged 83.9 percent from 2000-2004.  Given that many of the plants in this size range are 
older, the EAF was rounded up to 85 percent and that value was used as the PC plant capacity 
factor. 

The average EAF for NGCC plants in the 400-599 MW size range was 84.7 percent in 2004 and 
averaged 82.7 percent from 2000-2004.  Using the same rationale as for PC plants, the EAF was 
rounded up to 85 percent and that value was also used as the NGCC plant capacity factor. 

EPRI examined the historical forced and scheduled outage times for IGCCs and concluded that 
the reliability factor (which looks at forced or unscheduled outage time only) for a single train 
IGCC (no spares) would be about 90 percent. [20]  To get the availability factor, one has to 
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deduct the scheduled outage time.  In reality the scheduled outage time differs from gasifier 
technology-to-gasifier technology, but the differences are relatively small and would have 
minimal impact on the capacity factor, so for this study it was assumed to be constant at a 30-day 
planned outage per year (or two 15-day outages).  The planned outage would amount to 
8.2 percent of the year, so the availability factor would be (90 percent - 8.2 percent), or 
81.2 percent. 

There are four operating IGCC’s worldwide that use a solid feedstock and are primarily power 
producers (Polk, Wabash, Buggenum and Puertollano).  A 2006 report by Higman et al. 
examined the reliability of these IGCC power generation units and concluded that typical annual 
on-stream times are around 80 percent. [21]  The capacity factor would be somewhat less than 
the on-stream time since most plants operate at less than full load for some portion of the 
operating year.  Given the results of the EPRI study and the Higman paper, a capacity factor of 
80 percent was chosen for IGCC with no spare gasifier required. 

The addition of CO2 capture to each technology was assumed not to impact the capacity factor. 
This assumption was made to enable a comparison based on the impact of capital and variable 
operating costs only.  Any reduction in assumed capacity factor would further increase the 
LCOE for the CO2 capture cases. 

2.6 RAW WATER USAGE 
A water balance was performed for each case on the major water consumers in the process.  The 
total water demand for each subsystem was determined and internal recycle water available from 
various sources like boiler feedwater blowdown and condensate from syngas or flue gas (in CO2 
capture cases) was applied to offset the water demand.  The difference between demand and 
recycle is raw water usage. 

Raw water makeup was assumed to be provided 50 percent by a publicly owned treatment works 
(POTW) and 50 percent from groundwater.  Raw water usage is defined as the water metered 
from a raw water source and used in the plant processes for any and all purposes, such as cooling 
tower makeup, boiler feedwater makeup, slurry preparation makeup, ash handling makeup, 
syngas humidification, quench system makeup, and FGD system makeup.  Usage represents the 
overall impact of the process on the water source. 

The largest consumer of raw water in all cases is cooling tower makeup.  It was assumed that all 
cases utilized a mechanical draft, evaporative cooling tower, and all process blowdown streams 
were assumed to be treated and recycled to the cooling tower.  The design ambient wet bulb 
temperature of 11°C (51.5°F) (Exhibit 2-1) was used to achieve a cooling water temperature of 
16°C (60°F) using an approach of 5°C (8.5°F).  The cooling water range was assumed to be 
11°C (20°F).  The cooling tower makeup rate was determined using the following [22]: 

• Evaporative losses of 0.8 percent of the circulating water flow rate per 10°F of range 

• Drift losses of 0.001 percent of the circulating water flow rate 

• Blowdown losses were calculated as follows: 

o Blowdown Losses = Evaporative Losses / (Cycles of Concentration - 1) 

Where cycles of concentration is a measure of water quality, and a mid-range 
value of 4 was chosen for this study. 
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The water balances presented in subsequent sections include the water demand of the major 
water consumers within the process, the amount provided by internal recycle, and by difference, 
the amount of raw water required. 

2.7 COST ESTIMATING METHODOLOGY 
The Total Plant Cost (TPC) and Operation and Maintenance (O&M) costs for each of the cases 
in the study were estimated by WorleyParsons Group Inc. (WorleyParsons).  The estimates carry 
an accuracy of ±30 percent, consistent with the screening study level of information available for 
the various study power technologies.   

WorleyParsons used an in-house database and conceptual estimating models for the capital cost 
and O&M cost estimates.  Costs were further calibrated using a combination of adjusted vendor-
furnished and actual cost data from recent design and design/build projects. 

The capital costs for each cost account were reviewed by comparing individual accounts across 
all of the other cases and technologies to ensure an accurate representation of the relative cost 
differences between the cases and accounts. 

All capital and O&M costs are presented as “overnight costs” expressed in December 2006 
dollars.  In this study the first year of plant construction is assumed to be 2007, and the resulting 
LCOE is expressed in year 2007 dollars.  The capital and operating costs in December 2006 
dollars were treated as a January 2007 year cost throughout the report without escalation.  In this 
report December 2006 dollars and January 2007 dollars are considered to be equal. 

Capital costs are presented at the TPC level.  TPC includes:  

• Equipment (complete with initial chemical and catalyst loadings),  

• Materials,  

• Labor (direct and indirect),  

• Engineering and construction management, and  

• Contingencies (process and project).   

Owner’s costs are excluded. 

System Code-of-Accounts  

The costs are grouped according to a process/system oriented code of accounts.  This type of 
code-of-account structure has the advantage of grouping all reasonably allocable components of 
a system or process so they are included in the specific system account.  (This would not be the 
case had a facility, area, or commodity account structure been chosen instead).   

Non-CO2 Capture Plant Maturity 

The case estimates provided include technologies at different commercial maturity levels.  The 
estimates for the non-CO2-capture PC and NGCC cases represent well-developed commercial 
technology or “nth plants.”  The non-capture IGCC cases are also based on commercial offerings, 
however, there have been very limited sales of these units so far.  These non-CO2-capture IGCC 
plant costs are less mature in the learning curve, and the costs listed reflect the “next commercial 
offering” level of cost rather than mature nth-of-a-kind cost.  Thus, each of these cases reflects 
the expected cost for the next commercial sale of each of these respective technologies.   
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CO2 Removal Maturity  
The post-combustion CO2 removal technology for the PC and NGCC capture cases is immature 
technology.  This technology remains unproven at commercial scale in power generation 
applications.   

The pre-combustion CO2 removal technology for the IGCC capture cases has a stronger 
commercial experience base.  Pre-combustion CO2 removal from syngas streams has been 
proven in chemical processes with similar conditions to that in IGCC plants, but has not been 
demonstrated in IGCC applications.  While no commercial IGCC plant yet uses CO2 removal 
technology in commercial service, there are currently IGCC plants with CO2 capture well along 
in the planning stages.    

Contracting Strategy  
The estimates are based on an Engineering/Procurement/Construction Management (EPCM) 
approach utilizing multiple subcontracts.  This approach provides the Owner with greater control 
of the project, while minimizing, if not eliminating most of the risk premiums typically included 
in an Engineer/Procure/Construct (EPC) contract price.   

In a traditional lump sum EPC contract, the Contractor assumes all risk for performance, 
schedule, and cost.  However, as a result of current market conditions, EPC contractors appear 
more reluctant to assume that overall level of risk.  Rather, the current trend appears to be a 
modified EPC approach where much of the risk remains with the Owner.  Where Contractors are 
willing to accept the risk in EPC type lump-sum arrangements, it is reflected in the project cost.  
In today’s market, Contractor premiums for accepting these risks, particularly performance risk, 
can be substantial and increase the overall project costs dramatically.   

The EPCM approach used as the basis for the estimates here is anticipated to be the most cost 
effective approach for the Owner.  While the Owner retains the risks, the risks become reduced 
with time, as there is better scope definition at the time of contract award(s). 

Estimate Scope  
The estimates represent a complete power plant facility on a generic site.  Site-specific 
considerations such as unusual soil conditions, special seismic zone requirements, or unique 
local conditions such as accessibility, local regulatory requirements, etc. are not considered in the 
estimates.  

The estimate boundary limit is defined as the total plant facility within the “fence line” including 
coal receiving and water supply system, but terminating at the high voltage side of the main 
power transformers.  The single exception to the fence line limit is in the CO2 capture cases 
where costs are included for TS&M of the CO2. 

Labor costs are based on Merit Shop (non-union), in a competitive bidding environment. 

Capital Costs  
WorleyParsons developed the capital cost estimates for each plant using the company’s in-house 
database and conceptual estimating models for each of the specific technologies.  This database 
and the respective models are maintained by WorleyParsons as part of a commercial power plant 
design base of experience for similar equipment in the company’s range of power and process 
projects.  A reference bottoms-up estimate for each major component provides the basis for the 
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estimating models.  This provides a basis for subsequent comparisons and easy modification 
when comparing between specific case-by-case variations. 

Key equipment costs for each of the cases were calibrated to reflect recent quotations and/or 
purchase orders for other ongoing in-house power or process projects.  These include, but are not 
limited to the following equipment: 

• Pulverized Coal Boilers 

• Combustion Turbine Generators 

• Steam Turbine Generators 

• Circulating Water Pumps and Drivers 

• Cooling Towers 

• Condensers 

• Air Separation Units (partial) 

• Main Transformers 

• Econamine FG Plus CO2 Capture Process (quote provided specifically for this project) 

Other key estimate considerations include the following: 

• Labor costs are based on Midwest, Merit Shop.  Costs would need to be re-evaluated for 
projects at different locations or for projects employing union labor. 

• The estimates are based on a competitive bidding environment, with adequate skilled 
craft labor available locally. 

• Labor is based on a 50-hour work-week (5-10s).  No additional incentives such as per- 
diems or bonuses have been included to attract craft labor.   

• While not included at this time, labor incentives may ultimately be required to attract and 
retain skilled labor depending on the amount of competing work in the region, and the 
availability of skilled craft in the area at the time the projects proceed to construction.  
Current indications are that regional craft shortages are likely over the next several years.  
The types and amounts of incentives will vary based on project location and timing 
relative to other work.  The cost impact resulting from an inadequate local work force can 
be significant. 

• The estimates are based on a greenfield site.   

• The site is considered to be Seismic Zone 1, relatively level, and free from hazardous 
materials, archeological artifacts, or excessive rock.  Soil conditions are considered 
adequate for spread footing foundations.  The soil bearing capability is assumed adequate 
such that piling is not needed to support the foundation loads.   

• Costs are limited to within the “fence line,” terminating at the high voltage side of the 
main power transformers with the exception of costs included for TS&M of CO2 in all 
capture cases. 

 43  



Cost and Performance Baseline for Fossil Energy Plants 

• Engineering and Construction Management were estimated as a percent of bare erected 
cost; 10 percent for IGCC and PC technologies, and 9 percent for NGCC technologies.  
These costs consist of all home office engineering and procurement services as well as 
field construction management costs.  Site staffing generally includes a construction 
manager, resident engineer, scheduler, and personnel for project controls, document 
control, materials management, site safety and field inspection. 

• All capital costs are presented as “Overnight Costs” in December 2006 dollars.  As 
previously mentioned, December 2006 and January 2007 dollars are considered 
equivalent in this report.  Escalation to period-of-performance is specifically excluded. 

Price Escalation  
A significant change in power plant cost occurred in recent years due to the significant increases 
in the pricing of equipment and bulk materials.  This estimate includes these increases.  All 
vendor quotes used to develop these estimates were received within the last two years.  The price 
escalation of vendor quotes incorporated a vendor survey of actual and projected pricing 
increases from 2004 through the third quarter of 2006 that WorleyParsons conducted for a recent 
project.  The results of that survey were used to validate/recalibrate the corresponding escalation 
factors used in the conceptual estimating models.  

Cross-comparisons  
In all technology comparison studies, the relative differences in costs are often more significant 
than the absolute level of TPC.  This requires cross-account comparison between technologies to 
review the consistency of the direction of the costs.  As noted above, the capital costs were 
reviewed and compared across all of the cases, accounts, and technologies to ensure that a 
consistent representation of the relative cost differences is reflected in the estimates.   

In performing such a comparison, it is important to reference the technical parameters for each 
specific item, as these are the basis for establishing the costs.  Scope or assumption differences 
can quickly explain any apparent anomalies.  There are a number of cases where differences in 
design philosophy occur.  Some key examples are:  

• The combustion turbine account in the GEE IGCC cases includes a syngas expander 
which is not required for the CoP or Shell cases. 

• The combustion turbines for the IGCC capture cases include an additional cost for firing 
a high hydrogen content fuel. 

• The Shell gasifier syngas cooling configuration is different between the CO2-capture and 
non-CO2-capture cases, resulting in a significant differential in thermal duty between the 
syngas coolers for the two cases.    

Exclusions 

The capital cost estimate includes all anticipated costs for equipment and materials, installation 
labor, professional services (Engineering and Construction Management), and contingency.  The 
following items are excluded from the capital costs: 

• Escalation to period-of-performance 
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• Owner’s costs – including, but not limited to land acquisition and right-of-way, permits 
and licensing, royalty allowances, economic development, project development costs, 
allowance for funds-used-during construction, legal fees, Owner’s engineering, pre-
production costs, furnishings, Owner’s contingency, etc. 

• All taxes, with the exception of payroll taxes 

• Site specific considerations – including but not limited to seismic zone, accessibility, 
local regulatory requirements, excessive rock, piles, laydown space, etc.   

• Labor incentives in excess of a 5-day/10-hour work week 

• Additional premiums associated with an EPC contracting approach  

Contingency 
Both the project contingency and process contingency costs represent costs that are expected to 
be spent in the development and execution of the project that are not yet fully reflected in the 
design.  It is industry practice to include project contingency in the TPC to cover project 
uncertainty and the cost of any additional equipment that would result during detailed design.  
Likewise, the estimates include process contingency to cover the cost of any additional 
equipment that would be required as a result of continued technology development. 

Project Contingency 

Project contingencies were added to each of the capital accounts to cover project uncertainty and 
the cost of any additional equipment that could result from detailed design.  The project 
contingencies represent costs that are expected to occur.  Each bare erected cost account was 
evaluated against the level of estimate detail, field experience, and the basis for the equipment 
pricing to define project contingency.   

The capital cost estimates associated with the plant designs in this study were derived from 
various sources which include prior conceptual designs and actual design and construction of 
both process and power plants.   

The Association for the Advancement of Cost Engineering (AACE) International recognizes five 
classes of estimates.  On the surface, the level of project definition of the cases evaluated in this 
study would appear to fall under an AACE International Class 5 Estimate, associated with less 
than 2 percent project definition, and based on preliminary design methodology.  However, the 
study cases are actually more in line with the AACE International Class 4 Estimate, which is 
associated with equipment factoring, parametric modeling, historical relationship factors, and 
broad unit cost data.   

Based on the AACE International contingency guidelines as presented in NETL’s "Quality 
Guidelines for Energy System Studies" it would appear that the overall project contingencies for 
the subject cases should be in the range of 30 to 40 percent. [4]  However, such contingencies are 
believed to be too high when the basis for the cost numbers is considered.  The costs have been 
extrapolated from an extensive data base of project costs (estimated, quoted, and actual), based 
on both conceptual and detailed designs for the various technologies.  This information has been 
used to calibrate the costs in the current studies, thus improving the quality of the overall 
estimates.  As such, the overall project contingencies should be more in the range of 15 to 20 
percent based on the specific technology; with the PC and NGCC cases being at the lower end of 
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the range, and the IGCC cases at the higher end, and the capture cases being higher than the non-
capture cases.   

Process Contingency 

Process contingency is intended to compensate for uncertainties arising as a result of the state of 
technology development.  Process contingencies have been applied to the estimates as follows: 

• Slurry Prep and Feed – 5 percent on GE IGCC cases - systems are operating at 
approximately 800 psia as compared to 600 psia for the other IGCC cases 

• Gasifiers and Syngas Coolers – 15 percent on all IGCC cases – next-generation 
commercial offering and integration with the power island 

• Two Stage Selexol – 20 percent on all IGCC capture cases - unproven technology at 
commercial scale in IGCC service 

• Mercury Removal – 5 percent on all IGCC cases – minimal commercial scale 
experience in IGCC applications 

• CO2 Removal System – 20 percent on all PC/NGCC capture cases - post-combustion 
process unproven at commercial scale for power plant applications 

• Combustion Turbine Generator – 5 percent on all IGCC non-capture cases – syngas 
firing and ASU integration; 10 percent on all IGCC capture cases – high hydrogen 
firing.   

• Instrumentation and Controls – 5 percent on all IGCC accounts and 5 percent on the 
PC and NGCC capture cases – integration issues 

AACE International provides standards for process contingency relative to technology status; 
from commercial technology at 0 to 5 percent to new technology with little or no test data at 40 
percent.  The process contingencies as applied in this study are consistent with the AACE 
International standards. 

All contingencies included in the TPC, both project and process, represent costs that are expected 
to be spent in the development and execution of the project.  

Operations and Maintenance (O&M) 
The production costs or operating costs and related maintenance expenses (O&M) pertain to 
those charges associated with operating and maintaining the power plants over their expected 
life.  These costs include:  

• Operating labor 

• Maintenance – material and labor 

• Administrative and support labor 

• Consumables 

• Fuel 

• Waste disposal 

• Co-product or by-product credit (that is, a negative cost for any by-products sold) 
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There are two components of O&M costs; fixed O&M, which is independent of power 
generation, and variable O&M, which is proportional to power generation.   

Operating Labor 

Operating labor cost was determined based on of the number of operators required for each 
specific case.  The average base labor rate used to determine annual cost is $33/hr.  The 
associated labor burden is estimated at 30 percent of the base labor rate.   

Maintenance Material and Labor 

Maintenance cost was evaluated on the basis of relationships of maintenance cost to initial 
capital cost.  This represents a weighted analysis in which the individual cost relationships were 
considered for each major plant component or section.  The exception to this is the maintenance 
cost for the combustion turbines, which is calculated as a function of operating hours. 

It should be noted that a detailed analysis considering each of the individual gasifier components 
and gasifier refractory life is beyond the scope of this study.  However, to address this at a high 
level, the maintenance factors applied to the gasifiers vary between the individual gasifier 
technology suppliers.  The gasifier maintenance factors used for this study are as follows: 

• GE – 10 percent on all gasifier components   

• CoP and Shell – 7.5 percent on the gasifier and related components, and 4.5 percent on 
the syngas cooling. 

Administrative and Support Labor 

Labor administration and overhead charges are assessed at rate of 25 percent of the burdened 
operation and maintenance labor. 

Consumables 
The cost of consumables, including fuel, was determined on the basis of individual rates of 
consumption, the unit cost of each specific consumable commodity, and the plant annual 
operating hours.   

Quantities for major consumables such as fuel and sorbent were taken from technology-specific 
heat and mass balance diagrams developed for each plant application.  Other consumables were 
evaluated on the basis of the quantity required using reference data.   

The quantities for initial fills and daily consumables were calculated on a 100 percent operating 
capacity basis.  The annual cost for the daily consumables was then adjusted to incorporate the 
annual plant operating basis, or capacity factor.   

Initial fills of the consumables, fuels and chemicals, are different from the initial chemical 
loadings, which are included with the equipment pricing in the capital cost. 

Waste Disposal 

Waste quantities and disposal costs were determined/evaluated similarly to the consumables.  In 
this study both slag from the IGCC cases and fly ash and bottom ash from the PC cases are 
considered a waste with a disposal cost of $17.03/tonne ($15.45/ton).  The carbon used for 
mercury control in the IGCC cases is considered a hazardous waste with disposal cost of 
$882/tonne ($800/ton). 
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Co-Products and By-Products  
By-product quantities were also determined similarly to the consumables.  However, due to the 
variable marketability of these by-products, specifically gypsum and sulfur, no credit was taken 
for their potential salable value.  Nor were any of the technologies penalized for their potential 
disposal cost.  That is, for this evaluation, it is assumed that the by-product or co-product value 
simply offset disposal costs, for a net zero in operating costs.   

It should be noted that by-product credits and/or disposal costs could potentially be an additional 
determining factor in the choice of technology for some companies and in selecting some sites.  
A high local value of the product can establish whether or not added capital should be included 
in the plant costs to produce a particular co-product.  Ash and slag are both potential by-products 
in certain markets, and in the absence of activated carbon injection in the PC cases, the fly ash 
would remain uncontaminated and have potential marketability.  However, as stated above, the 
ash and slag are considered wastes in this study with a concomitant disposal cost. 

CO2 Transport, Storage and Monitoring 
For those cases that feature CO2 capture, the capital and operating costs for CO2 transport, 
storage and monitoring (TS&M) were independently estimated by the National Energy 
Technology Laboratory (NETL).  Those costs were converted to a levelized cost of electricity 
(LCOE) and combined with the plant capital and operating costs to produce an overall LCOE.  
The TS&M costs were levelized over a twenty-year period using the methodology described in 
the next subsection of this report. 

CO2 TS&M costs were estimated based on the following assumptions: 

• CO2 is supplied to the pipeline at the plant fence line at a pressure of 15.3 MPa (2,215 
psia).  The CO2 product gas composition varies in the cases presented, but is expected to 
meet the specification described in Exhibit 2-11. [23] 

Exhibit 2-11  CO2 Pipeline Specification 

Parameter Units Parameter Value 

Inlet Pressure MPa (psia) 15.3 (2,215) 

Outlet Pressure MPa (psia) 10.4 (1,515) 

Inlet Temperature °C (°F) 26 (79) 

N2 Concentration ppmv < 300 

O2 Concentration ppmv < 40 

Ar Concentration ppmv < 10 

 

• The CO2 is transported 80 kilometers (50 miles) via pipeline to a geologic sequestration 
field for injection into a saline formation. 

• The CO2 is transported and injected as a supercritical fluid in order to avoid two-phase 
flow and achieve maximum efficiency. [24]  The pipeline is assumed to have an outlet 
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pressure (above the supercritical pressure) of 10.4 MPa (1,515 psia) with no 
recompression along the way.  Accordingly, CO2 flow in the pipeline was modeled to 
determine the pipe diameter that results in a pressure drop of 4.8 MPa (700 psi) over an 
80 kilometer (50 mile) pipeline length. [25]  (Although not explored in this study, the use 
of boost compressors and a smaller pipeline diameter could possibly reduce capital costs 
for sufficiently long pipelines.)  The diameter of the injection pipe will be of sufficient 
size that frictional losses during injection are minimal and no booster compression is 
required at the well-head in order to achieve an appropriate down-hole pressure. 

• The saline formation is at a depth of 1,239 meters (4,055 ft) and has a permeability of 22 
millidarcy (a measure of permeability defined as roughly 10-12 Darcy) and formation 
pressure of 8.4 MPa (1,220 psig). [23]  This is considered an average storage site and 
requires roughly one injection well for each 9,360 tonnes (10,320 short tons) of CO2 
injected per day. [23]  The assumed aquifer characteristics are tabulated in Exhibit 2-12. 

Exhibit 2-12  Deep, Saline Aquifer Specification 

Parameter Units Base Case 

Pressure MPa (psi) 8.4 (1,220) 

Thickness m (ft) 161 (530) 

Depth m (ft) 1,236 (4,055) 

Permeability md 22 

Pipeline Distance km (miles) 80 (50) 

Injection Rate per Well tonne (ton) CO2/day 9,360 (10,320) 

For CO2 transport and storage, capital and O&M costs were assessed using metrics from a 2001 
Battelle report. [24]  These costs were scaled from the 1999-year dollars described in the report 
to Dec-2006-year dollars using U.S. Bureau of Labor Statistics (BLS) Producer Price Indices for 
the oil and gas industry and the Chemical Engineering Plant Cost Index.  Project and process 
contingencies of thirty and twenty percent, respectively, were applied to the Battelle costs to 
cover additional costs that are expected to arise from:  i) developing a more detailed project 
definition, and ii) using technologies that have not been well-demonstrated to date in a similar 
commercial application.   

For CO2 monitoring, costs were assessed using metrics for a saline formation “enhanced 
monitoring package” as reported in a 2004 International Energy Agency (IEA) report. [26]  The 
IEA report presented costs for two types of saline formations: those with low and high residual 
gas saturations.  The reported monitoring costs were higher for saline formations with low 
residual gas saturation, and those costs were used as the basis for this report.  The IEA report 
calculated the present value of life-cycle monitoring costs using a ten percent discount rate.  The 
present value cost included the initial capital cost for monitoring as well as O&M costs for 
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monitoring over a period of eighty years (a thirty-year injection period followed by fifty years of 
post-injection monitoring). 

For this study, the present value reported in the IEA report was adjusted from Nov-2004-year 
dollars to Dec-2006-year dollars using U.S. BLS Producer Price Indices for the oil and gas 
industry.  Project and process contingencies of thirty and thirty-five percent, respectively, were 
applied to the IEA value to cover additional costs that are expected to arise as described above.  
The resulting metric used for this report is a present value of $0.176 per metric ton of CO2 stored 
over a thirty-year injection period.  

In accordance with the IEA’s present-value, life-cycle methodology, this report levelized 
monitoring costs over a twenty-year period by simply applying a capital charge factor to the 
present value of life-cycle monitoring costs (10 percent discount rate).  This approach is 
representative of a scenario in which the power plant owner establishes a “CO2 Monitoring 
Fund” prior to plant startup that is equal to the present value of life-cycle monitoring costs.  
Establishing such a fund at the outset could allay concerns about the availability of funds to pay 
for monitoring during the post-injection period, when the plant is no longer operating.   While it 
is recognized that other, more nuanced, approaches could be taken to levelizing eighty years of 
monitoring costs over a twenty-year period, the approach applied in this report was chosen 
because it is simple to describe and should result in a conservative (i.e., higher)  estimate of the 
funds required. 

Levelized Cost of Electricity 
The revenue requirement method of performing an economic analysis of a prospective power 
plant has been widely used in the electric utility industry.  This method permits the incorporation 
of the various dissimilar components for a potential new plant into a single value that can be 
compared to various alternatives.  The revenue requirement figure-of-merit in this report is cost 
of electricity (COE) levelized over a 20 year period and expressed in mills/kWh (numerically 
equivalent to $/MWh).  The 20-year LCOE was calculated using a simplified model derived 
from the NETL Power Systems Financial Model. [27] 

The equation used to calculate LCOE is as follows: 

(CCFP)(TPC)  + [(LFF1)(OCF1) + (LFF2)(OCF2) + …] + (CF)[(LFV1)(OCV1) + (LFV2)(OCV2) + …] 
LCOEP = 

(CF)(MWh) 

where 

LCOEP = levelized cost of electricity over P years, $/MWh 

P =  levelization period (e.g., 10, 20 or 30 years) 

CCF =  capital charge factor for a levelization period of P years 

TPC = total plant cost, $ 

LFFn =  levelization factor for category n fixed operating cost 

OCFn =  category n fixed operating cost for the initial year of operation (but expressed in 
“first-year-of-construction” year dollars) 

CF = plant capacity factor 
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LFVn = levelization factor for category n variable operating cost 

OCVn =  category n variable operating cost at 100 percent capacity factor for the initial year 
of operation (but expressed in “first-year-of-construction” year dollars) 

MWh =  annual net megawatt-hours of power generated at 100 percent capacity factor 

All costs are expressed in “first-year-of-construction” year dollars, and the resulting LCOE is 
also expressed in “first-year-of-construction” year dollars.  In this study the first year of plant 
construction is assumed to be 2007, and the resulting LCOE is expressed in year 2007 dollars.  
The capital cost in December 2006 dollars was treated as a 2007 year cost. 

In CO2 capture cases, the LCOE for TS&M costs was added to the LCOE calculated using the 
above equation to generate a total cost including CO2 capture, sequestration and subsequent 
monitoring. 

Although their useful life is usually well in excess of thirty years, a twenty-year levelization 
period is typically used for large energy conversion plants and is the levelization period used in 
this study. 

The technologies modeled in this study were divided into one of two categories for calculating 
LCOE: investor owned utility (IOU) high risk and IOU low risk.  All IGCC cases as well as PC 
and NGCC cases with CO2 capture are considered high risk.  The non-capture PC and NGCC 
cases are considered low risk.  The resulting capital charge factor and levelization factors are 
shown in Exhibit 2-13.   

Exhibit 2-13  Economic Paramenters for LCOE Calculation 

 High Risk Low Risk Nominal 
Escalation, %1 

Capital Charge Factor 0.175 0.164 N/A 

Coal Levelization Factor 1.2022 1.2089 2.35 

Natural Gas Levelization Factor 1.1651 1.1705 1.96 

General O&M Levelization Factor 1.1568 1.1618 1.87 
1 Nominal escalation is the real escalation plus the general annual average inflation rate of 1.87 

percent. 

The economic assumptions used to derive the capital charge factors are shown in Exhibit 2-14.  
The difference between the high risk and low risk categories is manifested in the debt-to-equity 
ratio and the weighted cost of capital.  The values used to generate the capital charge factors and 
levelization factors in this study are shown in Exhibit 2-15. 
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Exhibit 2-14  Parameter Assumptions for Capital Charge Factors 

Parameter Value 

Income Tax Rate 38% (Effective 34% Federal, 6% State) 

Repayment Term of Debt 15 years 

Grace Period on Debt Repayment 0 years 

Debt Reserve Fund None 

Depreciation 20 years, 150% declining balance 

Working Capital zero for all parameters 

Plant Economic Life 30 years 

Investment Tax Credit 0% 

Tax Holiday 0 years 

Start-Up Costs (% of EPC)1 2% 

All other additional capital costs ($) 0 

EPC escalation 0% 

Duration of Construction 3 years 
1 EPC costs equal total plant costs less contingencies 

Exhibit 2-15  Financial Structure for Investor Owned Utility High and Low Risk Projects 

Type of 
Security 

% of Total Current 
(Nominal) 
Dollar Cost 

Weighted 
Current 
(Nominal) Cost 

After Tax 
Weighted Cost 
of Capital 

Low Risk 

Debt 50 9% 4.5% 2.79% 

Equity 50 12% 6% 6% 

Total   11% 8.79% 

High Risk 

Debt 45 11% 4.95% 3.07% 

Equity 55 12% 6.6% 6.6% 

Total    11.55% 9.67% 

2.8 IGCC STUDY COST ESTIMATES COMPARED TO INDUSTRY ESTIMATES 
The estimated TPC for IGCC cases in this study ranges from $1,733kW to $1,977/kW for non- 
CO2 capture cases and $2,390/kW to $2,668/kW for capture cases.  Plant size ranges from 623 - 
636 MW (net) for non-capture cases and 517 - 556 MW (net) for capture cases.  
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Within the power industry there are several power producers interested in pursuing construction 
of an IGCC plant.  While these projects are still in the relatively early stages of development, 
some cost estimates have been published.  Published estimates tend to be limited in detail, 
leaving it to the reader to speculate as to what is contained within the estimate.  Published 
estimates for gasification plants consisting of two gasifier trains range from $2,206/kW to 
$3,175/kW. [28, 29]  Corresponding plant sizes range from 600 - 680 MW.  Since none of the 
published estimates state that CO2 capture is included, it is assumed that they do not include CO2 
capture or compression equipment. 

In comparing costs published in this study to those published by industry, it is important to 
recognize that the estimates contained in this study are based on a very specific set of criteria for 
the purpose of comparing the various technologies.  Site specific costs and owner’s costs are not 
included in this report.  Excluding these costs is appropriate for a government-sponsored analysis 
as owner's costs often include varying levels of profits depending on the current market.  For 
example, there is presently a shortage of qualified EPC companies for constructing new power 
plants, so these companies can demand a very high price for their services.  Endorsing these 
historically high rates as being reasonable, or even attempting to predict them, especially since it 
may represent a very short-lived market imbalance, is not an appropriate role for the government.  
These costs, however, are generally included in industry-published estimates. 

Differences in Cost Estimates 

Project Scope 
For this report, the scope of work is generally limited to work inside the project “fence line”.  For 
outgoing power, the scope stops at the high side terminals of the Generator Step-up Transformers 
(GSU’s).   

Some typical examples of items outside the fenceline include: 

• New access roads and railroad tracks 
• Upgrades to existing roads to accommodate increased traffic 
• Makeup water pipe outside the fenceline 
• Landfill for on-site waste (slag) disposal 
• Natural gas line for backup fuel provisions 
• Plant switchyard 
• Electrical transmission lines & substation 

Estimates in this report are based on a generic mid-western greenfield site having “normal” 
characteristics.  Accordingly, the estimates do not address items such as: 

• Piles or caissons 
• Rock removal 
• Excessive dewatering 
• Expansive soil considerations 
• Excessive seismic considerations 
• Extreme temperature considerations 
• Hazardous or contaminated soils 
• Demolition or relocation of existing structures 
• Leasing of offsite land for parking or laydown 
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• Busing of craft to site 
• Costs of offsite storage 

This report is based on a reasonably “standard” plant.  No unusual or extraordinary process 
equipment is included such as: 

• Excessive water treatment equipment 
• Air-cooled condenser 
• Automated coal reclaim 
• Zero Liquid Discharge equipment 
• Selective catalytic reduction catalyst 

For non-capture cases, which are likely the most appropriate comparison against industry 
published estimates, this report is based on plant equipment sized for non-capture only.  None of 
the equipment is sized to accommodate a future conversion to CO2 capture.  

Labor 
This report is based on Merit Shop (non-union) labor.  If a project is to use Union labor, there is 
a strong likelihood that overall labor costs will be greater than those estimated in this report.   

This report is based on a 50 hour work week, with an adequate local supply of skilled craft labor.  
No additional incentives such as per-diems or bonuses have been included to attract and retain 
skilled craft labor.  The construction industry is currently experiencing severe shortages in craft 
labor.   Accordingly, published costs likely include any anticipated labor premiums. 

Contracting Methodology 
The estimates in this report are based on a competitively bid, multiple subcontract approach, 
often referred to as EPCM.  Accordingly, the estimates do not include premiums associated with 
an EPC approach.  It is believed that, given current market conditions, the premium charged by 
an EPC contractor could be as much as 30 percent or more over an EPCM approach.   

Escalation 
All of the estimates included in this report are based on December, 2006 “overnight” costs.  No 
escalation has been added to reflect period of performance dollars.  Overall project duration for 
plants of this type could be as much as five years or more.   

Owner’s Costs 
Owner’s costs are excluded from the estimates in this report.  Owner’s costs as a percentage of 
TPC can vary dramatically.  Conceivably, owner’s costs can range from 15 to 25 percent of TPC.    
Typical Owner’s costs include, but are not limited to, the following: 

 

• Permits and licensing ( other than construction permits ) 
• Land acquisition / Rights of way costs 
• Economic development 
• Project development costs 
• Legal fees 
• Owner’s Engineering / Project and Construction Management Staff 
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• Plant operators during startup 
• Electricity consumed during startup 
• Fuel and reagents consumed during startup 
• Transmission interconnections and upgrades 
• Taxes ( other than EPCM payroll taxes ) 
• Operating spare parts 
• Furnishings for new office, warehouse and laboratory 
• Financing costs 

Most if not all of these cost elements are likely included in published estimates.  The addition of 
these elements to this report would explain most, if not all, of the disparities between estimates in 
the report and published costs. 
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3 IGCC POWER PLANTS 
Six IGCC power plant configurations were evaluated and the results are presented in this section.  
Each design is based on a market-ready technology that is assumed to be commercially available 
to support startup in 2010. 

The six cases are based on the GEE gasifier, the CoP E-Gas™ gasifier and the Shell gasifier, 
each with and without CO2 capture.  As discussed in Section 1, the net output for the six cases 
varies because of the constraint imposed by the fixed gas turbine output and the high auxiliary 
loads imparted by the CO2 capture process. 

The combustion turbine is based on an advanced F-class design.  The HRSG/steam turbine cycle 
is 12.4 MPa/566°C/566°C (1800 psig/1050°F/1050°F) for all of the non-CO2 capture cases and 
12.4 MPa/538°C/538°C (1800 psig/1000°F/1000°F) for all of the CO2 capture cases.  The 
capture cases have a lower main and reheat steam temperature primarily because the turbine 
firing temperature is reduced to allow for a parts life equivalent to NGCC operation with a high-
hydrogen content fuel, which results in a lower turbine exhaust temperature.  

The evaluation scope included developing heat and mass balances and estimating plant 
performance.  Equipment lists were developed for each design to support plant capital and 
operating cost estimates.  The evaluation basis details, including site ambient conditions, fuel 
composition and environmental targets, were provided in Section 2.  Section 3.1 covers general 
information that is common to all IGCC cases, and case specific information is subsequently 
presented in Sections 3.2, 3.3 and 3.4. 

3.1 IGCC COMMON PROCESS AREAS 
The IGCC cases have process areas which are common to each plant configuration such as coal 
receiving and storage, oxygen supply, gas cleanup, power generation, etc.  As detailed 
descriptions of these process areas for each case would be burdensome and repetitious, they are 
presented in this section for general background information.  Where there is case-specific 
performance information, the performance features are presented in the relevant case sections. 

3.1.1 COAL RECEIVING AND STORAGE 

The function of the Coal Receiving and Storage system is to unload, convey, prepare, and store 
the coal delivered to the plant.  The scope of the system is from the trestle bottom dumper and 
coal receiving hoppers up to and including the slide gate valves at the outlet of the coal storage 
silos. Coal receiving and storage is identical for all six IGCC cases; however, coal preparation 
and feed are gasifier-specific. 

Operation Description – The coal is delivered to the site by 100-car unit trains comprised of 91 
tonne (100 ton) rail cars.  The unloading is done by a trestle bottom dumper, which unloads the 
coal into two receiving hoppers.  Coal from each hopper is fed directly into a vibratory feeder.  
The 8 cm x 0 (3" x 0) coal from the feeder is discharged onto a belt conveyor.  Two conveyors 
with an intermediate transfer tower are assumed to convey the coal to the coal stacker, which 
transfer the coal to either the long-term storage pile or to the reclaim area.  The conveyor passes 
under a magnetic plate separator to remove tramp iron and then to the reclaim pile. 

The reclaimer loads the coal into two vibratory feeders located in the reclaim hopper under the 
pile.  The feeders transfer the coal onto a belt conveyor that transfers the coal to the coal surge 
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bin located in the crusher tower.  The coal is reduced in size to 3 cm x 0 (1¼" x 0) by the 
crusher.  A conveyor then transfers the coal to a transfer tower.  In the transfer tower the coal is 
routed to the tripper, which loads the coal into one of three silos.  Two sampling systems are 
supplied:  the as-received sampling system and the as-fired sampling system.  Data from the 
analyses are used to support the reliable and efficient operation of the plant. 

3.1.2 AIR SEPARATION UNIT (ASU) CHOICE AND INTEGRATION 
In order to economically and efficiently support IGCC projects, air separation equipment has 
been modified and improved in response to production requirements and the consistent need to 
increase single train output.  “Elevated pressure” air separation designs have been implemented 
that result in distillation column operating pressures that are about twice as high as traditional 
plants.  In this study, the main air compressor discharge pressure was set at 1.3 MPa (190 psia) 
compared to a traditional ASU plant operating pressure of about 0.7 MPa (105 psia). [30]  For 
IGCC designs the elevated pressure ASU process minimizes power consumption and decreases 
the size of some of the equipment items.  When the air supply to the ASU is integrated with the 
gas turbine, the ASU operates at or near the supply pressure from the gas turbine’s air 
compressor. 

Residual Nitrogen Injection 
The residual nitrogen that is available after gasifier oxygen and nitrogen requirements have been 
met is often compressed and sent to the gas turbine.  Since all product streams are being 
compressed, the ASU air feed pressure is optimized to reduce the total power consumption and 
to provide a good match with available compressor frame sizes. 

Increasing the diluent flow to the gas turbine by injecting residual nitrogen from the ASU can 
have a number of benefits, depending on the design of the gas turbine:   

• Increased diluent increases mass flow through the turbine, thus increasing the power 
output of the gas turbine while maintaining optimum firing temperatures for syngas 
operation.  This is particularly beneficial for locations where the ambient temperature 
and/or elevation are high and the gas turbine would normally operate at reduced output. 

• By mixing with the syngas or by being injected directly into the combustor, the diluent 
nitrogen lowers the firing temperature (relative to natural gas) and reduces the formation 
of NOx. 

In this study, the ASU nitrogen product was used as the primary diluent with a design target of 
reducing the syngas lower heating value (LHV) to 4.5-4.8 MJ/Nm3 (120-128 Btu/scf).  If the 
amount of available nitrogen was not sufficient to meet this target, additional dilution was 
provided through syngas humidification, and if still more dilution was required, the third option 
was steam injection. 

Air Integration 
Integration between the ASU and the combustion turbine can be practiced by extracting some, or 
all, of the ASU’s air requirement from the gas turbine.  Medium Btu syngas streams result in a 
higher mass flow than natural gas to provide the same heat content to the gas turbine.  Some gas 
turbine designs may need to extract air to maintain stable compressor or turbine operation in 
response to increased fuel flow rates.  Other gas turbines may balance air extraction against 
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injection of all of the available nitrogen from the ASU.  The amount of air extracted can also be 
varied as the ambient temperature changes at a given site to optimize year-round performance.   

An important aspect of air-integrated designs is the need to efficiently recover the heat of 
compression contained in the air extracted from the gas turbine.  Extraction air temperature is 
normally in the range 399 - 454°C (750 - 850°F), and must be cooled to the last stage main air 
compressor discharge temperature prior to admission to the ASU.  High-level recovery from the 
extracted air occurs by transferring heat to the nitrogen stream to be injected into the gas turbine 
with a gas-to-gas heat exchanger. 

Elevated Pressure ASU Experience in Gasification 
The Buggenum, Netherlands unit built for Demkolec was the first elevated-pressure, fully 
integrated ASU to be constructed.  It was designed to produce up to 1,796 tonnes/day 
(1,980 TPD) of 95 percent purity oxygen for a Shell coal-based gasification unit that fuels a 
Siemens V94.2 gas turbine.  In normal operation at the Buggenum plant the ASU receives all of 
its air supply from and sends all residual nitrogen to the gas turbine. 

The Polk County, Florida ASU for the Tampa Electric IGCC is also an elevated-pressure, 
95 percent purity oxygen design that provides 1,832 tonnes/day (2,020 TPD) of oxygen to a GEE 
coal-based gasification unit, which fuels a General Electric 7FA gas turbine.  All of the nitrogen 
produced in the ASU is used in the gas turbine.  The original design did not allow for air 
extraction from the combustion turbine.  After a combustion turbine air compressor failure in 
January, 2005, a modification was made to allow air extraction which in turn eliminated a 
bottleneck in ASU capacity and increased overall power output. [31] 

ASU Basis 
For this study, air integration is used for the non-carbon capture cases only.  In the carbon 
capture cases, once the syngas is diluted to the target heating value, all of the available 
combustion air is required to maintain mass flow through the turbine and hence maintain power 
output. 

The amount of air extracted from the gas turbine in the non-capture cases is determined through 
a process that includes the following constraints: 

• The combustion turbine output must be maintained at 232 MW. 

• The diluted syngas must meet heating value requirements specified by a combustion 
turbine vendor, which ranged from 4.5-4.8 MJ/Nm3 (120-128 Btu/scf) (LHV). 

Meeting the above constraints resulted in different levels of air extraction in the three non-carbon 
capture cases as shown in Exhibit 3-1.  It was not a goal of this project to optimize the 
integration of the combustion turbine and the ASU, although several recent papers have shown 
that providing 25-30 percent of the ASU air from the turbine compressor provides the best 
balance between maximizing plant output and efficiency without compromising plant availability 
or reliability. [32, 33]  
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Exhibit 3-1  Air Extracted from the Combustion Turbine and Supplied to the ASU in Non-
Carbon Capture Cases 

Case No. 1 3 5 

Gasifier GEE CoP Shell 

Air Extracted from Gas Turbine, % 4.1 4.9 6.7 

Air Provided to ASU, % of ASU Total 15.7 22.3 31.0 

Air Separation Plant Process Description [34] 

The air separation plant is designed to produce 95 mole percent O2 for use in the gasifier.  The 
plant is designed with two production trains, one for each gasifier.  The air compressor is 
powered by an electric motor.  Nitrogen is also recovered, compressed, and used as dilution in 
the gas turbine combustor.  A process schematic of a typical ASU is shown in Exhibit 3-2. 

The air feed to the ASU is supplied from two sources.  A portion of the air is extracted from the 
compressor of the gas turbine (non-CO2 capture cases only).  The remaining air is supplied from 
a stand-alone compressor.  Air to the stand-alone compressor is first filtered in a suction filter 
upstream of the compressor.  This air filter removes particulate, which may tend to cause 
compressor wheel erosion and foul intercoolers.  The filtered air is then compressed in the 
centrifugal compressor, with intercooling between each stage. 

Air from the stand-alone compressor is combined with the extraction air, and the combined 
stream is cooled and fed to an adsorbent-based pre-purifier system.  The adsorbent removes 
water, carbon dioxide, and C4+ saturated hydrocarbons in the air.  After passing through the 
adsorption beds, the air is filtered with a dust filter to remove any adsorbent fines that may be 
present.  Downstream of the dust filter a small stream of air is withdrawn to supply the 
instrument air requirements of the ASU. 

Regeneration of the adsorbent in the pre-purifiers is accomplished by passing a hot nitrogen 
stream through the off-stream bed(s) in a direction countercurrent to the normal airflow.  The 
nitrogen is heated against extraction steam (1.7 MPa [250 psia]) in a shell and tube heat 
exchanger.  The regeneration nitrogen drives off the adsorbed contaminants.  Following 
regeneration, the heated bed is cooled to near normal operating temperature by passing a cool 
nitrogen stream through the adsorbent beds.  The bed is re-pressurized with air and placed on 
stream so that the current on-stream bed(s) can be regenerated. 

The air from the pre-purifier is then split into three streams.  About 70 percent of the air is fed 
directly to the cold box.  About 25 percent of the air is compressed in an air booster compressor.  
This boosted air is then cooled in an aftercooler against cooling water in the first stage and 
against chilled water in the second stage before it is fed to the cold box.  The chiller utilizes low 
pressure process steam at 0.3 MPa (50 psia).  The remaining 5 percent of the air is fed to a 
turbine-driven, single-stage, centrifugal booster compressor.  This stream is cooled in a shell and 
tube aftercooler against cooling water before it is fed to the cold box. 

All three air feeds are cooled in the cold box to cryogenic temperatures against returning product 
oxygen and nitrogen streams in plate-and-fin heat exchangers.  The large air stream is fed 
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directly to the first distillation column to begin the separation process.  The second largest air 
stream is liquefied against boiling liquid oxygen before it is fed to the distillation columns.  The 
third, smallest air stream is fed to the cryogenic expander to produce refrigeration to sustain the 
cryogenic separation process. 

Inside the cold box the air is separated into oxygen and nitrogen products.  The oxygen product 
is withdrawn from the distillation columns as a liquid and is pressurized by a cryogenic pump.  
The pressurized liquid oxygen is then vaporized against the high-pressure air feed before being 
warmed to ambient temperature.  The gaseous oxygen exits the cold box and is fed to the 
centrifugal compressor with intercooling between each stage of compression.  The compressed 
oxygen is then fed to the gasification unit. 

Nitrogen is produced from the cold box at two pressure levels.  Low-pressure nitrogen is split 
into two streams.  The majority of the low-pressure nitrogen is compressed and fed to the gas 
turbine as diluent nitrogen.  A small portion of the nitrogen is used as the regeneration gas for the 
pre-purifiers and recombined with the diluent nitrogen.    A high-pressure nitrogen stream is also 
produced from the cold box and is further compressed before it is also supplied to the gas 
turbine. 

Exhibit 3-2  Typical ASU Process Schematic 
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3.1.3 WATER GAS SHIFT REACTORS 
Selection of Technology - In the cases with CO2 separation and capture, the gasifier product 
must be converted to hydrogen-rich syngas.  The first step is to convert most of the syngas 
carbon monoxide (CO) to hydrogen and CO2 by reacting the CO with water over a bed of 
catalyst.  The H2O:CO molar ratio in the shift reaction, shown below, is adjusted to 
approximately 2: 1 by the addition of steam to the syngas stream thus promoting a high 
conversion of CO.  In the cases without CO2 separation and capture, CO shift convertors are not 
required. 

Water Gas Shift:  CO + H2O   ↔   CO2 + H2 

The CO shift converter can be located either upstream of the acid gas removal step (sour gas 
shift) or immediately downstream (sweet gas shift).  If the CO converter is located downstream 
of the acid gas removal, then the metallurgy of the unit is less stringent but additional equipment 
must be added to the process.  Products from the gasifier are humidified with steam or water and 
contain a portion of the water vapor necessary to meet the water-to-gas criteria at the reactor 
inlet.  If the CO converter is located downstream of the acid gas removal, then the gasifier 
product would first have to be cooled and the free water separated and treated.  Then additional 
steam would have to be generated and re-injected into the CO converter feed to meet the required 
water-to-gas ratio.  If the CO converter is located upstream of the acid gas removal step, no 
additional equipment is required.  This is because the CO converter promotes carbonyl sulfide 
(COS) hydrolysis without a separate catalyst bed.  Therefore, for this study the CO converter was 
located upstream of the acid gas removal unit and is referred to as sour gas shift (SGS). 

Process Description - The SGS consists of two paths of parallel fixed-bed reactors arranged in 
series.  Two reactors in series are used in each parallel path to achieve sufficient conversion to 
meet the 90 percent CO2 capture target in the Shell and GEE gasifier cases.  In the CoP case, a 
third shift reactor is added to each path to increase the CO conversion.  Even with the third 
reactor added, CO2 capture is only 88.4 percent in the CoP case because of the relatively high 
amount of CH4 present in the syngas. 

Cooling is provided between the series of reactors to control the exothermic temperature rise.  
The parallel set of reactors is required due to the high gas mass flow rate.  In all three CO2 
capture cases the heat exchanger after the first SGS reactor is used to vaporize water that is then 
used to adjust the syngas H2O:CO ratio to 2:1 on a molar basis.  The heat exchanger after the 
second SGS reactor is used to raise IP steam which then passes through the reheater section of 
the HRSG in the GEE and CoP cases, and is used to preheat the syngas prior to the first SGS 
reactor in the Shell case.  Approximately 96 percent conversion of the CO is achieved in the 
GEE and Shell cases, and about 98 percent conversion is achieved in the CoP case. 

3.1.4 MERCURY REMOVAL 
An IGCC power plant has the potential of removing mercury in a more simple and cost-effective 
manner than conventional PC plants.  This is because mercury can be removed from the syngas 
at elevated pressure and prior to combustion so that syngas volumes are much smaller than flue 
gas volumes in comparable PC cases.  A conceptual design for a carbon bed adsorption system 
was developed for mercury control in the IGCC plants being studied.  Data on the performance 
of carbon bed systems were obtained from the Eastman Chemical Company, which uses carbon 
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beds at its syngas facility in Kingsport, Tennessee.[12]  The coal mercury content (0.15 ppm dry) 
and carbon bed removal efficiency (95 percent) were discussed previously in Section 2.4.  IGCC-
specific design considerations are discussed below. 

Carbon Bed Location – The packed carbon bed vessels are located upstream of the sulfur 
recovery unit and syngas enters at a temperature near 38°C (100°F).  Consideration was given to 
locating the beds further upstream before the COS hydrolysis unit (in non-CO2 capture cases) at 
a temperature near 204°C (400°F).  However, while the mercury removal efficiency of carbon 
has been found to be relatively insensitive to pressure variations, temperature adversely affects 
the removal efficiency. [35]  Eastman Chemical also operates their beds ahead of their sulfur 
recovery unit at a temperature of 30°C (86°F). [12]   

Consideration was also given to locating the beds downstream of the sulfur recovery unit (SRU).  
However, it was felt that removing the mercury and other contaminants before the sulfur 
recovery unit would enhance the performance of the SRU and increase the life of the various 
solvents. 

Process Parameters – An empty vessel basis gas residence time of approximately 20 seconds 
was used based on Eastman Chemical’s experience. [12]    Allowable gas velocities are limited 
by considerations of particle entrainment, bed agitation, and pressure drop.  One-foot-per-second 
superficial velocity is in the middle of the range normally encountered [35] and was selected for 
this application.   

The bed density of 30 lb/ft3 was based on the Calgon Carbon Corporation HGR-P sulfur-
impregnated pelletized activated carbon. [36]  These parameters determined the size of the 
vessels and the amount of carbon required.  Each gasifier train has one mercury removal bed and 
there are two gasifier trains in each IGCC case, resulting in two carbon beds per case. 

Carbon Replacement Time – Eastman Chemicals replaces its bed every 18 to 24 months. [12]  
However, bed replacement is not because of mercury loading, but for other reasons including: 

• A buildup in pressure drop 

• A buildup of water in the bed 

• A buildup of other contaminants 

For this study a 24 month carbon replacement cycle was assumed.  Under these assumptions, the 
mercury loading in the bed would build up to 0.6 - 1.1 weight percent (wt%).  Mercury capacity 
of sulfur-impregnated carbon can be as high as 20 wt%. [37]  The mercury laden carbon is 
considered to be a hazardous waste, and the disposal cost estimate reflects this categorization. 

3.1.5 ACID GAS REMOVAL (AGR) PROCESS SELECTION 
Gasification of coal to generate power produces a syngas that must be treated prior to further 
utilization.  A portion of the treatment consists of acid gas removal (AGR) and sulfur recovery.  
The environmental target for these IGCC cases is 0.0128 lb SO2/MMBtu, which requires that the 
total sulfur content of the syngas be reduced to less than 30 ppmv.  This includes all sulfur 
species, but in particular the total of COS and H2S, thereby resulting in stack gas emissions of 
less than 4 ppmv SO2. 
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COS Hydrolysis 
The use of COS hydrolysis pretreatment in the feed to the acid gas removal process provides a 
means to reduce the COS concentration.  This method was first commercially proven at the 
Buggenum plant, and was also used at both the Tampa Electric and Wabash River IGCC 
projects.  Several catalyst manufacturers including Haldor Topsoe and Porocel offer a catalyst 
that promotes the COS hydrolysis reaction.  The non-carbon capture COS hydrolysis reactor 
designs are based on information from Porocel.  In cases with carbon capture, the SGS reactors 
reduce COS to H2S as discussed in Section 3.1.3. 

The COS hydrolysis reaction is equimolar with a slightly exothermic heat of reaction.  The 
reaction is represented as follows. 

COS + H2O ↔ CO2 + H2S 

Since the reaction is exothermic, higher conversion is achieved at lower temperatures.  However, 
at lower temperatures the reaction kinetics are slower.  Based on the feed gas for this evaluation, 
Porocel recommended a temperature of 177 to 204°C (350 to 400°F).  Since the exit gas COS 
concentration is critical to the amount of H2S that must be removed with the AGR process, a 
retention time of 50-75 seconds was used to achieve 99.5 percent conversion of the COS.  The 
Porocel activated alumina-based catalyst, designated as Hydrocel 640 catalyst, promotes the 
COS hydrolysis reaction without promoting reaction of H2S and CO to form COS and H2. 

Although the reaction is exothermic, the heat of reaction is dissipated among the large amount of 
non-reacting components.  Therefore, the reaction is essentially isothermal.  The product gas, 
now containing less than 4 ppmv of COS, is cooled prior to entering the mercury removal 
process and the AGR. 

Sulfur Removal 
Hydrogen sulfide removal generally consists of absorption by a regenerable solvent.  The most 
commonly used technique is based on countercurrent contact with the solvent.  Acid-gas-rich 
solution from the absorber is stripped of its acid gas in a regenerator, usually by application of 
heat.  The regenerated lean solution is then cooled and recirculated to the top of the absorber, 
completing the cycle.  Exhibit 3-3 is a simplified diagram of the AGR process. [38] 

There are well over 30 AGR processes in common commercial use throughout the oil, chemical, 
and natural gas industries.  However, in a 2002 report by SFA Pacific a list of 42 operating and 
planned gasifiers shows that only six AGR processes are represented: Rectisol, Sulfinol, 
methyldiethanolamine (MDEA), Selexol, aqueous di-isoproponal (ADIP) amine and 
FLEXSORB. [40]  These processes can be separated into three general types:  chemical reagents, 
physical solvents, and hybrid solvents. 
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Exhibit 3-3  Flow Diagram for a Conventional AGR Unit 
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Chemical Solvents 
Frequently used for acid gas removal, chemical solvents are more suitable than physical or 
hybrid solvents for applications at lower operating pressures.  The chemical nature of acid gas 
absorption makes solution loading and circulation less dependent on the acid gas partial pressure.  
Because the solution is aqueous, co-absorption of hydrocarbons is minimal.  In a conventional 
amine unit, the chemical solvent reacts exothermically with the acid gas constituents.  They form 
a weak chemical bond that can be broken, releasing the acid gas and regenerating the solvent for 
reuse. 

In recent years MDEA, a tertiary amine, has acquired a much larger share of the gas-treating 
market.  Compared with primary and secondary amines, MDEA has superior capabilities for 
selectively removing H2S in the presence of CO2, is resistant to degradation by organic sulfur 
compounds, has a low tendency for corrosion, has a relatively low circulation rate, and consumes 
less energy.  Commercially available are several MDEA-based solvents that are formulated for 
high H2S selectivity. 

Chemical reagents are used to remove the acid gases by a reversible chemical reaction of the acid 
gases with an aqueous solution of various alkanolamines or alkaline salts in water.  Exhibit 3-4 
lists commonly used chemical reagents along with principal licensors that use them in their 
processes.  The process consists of an absorber and regenerator, which are connected by a 
circulation of the chemical reagent aqueous solution.  The absorber contacts the lean solution 
with the main gas stream (at pressure) to remove the acid gases by absorption/ reaction with the 
chemical solution.  The acid-gas-rich solution is reduced to low pressure and heated in the 
stripper to reverse the reactions and strip the acid gas.  The acid-gas-lean solution leaves the 
bottom of the regenerator stripper and is cooled, pumped to the required pressure and 
recirculated back to the absorber.  For some amines, a filter and a separate reclaiming section 
(not shown) are needed to remove undesirable reaction byproducts. 



Cost and Performance Comparison of Fossil Energy Power Plants  

66 

Exhibit 3-4  Common Chemical Reagents Used in AGR Processes 

Chemical Reagent Acronym Process Licensors Using the Reagent 

Monoethanolamine MEA Dow, Exxon, Lurgi, Union Carbide 

Diethanolamine DEA Elf, Lurgi 

Diglycolamine DGA Texaco, Fluor 

Triethanolamine TEA AMOCO 

Diisopropanolamine DIPA Shell 

Methyldiethanolamine MDEA BASF, Dow, Elf, Snamprogetti, Shell, 
Union Carbide, Coastal Chemical 

Hindered amine  Exxon 

Potassium carbonate “hot pot” Eickmeyer, Exxon, Lurgi, 
Union Carbide 

Typically, the absorber temperature is 27 to 49°C (80 to 120°F) for amine processes, and the 
regeneration temperature is the boiling point of the solutions, generally 104 to 127°C (220 to 
260°F).  The liquid circulation rates can vary widely, depending on the amount of acid gas being 
captured.  However, the most suitable processes are those that will dissolve 2 to 10 scf acid gas 
per gallon of solution circulated.  Steam consumption can vary widely also:  0.7 to 1.5 pounds 
per gallon of liquid is typical, with 0.8 to 0.9 being a typical “good” value.  Case 3, which 
utilizes the chemical solvent MDEA, uses 0.88 pounds of steam per gallon of liquid.  The steam 
conditions are 0.45 MPa (65 psia) and 151°C (304°F). 

The major advantage of these systems is the ability to remove acid gas to low levels at low to 
moderate H2S partial pressures.   

Physical Solvents 

Physical solvents involve absorption of acid gases into certain organic solvents that have a high 
solubility for acid gases.  As the name implies, physical solvents involve only the physical 
solution of acid gas – the acid gas loading in the solvent is proportional to the acid gas partial 
pressure (Henry’s Law).  Physical solvent absorbers are usually operated at lower temperatures 
than is the case for chemical solvents.  The solution step occurs at high pressure and at or below 
ambient temperature while the regeneration step (dissolution) occurs by pressure letdown and 
indirect stripping with low-pressure 0.45 MPa (65 psia) steam.  It is generally accepted that 
physical solvents become increasingly economical, and eventually superior to amine capture, as 
the partial pressure of acid gas in the syngas increases. 

The physical solvents are regenerated by multistage flashing to low pressures.  Because the 
solubility of acid gases increases as the temperature decreases, absorption is generally carried out 
at lower temperatures, and refrigeration is often required. 

Most physical solvents are capable of removing organic sulfur compounds.  Exhibiting higher 
solubility of H2S than CO2, they can be designed for selective H2S or total acid gas removal.  In 
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applications where CO2 capture is desired the CO2 is flashed off at various pressures, which 
reduces the compression work and parasitic power load associated with sequestration. 

Physical solvents co-absorb heavy hydrocarbons from the feed stream.  Since heavy 
hydrocarbons cannot be recovered by flash regeneration, they are stripped along with the acid 
gas during heated regeneration.  These hydrocarbon losses result in a loss of valuable product 
and may lead to CO2 contamination.   

Several physical solvents that use anhydrous organic solvents have been commercialized.  They 
include the Selexol process, which uses dimethyl ether of polyethylene glycol as a solvent; 
Rectisol, with methanol as the solvent; Purisol, which uses N-methyl-2-pyrrolidone (NMP) as a 
solvent; and the propylene-carbonate process. 

Exhibit 3-5 is a simplified flow diagram for a physical reagent type acid gas removal process. 
[38]  Common physical solvent processes, along with their licensors, are listed in Exhibit 3-6.   

Exhibit 3-5  Physical Solvent AGR Process Simplified Flow Diagram 
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Hybrid Solvents 
Hybrid solvents combine the high treated-gas purity offered by chemical solvents with the flash 
regeneration and lower energy requirements of physical solvents.  Some examples of hybrid 
solvents are Sulfinol, Flexsorb PS, and Ucarsol LE. 

Sulfinol is a mixture of sulfolane (a physical solvent), diisopropanolamine (DIPA) or MDEA 
(chemical solvent), and water.  DIPA is used when total acid gas removal is specified, while 
MDEA provides for selective removal of H2S. 
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Exhibit 3-6  Common Physical Solvents Used in AGR Processes 

Solvent Solvent/Process 
Trade Name 

Process 
Licensors 

Dimethyl ether of poly-
ethylene glycol Selexol UOP 

Methanol Rectisol Linde AG and 
Lurgi 

Methanol and toluene Rectisol II Linde AG 

N—methyl pyrrolidone Purisol Lurgi 

Polyethylene glycol and 
dialkyl ethers Sepasolv MPE BASF 

Propylene carbonate Fluor Solvent Fluor 

Tetrahydrothiophenedioxide Sulfolane Shell 

Tributyl phosphate Estasolvan Uhde and IFP 

Flexsorb PS is a mixture of a hindered amine and an organic solvent.  Physically similar to 
Sulfinol, Flexsorb PS is very stable and resistant to chemical degradation.  High treated-gas 
purity, with less than 50 ppmv of CO2 and 4 ppmv of H2S, can be achieved.  Both Ucarsol LE-
701, for selective removal, and LE-702, for total acid gas removal, are formulated to remove 
mercaptans from feed gas. 

Mixed chemical and physical solvents combine the features of both systems.  The mixed solvent 
allows the solution to absorb an appreciable amount of gas at high pressure.  The amine portion 
is effective as a reagent to remove the acid gas to low levels when high purity is desired. 

Mixed solvent processes generally operate at absorber temperatures similar to those of the 
amine-type chemical solvents and do not require refrigeration.  They also retain some advantages 
of the lower steam requirements typical of the physical solvents.  Common mixed chemical and 
physical solvent processes, along with their licensors, are listed in Exhibit 3-7.  The key 
advantage of mixed solvent processes is their apparent ability to remove H2S and, in some cases, 
COS to meet very stringent purified gas specifications. 

Exhibit 3-8 shows reported equilibrium solubility data for H2S and CO2 in various representative 
solvents [38].  The solubility is expressed as standard cubic feet of gas per gallon liquid per 
atmosphere gas partial pressure. 

The figure illustrates the relative solubilities of CO2 and H2S in different solvents and the effects 
of temperature.  More importantly, it shows an order of magnitude higher solubility of H2S over 
CO2 at a given temperature, which gives rise to the selective absorption of H2S in physical 
solvents.  It also illustrates that the acid gas solubility in physical solvents increases with lower 
solvent temperatures. 
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Exhibit 3-7  Common Mixed Solvents Used in AGR Processes 

Solvent/Chemical 
Reagent 

Solvent/Process 
Trade Name 

Process 
Licensors 

Methanol/MDEA or 
diethylamine Amisol Lurgi 

Sulfolane/MDEA or DIPA Sulfinol Shell 

Methanol and toluene Selefining Snamprogetti 

(Unspecified) /MDEA FLEXSORB PS Exxon 

Exhibit 3-8  Equilibrium Solubility Data on H2S and CO2 in Various Solvents 
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The ability of a process to selectively absorb H2S may be further enhanced by the relative 
absorption rates of H2S and CO2.  Thus, some processes, besides using equilibrium solubility 
differences, will use absorption rate differences between the two acid gases to achieve 
selectivity.  This is particularly true of the amine processes where the CO2 and H2S absorption 
rates are very different. 

CO2 Capture 
A two-stage Selexol process is used for all IGCC capture cases in this study.  A brief process 
description follows. 

Untreated syngas enters the first of two absorbers where H2S is preferentially removed using 
loaded solvent from the CO2 absorber.  The gas exiting the H2S absorber passes through the 
second absorber where CO2 is removed using first flash regenerated, chilled solvent followed by 
thermally regenerated solvent added near the top of the column.  The treated gas exits the 
absorber and is sent either directly to the combustion turbine or is partially humidified prior to 
entering the combustion turbine.  A portion of the gas can also be used for coal drying, when 
required. 

The amount of hydrogen recovered from the syngas stream is dependent on the Selexol process 
design conditions.  In this study, hydrogen recovery is 99.4 percent.  The minimal hydrogen slip 
to the CO2 sequestration stream maximizes the overall plant efficiency.  The Selexol plant cost 
estimates are based on a plant designed to recover this high percentage of hydrogen.  For model 
simplification, a nominal recovery of 100 percent was used with the assumption that the 
additional 0.6 percent hydrogen sent to the combustion turbine would have a negligible impact 
on overall system performance. 

The CO2 loaded solvent exits the CO2 absorber and a portion is sent to the H2S absorber, a 
portion is sent to a reabsorber and the remainder is sent to a series of flash drums for 
regeneration.  The CO2 product stream is obtained from the three flash drums, and after flash 
regeneration the solvent is chilled and returned to the CO2 absorber. 

The rich solvent exiting the H2S absorber is combined with the rich solvent from the reabsorber 
and the combined stream is heated using the lean solvent from the stripper.  The hot, rich solvent 
enters the H2S concentrator and partially flashes.  The remaining liquid contacts nitrogen from 
the ASU and a portion of the CO2 along with lesser amounts of H2S and COS are stripped from 
the rich solvent.  The stripped gases from the H2S concentrator are sent to the reabsorber where 
the H2S and COS that were co-stripped in the concentrator are transferred to a stream of loaded 
solvent from the CO2 absorber.  The clean gas from the reabsorber is combined with the clean 
gas from the H2S absorber and sent to the combustion turbine. 

The solvent exiting the H2S concentrator is sent to the stripper where the absorbed gases are 
liberated by hot gases flowing up the column from the steam heated reboiler.  Water in the 
overhead vapor from the stripper is condensed and returned as reflux to the stripper or exported 
as necessary to maintain the proper water content of the lean solvent.  The acid gas from the 
stripper is sent to the Claus plant for further processing.  The lean solvent exiting the stripper is 
first cooled by providing heat to the rich solvent, then further cooled by exchange with the 
product gas and finally chilled in the lean chiller before returning to the top of the CO2 absorber. 
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AGR/Gasifier Pairings 
There are numerous commercial AGR processes that could meet the sulfur environmental target 
of this study.  The most frequently used AGR systems (Selexol, Sulfinol, MDEA, and Rectisol) 
have all been used with the Shell and GE gasifiers in various applications.  Both existing E-Gas 
gasifiers use MDEA, but could in theory use any of the existing AGR technologies. [38]  The 
following selections were made for the AGR process in non-CO2 capture cases: 

• GEE gasifier: Selexol was chosen based on the GE gasifier operating at the highest 
pressure (815 psia versus 615 psia for CoP and Shell) which favors the physical solvent 
used in the Selexol process. 

• CoP gasifier: Refrigerated MDEA was chosen because the two operating E-Gas gasifiers 
use MDEA and because CoP lists MDEA as the selected AGR process on their website. 
[39]  Refrigerated MDEA was chosen over conventional MDEA because the sulfur 
emissions environmental target chosen is just outside of the range of conventional (higher 
temperature) MDEA. 

• Shell gasifier: The Sulfinol process was chosen for this case because it is a Shell owned 
technology.  While the Shell gasifier can and has been used with other AGR processes, it 
was concluded the most likely pairing would be with the Sulfinol process. 

The two-stage Selexol process is used in all three cases that require carbon capture.  According 
to the previously referenced SFA Pacific report, “For future IGCC with CO2 removal for 
sequestration, a two-stage Selexol process presently appears to be the preferred AGR process – 
as indicated by ongoing engineering studies at EPRI and various engineering firms with IGCC 
interests.” [40] 

3.1.6 SULFUR RECOVERY/TAIL GAS CLEANUP PROCESS SELECTION 
Currently, most of the world’s sulfur is produced from the acid gases coming from gas treating.  
The Claus process remains the mainstay for sulfur recovery.  Conventional three-stage Claus 
plants, with indirect reheat and feeds with a high H2S content, can approach 98 percent sulfur 
recovery efficiency.  However, since environmental regulations have become more stringent, 
sulfur recovery plants are required to recover sulfur with over 99.8 percent efficiency.  To meet 
these stricter regulations, the Claus process underwent various modifications and add-ons. 

The add-on modification to the Claus plant selected for this study can be considered a separate 
option from the Claus process.  In this context, it is often called a tail gas treating unit (TGTU) 
process. 

The Claus Process 
The Claus process converts H2S to elemental sulfur via the following reactions: 

H2S + 3/2 O2 ↔ H2O + SO2 

2H2S + SO2 ↔ 2H2O + 3S 

The second reaction, the Claus reaction, is equilibrium limited.  The overall reaction is: 

3H2S + 3/2 O2 ↔ 3H2O + 3S 
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The sulfur in the vapor phase exists as S2, S6, and S8 molecular species, with the S2 predominant 
at higher temperatures, and S8 predominant at lower temperatures. 

A simplified process flow diagram of a typical three-stage Claus plant is shown in Exhibit 3-9. 
[40]  One-third of the H2S is burned in the furnace with oxygen from the air to give sufficient 
SO2 to react with the remaining H2S.  Since these reactions are highly exothermic, a waste heat 
boiler that recovers this heat to generate high-pressure steam usually follows the furnace.  Sulfur 
is condensed in a condenser that follows the high-pressure steam recovery section.  Low-pressure 
steam is raised in the condenser.  The tail gas from the first condenser then goes to several 
catalytic conversion stages, usually 2 to 3, where the remaining sulfur is recovered via the Claus 
reaction.  Each catalytic stage consists of gas preheat, a catalytic reactor, and a sulfur condenser.  
The liquid sulfur goes to the sulfur pit, while the tail gas proceeds to the incinerator or for further 
processing in a TGTU. 

Claus Plant Sulfur Recovery Efficiency 
The Claus reaction is equilibrium limited, and sulfur conversion is sensitive to the reaction 
temperature.  The highest sulfur conversion in the thermal zone is limited to about 75 percent.  
Typical furnace temperatures are in the range from 1093 to 1427°C (2000 to 2600°F), and as the 
temperature decreases, conversion increases dramatically. 

Exhibit 3-9  Typical Three-Stage Claus Sulfur Plant 

 
Claus plant sulfur recovery efficiency depends on many factors: 

• H2S concentration of the feed gas 

• Number of catalytic stages 

• Gas reheat method 
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In order to keep Claus plant recovery efficiencies approaching 94 to 96 percent for feed gases 
that contain about 20 to 50 percent H2S, a split-flow design is often used.  In this version of the 
Claus plant, part of the feed gas is bypassed around the furnace to the first catalytic stage, while 
the rest of the gas is oxidized in the furnace to mostly SO2.  This results in a more stable 
temperature in the furnace. 

Oxygen-Blown Claus 
Large diluent streams in the feed to the Claus plant, such as N2 from combustion air, or a high 
CO2 content in the feed gas, lead to higher cost Claus processes and any add-on or tail gas units.  
One way to reduce diluent flows through the Claus plant and to obtain stable temperatures in the 
furnace for dilute H2S streams is the oxygen-blown Claus process. 

The oxygen-blown Claus process was originally developed to increase capacity at existing 
conventional Claus plants and to increase flame temperatures of low H2S content gases.  The 
process has also been used to provide the capacity and operating flexibility for sulfur plants 
where the feed gas is variable in flow and composition such as often found in refineries.  The 
application of the process has now been extended to grass roots installations, even for rich H2S 
feed streams, to provide operating flexibility at lower costs than would be the case for 
conventional Claus units.  At least four of the recently built gasification plants in Europe use 
oxygen enriched Claus units. 

Oxygen enrichment results in higher temperatures in the front-end furnace, potentially reaching 
temperatures as high as 1593 to 1649°C (2900 to 3000°F) as the enrichment moves beyond 40 to 
70 vol percent O2 in the oxidant feed stream.  Although oxygen enrichment has many benefits, 
its primary benefit for lean H2S feeds is a stable furnace temperature.  Sulfur recovery is not 
significantly enhanced by oxygen enrichment.  Because the IGCC process already requires an 
ASU, the oxygen-blown Claus plant was chosen for all cases. 

Tail Gas Treating 
In many refinery and other conventional Claus applications, tail gas treating involves the 
removal of the remaining sulfur compounds from gases exiting the sulfur recovery unit.  Tail gas 
from a typical Claus process, whether a conventional Claus or one of the extended versions of 
the process, usually contains small but varying quantities of COS, CS2, H2S, SO2, and elemental 
sulfur vapors.  In addition, there may be H2, CO, and CO2 in the tail gas.  In order to remove the 
rest of the sulfur compounds from the tail gas, all of the sulfur-bearing species must first be 
converted to H2S.  Then, the resulting H2S is absorbed into a solvent and the clean gas vented or 
recycled for further processing.  The clean gas resulting from the hydrolysis step can undergo 
further cleanup in a dedicated absorption unit or be integrated with an upstream AGR unit.  The 
latter option is particularly suitable with physical absorption solvents.  The approach of treating 
the tail gas in a dedicated amine absorption unit and recycling the resulting acid gas to the Claus 
plant is the one used by the Shell Claus Off-gas Treating (SCOT) process.  With tail gas 
treatment, Claus plants can achieve overall removal efficiencies in excess of 99.9 percent. 

In the case of IGCC applications, the tail gas from the Claus plant can be catalytically 
hydrogenated and then recycled back into the system with the choice of location being 
technology dependent, or it can be treated with a SCOT-type process.  In the two GEE gasifier 
cases the Claus plant tail gas is hydrogenated, water is separated, the tail gas is compressed and 
returned to the Selexol process for further treatment.  GEE experience at the Polk Power Station 
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is not relevant to this study since the acid gas is converted to sulfuric acid rather than sulfur and 
the tail gas, containing 150-250 ppm SO2, is discharged through a dedicated stack. [41]  In the 
two CoP cases the tail gas is treated in the same manner as in the GEE cases except that the 
recycle endpoint is the gasifier rather than the AGR process.  This method is the same as 
practiced at the CoP Wabash River plant. [42]  The two recycle points were chosen based on 
conversations with the gasifier technology vendors.     

In the two Shell cases the Claus tail gas is catalytically hydrogenated and then treated in an 
amine-based tail gas cleanup process.  The bulk of the H2S in the tail gas is captured and 
recycled back to the Claus plant inlet gas stream.  The sweet gas from the TGTU is combined 
with a slipstream of clean syngas and the combined stream is combusted in an incinerator.  The 
hot, inert gases from the incinerator are used to dry the feed coal and then vented to atmosphere.  
Since the Shell Puertollano plant uses a combination of natural gas combustion and IP steam to 
dry their coal, their tail gas treatment procedure is different than employed in this study.  The 
Claus plant tail gas is hydrogenated and recycled, but the recycle endpoint is not specified. [43]  

Flare Stack 
A self-supporting, refractory-lined, carbon steel flare stack is typically provided to combust and 
dispose of unreacted gas during startup, shutdown, and upset conditions.  However, in all six 
IGCC cases a flare stack was provided for syngas dumping during startup, shutdown, etc.  This 
flare stack eliminates the need for a separate Claus plant flare. 

3.1.7 SLAG HANDLING 
The slag handling system conveys, stores, and disposes of slag removed from the gasification 
process.  Spent material drains from the gasifier bed into a water bath in the bottom of the 
gasifier vessel.  A slag crusher receives slag from the water bath and grinds the material into pea-
sized fragments.  A slag/water slurry that is between 5 and 10 percent solids leaves the gasifier 
pressure boundary through either a proprietary pressure letdown device (CoP) or through the use 
of lockhoppers (GEE and Shell) to a series of dewatering bins. 

The general aspects of slag handling are the same for all three technologies.  The slag is 
dewatered, the water is clarified and recycled and the dried slag is transferred to a storage area 
for disposal.  The specifics of slag handling vary among the gasification technologies regarding 
how the water is separated and the end uses of the water recycle streams. 

In this study the slag bins were sized for a nominal holdup capacity of 72 hours of full-load 
operation.  At periodic intervals, a convoy of slag-hauling trucks will transit the unloading 
station underneath the hopper and remove a quantity of slag for disposal.  Approximately ten 
truckloads per day are required to remove the total quantity of slag produced by the plant 
operating at nominal rated power.  While the slag is suitable for use as a component of road 
paving mixtures, it was assumed in this study that the slag would be landfilled at a specified cost 
just as the ash from the PC boiler cases is assumed to be landfilled at the same per ton cost. 
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3.1.8 POWER ISLAND 

Combustion Turbine  
The gas turbine generator selected for this application is representative of the advanced F Class 
turbines.  This machine is an axial flow, single spool, and constant speed unit, with variable inlet 
guide vanes.  The turbine includes advanced bucket cooling techniques, compressor aerodynamic 
design and advanced alloys, enabling a higher firing temperature than the previous generation 
machines.  The standard production version of this machine is fired with natural gas and is also 
commercially offered for use with IGCC derived syngas, although only earlier versions of the 
turbine are currently operating on syngas.  For the purposes of this study, it was assumed that the 
advanced F Class turbine will be commercially available to support a 2010 startup date on both 
conventional and high hydrogen content syngas representative of the cases with CO2 capture.  
High H2 fuel combustion issues like flame stability, flashback and NOx formation were assumed 
to be solved in the time frame needed to support deployment.  However, because these are first-
of-a-kind applications, process contingencies were included in the cost estimates as described in 
Section 2.7.  Performance typical of an advanced F class turbine on natural gas at ISO conditions 
is presented in Exhibit 3-10.   

Exhibit 3-10  Advanced F Class Combustion Turbine Performance 
Characteristics Using Natural Gas 

 Advanced F Class 

Firing Temperature Class, °C (°F) 1371+ (2500+) 
Airflow, kg/s (lb/s) 431 (950) 
Pressure Ratio 18.5 
NOx Emissions, ppmv 25 
Simple Cycle Output, MW 185 
Combined cycle performance  

Net Output, MW 280 
Net Efficiency (LHV), % 57.5 
Net Heat Rate (LHV), kJ/kWh 
(Btu/kWh) 6,256 (5,934) 

 

In this service, with syngas from an IGCC plant, the machine requires some modifications to the 
burner and turbine nozzles in order to properly combust the low-Btu gas and expand the 
combustion products in the turbine section of the machine. 

The modifications to the machine include some redesign of the original can-annular combustors.  
A second modification involves increasing the nozzle areas of the turbine to accommodate the 
mass and volume flow of low-Btu fuel gas combustion products, which are increased relative to 
those produced when firing natural gas.  Other modifications include rearranging the various 
auxiliary skids that support the machine to accommodate the spatial requirements of the plant 
general arrangement.  The generator is a standard hydrogen-cooled machine with static exciter. 
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Combustion Turbine Package Scope of Supply 
The combustion turbine (CT) is typically supplied in several fully shop-fabricated modules, 
complete with all mechanical, electrical and control systems as required for CT operation.  Site 
CT installation involves module inter-connection, and linking CT modules to the plant systems.  
The CT package scope of supply for combined cycle application, while project specific, does not 
vary much from project-to-project.  The typical scope of supply is presented in Exhibit 3-11. 

Exhibit 3-11  Combustion Turbine Typical Scope of Supply 

 System System Scope 

1.0 ENGINE 
ASSEMBLY 

Coupling to Generator, Dry Chemical Exhaust Bearing Fire Protection 
System, Insulation Blankets, Platforms, Stairs and Ladders 

1.1 
Engine 
Assembly with 
Bedplate 

Variable Inlet Guide, Vane System Compressor, Bleed System, Purge Air 
System, Bearing Seal Sir System, Combustors, Dual Fuel Nozzles Turbine 
Rotor Air Cooler 

1.2 
Walk-in 
acoustical 
enclosure  

HVAC, Lighting, and Low Pressure CO2 Fire Protection System 

2.0 MECHANICAL 
PACKAGE 

HVAC and Lighting, Air Compressor for Pneumatic System, Low Pressure 
CO2 Fire Protection System 

2.1 
2.2 

Lubricating Oil 
System and 
Control Oil 
System 

Lube Oil Reservoir, Accumulators, 2x100% AC Driven Oil Pumps DC 
Emergency Oil Pump with Starter, 2x100% Oil Coolers, Duplex Oil Filter, 
Oil Temperature and Pressure Control Valves, Oil Vapor Exhaust Fans and 
Demister Oil Heaters Oil Interconnect Piping (SS and CS) Oil System 
Instrumentation Oil for Flushing and First Filling 

3.0 ELECTRICAL 
PACKAGE 

HVAC and Lighting, AC and DC Motor Control Centers, Generator 
Voltage Regulating Cabinet, Generator Protective Relay Cabinet, DC 
Distribution Panel, Battery Charger, Digital Control System with Local 
Control Panel (all control and monitoring functions as well as data logger 
and sequence of events recorder), Control System Valves and 
Instrumentation Communication link for interface with plant DCS 
Supervisory System, Bentley Nevada Vibration Monitoring System, Low 
Pressure CO2 Fire Protection System, Cable Tray and Conduit Provisions 
for Performance Testing including Test Ports, Thermowells, 
Instrumentation and DCS interface cards 

4.0 
INLET AND 
EXHAUST 
SYSTEMS 

Inlet Duct Trash Screens, Inlet Duct and Silencers, Self Cleaning Filters, 
Hoist System For Filter Maintenance, Evaporative Cooler System, Exhaust 
Duct Expansion Joint, Exhaust Silencers Inlet and Exhaust Flow, Pressure 
and Temperature Ports and Instrumentation 

5.0 FUEL 
SYSTEMS  
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 System System Scope 

5.1 Fuel Syngas 
System 

Gas Valves Including Vent, Throttle and Trip Valves Gas Filter/Separator 
Gas Supply Instruments and Instrument Panel 

5.2 Backup Fuel 
System Specific to backup fuel type 

6.0 STARTING 
SYSTEM 

Enclosure, Starting Motor or Static Start System, Turning Gear and Clutch 
Assembly, Starting Clutch Torque Converter 

7.0 GENERATOR 

Static or Rotating Exciter (Excitation transformer to be included for a static 
system), Line Termination Enclosure with CTs, VTs, Surge Arrestors, and 
Surge Capacitors, Neutral Cubicle with CT, Neutral Tie Bus, Grounding 
Transformer, and Secondary Resistor, Generator Gas Dryer, Seal Oil 
System (including Defoaming Tank, Reservoir, Seal Oil Pump, Emergency 
Seal Oil Pump, Vapor Extractor, and Oil Mist Eliminator), Generator 
Auxiliaries Control Enclosure, Generator Breaker, Iso-Phase bus connecting 
generator and breaker, Grounding System Connectors 

7.1 Generator 
Cooling  

TEWAC System (including circulation system, interconnecting piping and 
controls), or Hydrogen Cooling System (including H2 to Glycol and Glycol 
to Air heat exchangers, liquid level detector circulation system, 
interconnecting piping and controls) 

8.0 Miscellaneous 

Interconnecting Pipe, Wire, Tubing and Cable, Instrument Air System 
Including Air Dryer, On Line and Off Line Water Wash System, LP CO2 
Storage Tank, Drain System, Drain Tanks, Coupling, Coupling Cover and 
Associated Hardware 

 

CT Firing Temperature Control Issue for Low Calorific Value Fuel 
A gas turbine when fired on low calorific value syngas has the potential to increase power output 
due to the increase in flow rate through the turbine.  The higher turbine flow and moisture 
content of the combustion products can contribute to overheating of turbine components, affect 
rating criteria for the parts lives, and require a reduction in syngas firing temperatures (compared 
to the natural gas firing) to maintain design metal temperature. [44]  Uncontrolled syngas firing 
temperature could result in more than 50 percent life cycle reduction of stage 1 buckets.  Control 
systems for syngas applications include provisions to compensate for these effects by 
maintaining virtually constant generation output for the range of the specified ambient 
conditions.  Inlet guide vanes (IGV) and firing temperature are used to maintain the turbine 
output at the maximum torque rating, producing a flat rating up to the IGV full open position.  
Beyond the IGV full open position, flat output may be extended to higher ambient air 
temperatures by steam/nitrogen injection. 

In this study the firing temperature (defined as inlet rotor temperature) using natural gas in 
NGCC applications is 1399°C (2550°F) while the firing temperature in the non-capture IGCC 
cases is 1343-1354°C (2450-2470°F) and in the CO2 capture cases is 1318-1327°C (2405-
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2420°F).  The further reduction in firing temperature in the CO2 capture cases is done to 
maintain parts life as the H2O content of the combustion products increases from 8-10 volume 
percent (vol%) in the non-capture cases to 14-16 vol% in the capture cases.  The decrease in 
temperature also results in the lower temperature steam cycle in the CO2 capture cases 
(538°C/538°C [1000°F/1000°F] versus 566°C/566°C [1050°F/1050°F] for non-capture cases). 

Combustion Turbine Syngas Fuel Requirements.   
Typical fuel specifications and contaminant levels for successful combustion turbine operation 
are provided in reference [45] and presented for F Class machines in Exhibit 3-12 and 
Exhibit 3-13.  The vast majority of published CT performance information is specific to natural 
gas operation.  Turbine performance using syngas requires vendor input as was obtained for this 
study. 

Exhibit 3-12  Typical Fuel Specification for F-Class Machines 

 Max Min 

LHV, kJ/m3 (Btu/scf) None 3.0 (100) 

Gas Fuel Pressure, MPa (psia) 3.1 (450) 

Gas Fuel Temperature, °C (°F) (1) Varies with gas 
pressure (2) 

Flammability Limit Ratio, Rich-to-Lean, 
Volume Basis (3) 2:2.1 

Sulfur (4) 

Notes: 
1. The maximum fuel temperature is defined in reference [46] 
2. To ensure that the fuel gas supply to the gas turbine is 100 percent free of liquids 

the minimum fuel gas temperature must meet the required superheat over the 
respective dew point.  This requirement is independent of the hydrocarbon and 
moisture concentration.  Superheat calculation shall be performed as described in 
GEI-4140G [45].   

3. Maximum flammability ratio limit is not defined.  Fuel with flammability ratio 
significantly larger than those of natural gas may require start-up fuel 

4. The quantity of sulfur in syngas is not limited by specification.  Experience has 
shown that fuel sulfur levels up to 1 percent by volume do not significantly affect 
oxidation/corrosion rates.   

 

Normal Operation 
Inlet air is compressed in a single spool compressor to a pressure ratio of approximately 16:1.  
This pressure ratio was vendor specified and less than the 18.5:1 ratio used in natural gas 
applications.  The majority of compressor discharge air remains on-board the machine and passes 
to the burner section to support combustion of the syngas.  Compressed air is also used in burner, 
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transition, and film cooling services.  About 4-7 percent of the compressor air is extracted and 
integrated with the air supply of the ASU in non-carbon capture cases.  It may be technically 
possible to integrate the CT and ASU in CO2 capture cases as well; however, in this study 
integration was considered only for non-carbon capture cases. 

Exhibit 3-13  Allowable Gas Fuel Contaminant Level for F-Class Machines 

Fuel Limit, ppmw 

Turbine Inlet Flow/Fuel Flow  
Turbine 

Inlet Limit, 
ppbw 

50 12 4 

Lead 20 1.0 0.240 .080 

Vanadium 10 0.5 0.120 0.040 

Calcium 40 2.0 0.480 0.160 

Magnesium 40 2.0 0.480 0.160 

Sodium + Potassium     

Na/K = 28 (1) 20 1.0 0.240 0.080 

Na/K = 3 10 0.5 0.120 0.40 

Na/K ≤ 1 6 0.3 0.072 0.024 

Particulates Total (2) 600 30 7.2 2.4 

Above 10 microns 6 0.3 0.072 0.024 

Notes: 
1. Na/K=28 is nominal sea salt ratio 
2. The fuel gas delivery system shall be designed to prevent generation or admittance of 

solid particulate to the gas turbine gas fuel system 

Pressurized syngas is combusted in several (14) parallel diffusion combustors and syngas 
dilution is used to limit NOx formation.  As described in Section 3.1.2 nitrogen from the ASU is 
used as the primary diluent followed by syngas humidification and finally by steam dilution, if 
necessary, to achieve an LHV of 4.5-4.8 MJ/Nm3 (120-128 Btu/scf).  The advantages of using 
nitrogen as the primary diluent include: 

• Nitrogen from the ASU is already partially compressed and using it for dilution 
eliminates wasting the compression energy. 

• Limiting the water content reduces the need to de-rate firing temperature, particularly in 
the high-hydrogen (CO2 capture) cases. 

There are some disadvantages to using nitrogen as the primary diluent, and these include: 

• There is a significant auxiliary power requirement to further compress the large nitrogen 
flow from the ASU pressures of 0.4 and 1.3 MPa (56 and 182 psia) to the CT pressure of 
3.2 MPa (465 psia). 
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• The low quality heat used in the syngas humidification process does not provide 
significant benefit to the process in other applications. 

• Nitrogen is not as efficient as water in limiting NOx emissions 

It is not clear that one dilution method provides a significant advantage over the other.  However, 
in this study nitrogen was chosen as the primary diluent based on suggestions by turbine industry 
experts during peer review of the report. 

Hot combustion products are expanded in the three-stage turbine-expander.  Given the assumed 
ambient conditions, back-end loss, and HRSG pressure drop, the CT exhaust temperature is 
nominally 599°C (1110°F) for non-CO2 capture cases and 566°C (1050°F) for capture cases.   

Gross turbine power, as measured prior to the generator terminals, is 232 MW.  The CT 
generator is a standard hydrogen-cooled machine with static exciter. 

3.1.9 STEAM GENERATION ISLAND 

Heat Recovery Steam Generator  
The heat recovery steam generator (HRSG) is a horizontal gas flow, drum-type, multi-pressure 
design that is matched to the characteristics of the gas turbine exhaust gas when firing medium-
Btu gas.  High-temperature flue gas exiting the CT is conveyed through the HRSG to recover the 
large quantity of thermal energy that remains.  Flue gas travels through the HRSG gas path and 
exits at 132°C (270°F) for all six IGCC cases. 

The high pressure (HP) drum produces steam at main steam pressure, while the intermediate 
pressure (IP) drum produces process steam and turbine dilution steam, if required.  The HRSG 
drum pressures are nominally 12.4/2.9 MPa (1800/420 psia) for the HP/IP turbine sections, 
respectively.  In addition to generating and superheating steam, the HRSG performs reheat duty 
for the cold/hot reheat steam for the steam turbine, provides condensate and feedwater heating, 
and also provides deaeration of the condensate. 

Natural circulation of steam is accomplished in the HRSG by utilizing differences in densities 
due to temperature differences of the steam.  The natural circulation HRSG provides the most 
cost-effective and reliable design. 

The HRSG drums include moisture separators, internal baffles, and piping for feedwater/steam.  
All tubes, including economizers, superheaters, and headers and drums, are equipped with 
drains. 

Safety relief valves are furnished in order to comply with appropriate codes and ensure a safe 
work place. 

Superheater, boiler, and economizer sections are supported by shop-assembled structural steel.  
Inlet and outlet duct is provided to route the gases from the gas turbine outlet to the HRSG inlet 
and the HRSG outlet to the stack.  A diverter valve is included in the inlet duct to bypass the gas 
when appropriate.  Suitable expansion joints are also included. 

Steam Turbine Generator and Auxiliaries 
The steam turbine consists of an HP section, an IP section, and one double-flow low pressure 
(LP) section, all connected to the generator by a common shaft.  The HP and IP sections are 
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contained in a single-span, opposed-flow casing, with the double-flow LP section in a separate 
casing.  The LP turbine has a last stage bucket length of 76 cm (30 in). 

Main steam from the HRSG and gasifier island is combined in a header, and then passes through 
the stop valves and control valves and enters the turbine at either 12.4 MPa/566°C (1800 
psig/1050°F) for the non-carbon capture cases, or 12.4 MPa/538°C (1800 psig/1000°F) for the 
carbon capture cases.  The steam initially enters the turbine near the middle of the high-pressure 
span, flows through the turbine, and returns to the HRSG for reheating.  The reheat steam flows 
through the reheat stop valves and intercept valves and enters the IP section at 2.6 to 2.9 
MPa/566°C (375 to 420 psig/1050°F) for the non-carbon capture cases or 2.6 to 2.9 MPa/538°C 
(375 to 420 psig/1000°F) for the carbon capture cases.  After passing through the IP section, the 
steam enters a crossover pipe, which transports the steam to the LP section.  The steam divides 
into two paths and flows through the LP sections, exhausting downward into the condenser. 

Turbine bearings are lubricated by a closed-loop, water-cooled, pressurized oil system.  The oil 
is contained in a reservoir located below the turbine floor.  During startup or unit trip an 
emergency oil pump mounted on the reservoir pumps the oil.  When the turbine reaches 
95 percent of synchronous speed, the main pump mounted on the turbine shaft pumps oil.  The 
oil flows through water-cooled heat exchangers prior to entering the bearings.  The oil then flows 
through the bearings and returns by gravity to the lube oil reservoir. 

Turbine shafts are sealed against air in-leakage or steam blowout using a modern positive 
pressure variable clearance shaft sealing design arrangement connected to a low-pressure steam 
seal system.  During startup, seal steam is provided from the main steam line.  As the unit 
increases load, HP turbine gland leakage provides the seal steam.  Pressure-regulating valves 
control the gland header pressure and dump any excess steam to the condenser.  A steam packing 
exhauster maintains a vacuum at the outer gland seals to prevent leakage of steam into the 
turbine room.  Any steam collected is condensed in the packing exhauster and returned to the 
condensate system. 

The generator is a hydrogen-cooled synchronous type, generating power at 24 kV.  A static, 
transformer type exciter is provided.  The generator is cooled with a hydrogen gas recirculation 
system using fans mounted on the generator rotor shaft.  The heat absorbed by the gas is 
removed as it passes over finned tube gas coolers mounted in the stator frame.  Gas is prevented 
from escaping at the rotor shafts by a closed-loop oil seal system.  The oil seal system consists of 
storage tank, pumps, filters, and pressure controls, all skid-mounted. 

The steam turbine generator is controlled by a triple-redundant, microprocessor-based electro-
hydraulic control system.  The system provides digital control of the unit in accordance with 
programmed control algorithms, color CRT operator interfacing, and datalink interfaces to the 
balance-of-plant DCS, and incorporates on-line repair capability. 

Condensate System 
The condensate system transfers condensate from the condenser hotwell to the deaerator, through 
the gland steam condenser, gasifier, and the low-temperature economizer section in the HRSG.  
The system consists of one main condenser; two 50 percent capacity, motor-driven, vertical 
condensate pumps; one gland steam condenser; and a low-temperature tube bundle in the HRSG.  
Condensate is delivered to a common discharge header through separate pump discharge lines, 
each with a check valve and a gate valve.  A common minimum flow recirculation line 



Cost and Performance Comparison of Fossil Energy Power Plants  

82 

discharging to the condenser is provided to maintain minimum flow requirements for the gland 
steam condenser and the condensate pumps.  

Feedwater System 
The function of the feedwater system is to pump the various feedwater streams from the 
deaerator storage tank in the HRSG to the respective steam drums.  Two 50 percent capacity 
boiler feed pumps are provided for each of three pressure levels, HP, IP, and LP.  Each pump is 
provided with inlet and outlet isolation valves, and outlet check valve.  Minimum flow 
recirculation to prevent overheating and cavitation of the pumps during startup and low loads is 
provided by an automatic recirculation valve and associated piping that discharges back to the 
deaerator storage tank.  Pneumatic flow control valves control the recirculation flow.   

The feedwater pumps are supplied with instrumentation to monitor and alarm on low oil 
pressure, or high bearing temperature.  Feedwater pump suction pressure and temperature are 
also monitored.  In addition, the suction of each boiler feed pump is equipped with a startup 
strainer. 

Main and Reheat Steam Systems 
The function of the main steam system is to convey main steam generated in the synthesis gas 
cooler (SGC) and HRSG from the HRSG superheater outlet to the HP turbine stop valves.  The 
function of the reheat system is to convey steam from the HP turbine exhaust to the HRSG 
reheater, and to the turbine reheat stop valves. 

Main steam at approximately 12.4 MPa/566°C (1800 psig/1050°F) (non-carbon capture cases) or 
12.4 MPa/538°C (1800 psig/1000°F) (carbon capture cases) exits the HRSG superheater through 
a motor-operated stop/check valve and a motor-operated gate valve, and is routed to the HP 
turbine.  Cold reheat steam at approximately 3.1 to 3.4 MPa/341°C (450 to 500 psia/645°F) exits 
the HP turbine, flows through a motor-operated isolation gate valve, to the HRSG reheater.  Hot 
reheat steam at approximately 2.9 to 3.2 MPa/566°C (420 to 467 psia/1050°F) for non-carbon 
capture cases and 2.9 MPa/538°C (420 psia/1000°F) for carbon capture cases exits the HRSG 
reheater through a motor-operated gate valve and is routed to the IP turbines. 

Steam piping is sloped from the HRSG to the drip pots located near the steam turbine for 
removal of condensate from the steam lines.  Condensate collected in the drip pots and in low-
point drains is discharged to the condenser through the drain system. 

Steam flow is measured by means of flow nozzles in the steam piping.  The flow nozzles are 
located upstream of any branch connections on the main headers. 

Safety valves are installed to comply with appropriate codes and to ensure the safety of 
personnel and equipment. 

Circulating Water System 
The circulating water system is a closed-cycle cooling water system that supplies cooling water 
to the condenser to condense the main turbine exhaust steam.  The system also supplies cooling 
water to the AGR plant as required, and to the auxiliary cooling system.  The auxiliary cooling 
system is a closed-loop process that utilizes a higher quality water to remove heat from 
compressor intercoolers, oil coolers and other ancillary equipment and transfers that heat to the 
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main circulating cooling water system in plate and frame heat exchangers.  The heat transferred 
to the circulating water in the condenser and other applications is removed by a mechanical draft 
cooling tower. 

The system consists of two 50 percent capacity vertical circulating water pumps, a mechanical 
draft evaporative cooling tower, and carbon steel cement-lined interconnecting piping.  The 
pumps are single-stage vertical pumps.  The piping system is equipped with butterfly isolation 
valves and all required expansion joints.  The cooling tower is a multi-cell wood frame 
counterflow mechanical draft cooling tower. 

The condenser is a single-pass, horizontal type with divided water boxes.  There are two separate 
circulating water circuits in each box.  One-half of the condenser can be removed from service 
for cleaning or for plugging tubes.  This can be done during normal operation at reduced load. 

The condenser is equipped with an air extraction system to evacuate the condenser steam space 
for removal of non-condensable gases during steam turbine operation and to rapidly reduce the 
condenser pressure from atmospheric pressure before unit startup and admission of steam to the 
condenser. 

Raw Water, Fire Protection, and Cycle Makeup Water Systems 
The raw water system supplies cooling tower makeup, cycle makeup, service water and potable 
water requirements.  The water source is 50 percent from a POTW and 50 percent from 
groundwater.  Booster pumps within the plant boundary provide the necessary pressure. 

The fire protection system provides water under pressure to the fire hydrants, hose stations, and 
fixed water suppression system within the buildings and structures.  The system consists of 
pumps, underground and aboveground supply piping, distribution piping, hydrants, hose stations, 
spray systems, and deluge spray systems.  One motor-operated booster pump is supplied on the 
intake structure of the cooling tower with a diesel engine backup pump installed on the water 
inlet line. 

The cycle makeup water system provides high quality demineralized water for makeup to the 
HRSG cycle, for steam injection ahead of the water gas shift reactors in CO2 capture cases, and 
for injection steam to the auxiliary boiler for control of NOx emissions, if required. 

The cycle makeup system consists of two 100 percent trains, each with a full-capacity activated 
carbon filter, primary cation exchanger, primary anion exchanger, mixed bed exchanger, recycle 
pump, and regeneration equipment.  The equipment is skid-mounted and includes a control panel 
and associated piping, valves, and instrumentation. 

3.1.10 ACCESSORY ELECTRIC PLANT 
The accessory electric plant consists of switchgear and control equipment, generator equipment, 
station service equipment, conduit and cable trays, and wire and cable.  It also includes the main 
power transformer, all required foundations, and standby equipment. 

3.1.11 INSTRUMENTATION AND CONTROL 
An integrated plant-wide distributed control system (DCS) is provided.  The DCS is a redundant 
microprocessor-based, functionally distributed control system.  The control room houses an array 
of multiple video monitor (CRT) and keyboard units.  The CRT/keyboard units are the primary 
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interface between the generating process and operations personnel.  The DCS incorporates plant 
monitoring and control functions for all the major plant equipment.  The DCS is designed to be 
operational and accessible 99.5 percent of the time it is required (99.5 percent availability).  The 
plant equipment and the DCS are designed for automatic response to load changes from 
minimum load to 100 percent.  Startup and shutdown routines are manually implemented, with 
operator selection of modular automation routines available.  The exception to this, and an 
important facet of the control system for gasification, is the critical controller system, which is a 
part of the license package from the gasifier supplier and is a dedicated and distinct hardware 
segment of the DCS. 

This critical controller system is used to control the gasification process.  The partial oxidation of 
the fuel feed and oxygen feed streams to form a syngas product is a stoichiometric, temperature- 
and pressure-dependent reaction.  The critical controller utilizes a redundant microprocessor 
executing calculations and dynamic controls at 100- to 200-millisecond intervals.  The enhanced 
execution speeds as well as evolved predictive controls allow the critical controller to mitigate 
process upsets and maintain the reactor operation within a stable set of operating parameters. 
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3.2 GENERAL ELECTRIC ENERGY IGCC CASES 
This section contains an evaluation of plant designs for Cases 1 and 2, which are based on the 
GEE gasifier in the “radiant only” configuration.  GEE offers three design configurations [47]:  

• Quench: In this configuration, the hot syngas exiting the gasifier passes through a pool of 
water to quench the temperature to less than 260°C (500°F) before entering the syngas 
scrubber.  It is the simplest and lowest capital cost design, but also the least efficient. 

• Radiant Only: In this configuration, the hot syngas exiting the gasifier passes through a 
radiant syngas cooler where it is cooled from about 1316°C (2400°F) to 816°C (1500°F), 
then through a water quench where the syngas is further cooled to about 204°C (400°F) 
prior to entering the syngas scrubber.  Relative to the quench configuration, the radiant 
only design offers increased output, higher efficiency, improved reliability/availability, 
and results in the lowest cost of electricity.  This configuration was chosen by GEE and 
Bechtel for the design of their reference plant. 

• Radiant-Convective: In this configuration, the hot syngas exiting the gasifier passes 
through a radiant syngas cooler where it is cooled from about 1316°C (2400°F) to 760°C 
(1400°F), then passes over a pool of water where particulate is removed but the syngas is 
not quenched, then through a convective syngas cooler where the syngas is further cooled 
to about 371°C (700°F) prior to entering additional heat exchangers or the scrubber.  This 
configuration has the highest overall efficiency, but at the expense of highest capital cost 
and the lowest availability.  This is the configuration used at Tampa Electric’s Polk 
Power Station. 

Note that the radiant only configuration includes a water quench and, based on functionality, 
would be more appropriately named radiant-quench.  The term radiant only is used to distinguish 
it from the radiant-convective configuration.  Since radiant only is the terminology used by GEE, 
it will be used throughout this report. 

The balance of Section 3.2 is organized as follows: 

• Gasifier Background provides information on the development and status of the GEE 
gasification technology. 

• Process and System Description provides an overview of the technology operation as 
applied to Case 1.  The systems that are common to all gasifiers were covered in Section 
3.1 and only features that are unique to Case 1 are discussed further in this section. 

• Key Assumptions is a summary of study and modeling assumptions relevant to Cases 1 
and 2. 

• Sparing Philosophy is provided for both Cases 1 and 2. 

• Performance Results provides the main modeling results from Case 1, including the 
performance summary, environmental performance, carbon balance, sulfur balance, water 
balance, mass and energy balance diagrams and mass and energy balance tables. 

• Equipment List provides an itemized list of major equipment for Case 1 with account 
codes that correspond to the cost accounts in the Cost Estimates section. 

• Cost Estimates provides a summary of capital and operating costs for Case 1. 
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• Process and System Description, Performance Results, Equipment List and Cost 
Estimates are repeated for Case 2. 

3.2.1 GASIFIER BACKGROUND 
Development and Current Status [48] – Initial development of the GEE gasification 
technology (formerly licensed by Texaco and then ChevronTexaco) was conducted in the 1940s 
at Texaco’s Montebello, California laboratories.  From 1946 to 1954 the Montebello pilot plant 
produced synthesis gas (hydrogen and carbon monoxide) by partial oxidation of a variety of 
feedstocks, including natural gas, oil, asphalt, coal tar, and coal.  From 1956 to 1958, coal was 
gasified in a 91 tonne/day (100 TPD) Texaco coal gasifier at the Olin Mathieson Chemical Plant 
in Morgantown, West Virginia, for the production of ammonia.  

The oil price increases and supply disruptions of the 1970s renewed interest in the Texaco 
partial-oxidation process for gasification of coal or other solid opportunity fuels.  Three 14 
tonne/day (15 TPD) pilot plants at the Montebello laboratories have been used to test numerous 
coals.  Two larger pilot plants were also built.  The first gasified 150 tonne/day (165 TPD) of 
coal and was built to test synthesis gas generation by Rührchemie and Rührkohle at Oberhausen, 
Germany, and included a synthesis gas cooler.  The second gasified 172 tonne/day (190 TPD) of 
coal using a quench-only gasifier cooler and was built to make hydrogen at an existing TVA 
ammonia plant at Muscle Shoals, Alabama.  These two large-scale pilot plants successfully 
operated for several years during the 1980s and tested a number of process variables and 
numerous coals. 

The first commercial Texaco coal gasification plant was built for Tennessee Eastman at 
Kingsport, Tennessee, and started up in 1983.  To date, 24 gasifiers have been built in 12 plants 
for coal and petroleum coke.  Several of the plants require a hydrogen-rich gas and therefore 
directly water quench the raw gas to add the water for shifting the CO to H2, and have no 
synthesis gas coolers. 

The Cool Water plant was the first commercial-scale Texaco coal gasification project for the 
electric utility industry.  This facility gasified 907 tonne/day (1,000 TPD) (dry basis) of 
bituminous coal and generated 120 MW of electricity by IGCC operation.  In addition, the plant 
was the first commercial-sized Texaco gasifier used with a synthesis gas cooler.  The Cool Water 
plant operated from 1984 to 1989 and was a success in terms of operability, availability, and 
environmental performance.  

The Tampa Electric IGCC Clean Coal Technology Demonstration Project built on the Cool 
Water experience to demonstrate the use of the Texaco coal gasification process in an IGCC 
plant.  The plant utilizes approximately 2,268 tonne/day (2,500 TPD) of coal in a single Texaco 
gasifier to generate a net of approximately 250 MWe.  The syngas is cooled in a high-
temperature radiant heat exchanger, generating high-pressure steam, and further cooled in 
convective heat exchangers (the radiant-convective configuration).  The particles in the cooled 
gas are removed in a water-based scrubber.  The cleaned gas then enters a hydrolysis reactor 
where COS is converted to H2S.  After additional cooling, the syngas is sent to a conventional 
AGR unit, where H2S is absorbed by reaction with an amine solvent.  H2S is removed from the 
amine by steam stripping and sent to a sulfuric acid plant.  The cleaned gas is sent to a General 
Electric MS 7001FA combustion turbine.  
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The Delaware Clean Energy Project is a coke gasification and combustion turbine repowering of 
an existing 130 MW coke-fired boiler cogeneration power plant at the Motiva oil refinery in 
Delaware City, Delaware.  The Texaco coal gasification process was modified to gasify 1,814 
tonne/day (2,000 TPD) of this low-quality petroleum coke.  The plant is designed to use all the 
fluid petroleum coke generated at Motiva’s Delaware City Plant and produce a nominal 238,136 
kg/h (525,000 lb/h) of 8.6 MPa (1250 psig) steam, and 120,656 kg/h (266,000 lb/h) of 1.2 MPa 
(175 psig) steam for export to the refinery and the use/sale of 120 MW of electrical power.  
Environmentally, these new facilities help satisfy tighter NOx and SO2 emission limitations at the 
Delaware City Plant. 

Gasifier Capacity – The largest GEE gasifier is the unit at Tampa Electric, which consists of the 
radiant-convective configuration.  The daily coal-handling capacity of this unit is 2,268 tonnes 
(2,500 tons) of bituminous coal.  The dry gas production rate is 0.19 million Nm3/h (6.7 million 
scfh) with an energy content of about 1,897 million kJ/h (HHV) (1,800 million Btu/h).  This size 
matches the F Class combustion turbines that are used at Tampa. 

Distinguishing Characteristics – A key advantage of the GEE coal gasification technology is 
the extensive operating experience at full commercial scale.  Furthermore, Tampa Electric is an 
IGCC power generation facility, operated by conventional electric utility staff, and is 
environmentally one of the cleanest coal-fired power plants in the world.  The GEE gasifier also 
operates at the highest pressure of the three gasifiers in this study, 5.6 MPa (815 psia) compared 
to 4.2 MPa (615 psia) for CoP and Shell. 

Entrained-flow gasifiers have fundamental environmental advantages over fluidized-bed and 
moving-bed gasifiers.  They produce no hydrocarbon liquids, and the only solid waste is an inert 
slag.  The relatively high H2/CO ratio and CO2 content of GEE gasification fuel gas helps 
achieve low nitrogen oxide (NOx) and CO emissions in even the higher-temperature advanced 
combustion turbines. 

The key disadvantages of the GEE coal gasification technology are the limited refractory life, the 
relatively high oxygen requirements and high waste heat recovery duty (synthesis gas cooler 
design).  As with the other entrained-flow slagging gasifiers, the GEE process has this 
disadvantage due to its high operating temperature.  The disadvantage is magnified in the single-
stage, slurry feed design.  The quench design significantly reduces the capital cost of syngas 
cooling, while innovative heat integration maintains good overall thermal efficiency although 
lower than the synthesis gas cooler design.  Another disadvantage of the GEE process is the 
limited ability to economically handle low-rank coals relative to moving-bed and fluidized-bed 
gasifiers or to entrained-flow gasifiers with dry feed.  For slurry fed entrained gasifiers using 
low-rank coals, developers of two-stage slurry fed gasifiers claim advantages over single-stage 
slurry fed. 

Important Coal Characteristics – The slurry feeding system and the recycle of process 
condensate water as the principal slurrying liquid make low levels of ash and soluble salts 
desirable coal characteristics for use in the GEE coal gasification process.  High ash levels 
increase the ratio of water-to-carbon in the feed slurry, thereby increasing the oxygen 
requirements.  The slurry feeding also favors the use of high-rank coals, such as bituminous coal, 
since their low inherent moisture content increases the moisture-free solids content of the slurry 
and thereby reduces oxygen requirements.   
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3.2.2 PROCESS DESCRIPTION 
In this section the overall GEE gasification process is described.  The system description follows 
the block flow diagram (BFD) in Exhibit 3-14 and stream numbers reference the same Exhibit.  
The tables in Exhibit 3-15 provide stream compositions, temperature, pressure, enthalpy and 
flow rates for the numbered streams in the BFD. 

Coal Grinding and Slurry Preparation 
Coal receiving and handling is common to all cases and was covered in Section 3.1.1.  The 
receiving and handling subsystem ends at the coal silo.  Coal is then fed onto a conveyor by 
vibratory feeders located below each silo.  The conveyor feeds the coal to an inclined conveyor 
that delivers the coal to the rod mill feed hopper.  The feed hopper provides a surge capacity of 
about two hours and contains two hopper outlets.  Each hopper outlet discharges onto a weigh 
feeder, which in turn feeds a rod mill.  Each rod mill is sized to process 55 percent of the coal 
feed requirements of the gasifier.  The rod mill grinds the coal and wets it with treated slurry 
water transferred from the slurry water tank by the slurry water pumps.  The coal slurry is 
discharged through a trommel screen into the rod mill discharge tank, and then the slurry is 
pumped to the slurry storage tanks.  The dry solids concentration of the final slurry is 63 percent.  
The Polk Power Station operates at a slurry concentration of 62-68 percent using bituminous coal 
and CoP presented a paper showing the slurry concentration of Illinois No. 6 coal as 63 percent. 
[41, 49] 

The coal grinding system is equipped with a dust suppression system consisting of water sprays 
aided by a wetting agent.  The degree of dust suppression required depends on local 
environmental regulations.  All of the tanks are equipped with vertical agitators to keep the coal 
slurry solids suspended. 

The equipment in the coal grinding and slurry preparation system is fabricated of materials 
appropriate for the abrasive environment present in the system.  The tanks and agitators are 
rubber lined.  The pumps are either rubber-lined or hardened metal to minimize erosion.  Piping 
is fabricated of high-density polyethylene (HDPE). 

Gasification 
This plant utilizes two gasification trains to process a total of 5,331 tonnes/day (5,876 TPD) of 
Illinois No. 6 coal.  Each of the 2 x 50 percent gasifiers operates at maximum capacity.  The 
largest operating GEE gasifier is the 2,268 tonne/day (2,500 TPD) unit at Polk Power Station.  
However, that unit operates at about 2.8 MPa (400 psia).  The gasifier in this study, which 
operates at 5.6 MPa (815 psia), will be able to process more coal and maintain the same gas 
residence time. 

The slurry feed pump takes suction from the slurry run tank, and the discharge is sent to the feed 
injector of the GEE gasifier (stream 6).  Oxygen from the ASU is vented during preparation for 
startup and is sent to the feed injector during normal operation.  The air separation plant supplies 
4,560 tonnes/day (5,025 TPD) of 95 mole percent oxygen to the gasifiers (stream 5) and the 
Claus plant (stream 3).  Carbon conversion in the gasifier is assumed to be 98 percent including a 
fines recycle stream. 

The gasifier vessel is a refractory-lined, high-pressure combustion chamber.  The coal slurry 
feedstock and oxygen are fed through a fuel injector at the top of the gasifier vessel.  The coal 
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slurry and the oxygen react in the gasifier at 5.6 MPa (815 psia) and 1,316°C (2,400°F) to 
produce syngas. 

The syngas consists primarily of hydrogen and carbon monoxide, with lesser amounts of water 
vapor and carbon dioxide, and small amounts of hydrogen sulfide, carbonyl sulfide, methane, 
argon, and nitrogen.  The heat in the gasifier liquefies coal ash.  Hot syngas and molten solids 
from the reactor flow downward into a radiant heat exchanger where the syngas is cooled. 

Raw Gas Cooling/Particulate Removal 
Syngas is cooled from 1,316°C (2,400°F) to 593°C (1,100°F) in the radiant synthesis gas cooler 
(SGC) (stream 8) and the molten slag solidifies in the process.  The solids collect in the water 
sump at the bottom of the gasifier and are removed periodically using a lock hopper system 
(stream 7).  The waste heat from this cooling is used to generate high-pressure steam.  Boiler 
feedwater in the tubes is saturated, and then steam and water are separated in a steam drum.  
Approximately 528,118 kg/h (1,164,300 lb/h) of saturated steam at 13.8 MPa (2,000 psia) is 
produced.  This steam then forms part of the general heat recovery system that provides steam to 
the steam turbine. 

The syngas exiting the radiant cooler is directed downwards by a dip tube into a water sump.  
Most of the entrained solids are separated from the syngas at the bottom of the dip tube as the 
syngas goes upwards through the water.  The syngas exits the quench chamber saturated at a 
temperature of 210°C (410°F). 

The slag handling system removes solids from the gasification process equipment.  These solids 
consist of a small amount of unconverted carbon and essentially all of the ash contained in the 
feed coal.  These solids are in the form of glass, which fully encapsulates any metals.  Solids 
collected in the water sump below the radiant synthesis gas cooler are removed by gravity and 
forced circulation of water from the lock hopper circulating pump.  The fine solids not removed 
from the bottom of the quench water sump remain entrained in the water circulating through the 
quench chamber.  In order to limit the amount of solids recycled to the quench chamber, a 
continuous blowdown stream is removed from the bottom of the syngas quench.  The blowdown 
is sent to the vacuum flash drum in the black water flash section.  The circulating quench water 
is pumped by circulating pumps to the quench gasifier. 

Syngas Scrubber/Sour Water Stripper 
Syngas exiting the water quench passes to a syngas scrubber where a water wash is used to 
remove remaining chlorides and particulate.  The syngas exits the scrubber still saturated at 
199°C (390°F) (stream 9). 

The sour water stripper removes NH3, SO2, and other impurities from the scrubber and other 
waste streams.  The stripper consists of a sour drum that accumulates sour water from the gas 
scrubber and condensate from synthesis gas coolers.  Sour water from the drum flows to the sour 
stripper, which consists of a packed column with a steam-heated reboiler.  Sour gas is stripped 
from the liquid and sent to the sulfur recovery unit.  Remaining water is sent to wastewater 
treatment. 
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Exhibit 3-14  Case 1 Process Flow Diagram, GEE IGCC without CO2 Capture 
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Exhibit 3-15  Case 1 Stream Table, GEE IGCC without CO2 Capture 
1 2 3 4 5 6A 7 8 9 10 11 12

V-L Mole Fraction             
Ar 0.0094 0.0065 0.0360 0.0023 0.0320 0.0000 0.0000 0.0079 0.0067 0.0067 0.0092 0.0092
CH4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0008 0.0008 0.0011 0.0011

CO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.3442 0.2922 0.2922 0.3992 0.3992
CO2 0.0003 0.0015 0.0000 0.0000 0.0000 0.0000 0.0000 0.1511 0.1276 0.1278 0.1780 0.1780

COS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0002 0.0000 0.0000 0.0000
H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.3349 0.2849 0.2849 0.3935 0.3935

H2O 0.0104 0.0496 0.0000 0.0000 0.0000 1.0000 0.0000 0.1429 0.2726 0.2724 0.0012 0.0012

H2S 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0073 0.0061 0.0062 0.0069 0.0069

N2 0.7722 0.8978 0.0140 0.9924 0.0180 0.0000 0.0000 0.0089 0.0076 0.0076 0.0103 0.0103

NH3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0017 0.0014 0.0014 0.0006 0.0006

O2 0.2077 0.0445 0.9500 0.0053 0.9500 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 53,342 13,347 277 36,897 12,736 14,199 0 51,296 60,278 60,278 43,585 43,585

V-L Flowrate (lb/hr) 1,539,150 371,000 8,942 1,035,410 409,853 255,589 0 1,046,880 1,206,760 1,206,760 904,411 904,411
Solids Flowrate (lb/hr) 0 0 0 0 0 435,187 53,746 0 0 0 0 0

Temperature (°F) 233 58 90 385 206 141 410 1100 390 390 107 107
Pressure (psia) 190.1 16.4 125.0 460.0 980.0 1050.0 797.7 799.7 792.7 782.7 742.7 732.7
Enthalpy (BTU/lb)B 55.6 16.6 12.5 87.8 37.7 --- 1,710 535.5 400.3 400.3 27.4 27.4
Density (lb/ft3) 0.738 0.085 0.683 1.424 4.416 --- --- 0.975 1.740 1.718 2.534 2.500
Molecular Weight 28.85 27.80 32.23 28.06 32.18 --- --- 20.41 20.02 20.02 20.75 20.75

A - Solids flowrate includes dry coal; V-L flowrate includes slurry water and water from coal
B - Reference conditions are 32.02 F & 0.089 PSIA  
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Exhibit 3-15  Case 1 Stream Table (continued) 
13 14 15 16 17 18 19 20 21 22 23

V-L Mole Fraction            
Ar 0.0000 0.0000 0.0188 0.0097 0.0097 0.0059 0.0097 0.0094 0.0094 0.0091 0.0091
CH4 0.0000 0.0000 0.0764 0.0012 0.0012 0.0169 0.0012 0.0000 0.0000 0.0000 0.0000

CO 0.0000 0.0000 0.0003 0.4195 0.4195 0.0814 0.4195 0.0000 0.0000 0.0000 0.0000
CO2 0.3803 0.0000 0.6066 0.1414 0.1414 0.5518 0.1414 0.0003 0.0003 0.0859 0.0859

COS 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
H2 0.0000 0.0000 0.0126 0.4164 0.4164 0.0532 0.4164 0.0000 0.0000 0.0000 0.0000

H2O 0.0200 0.0000 0.0020 0.0009 0.0009 0.0000 0.0009 0.0104 0.0104 0.0668 0.0668

H2S 0.3576 0.0000 0.0103 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000

N2 0.2106 0.0000 0.2728 0.0110 0.0110 0.2908 0.0110 0.7722 0.7722 0.7337 0.7337

NH3 0.0313 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

O2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.2077 0.2077 0.1045 0.1045
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 863 0 860 40,704 40,704 3,978 40,704 242,899 9,914 297,284 297,284

V-L Flowrate (lb/hr) 30,839 0 31,584 795,458 795,458 140,512 795,458 7,008,680 286,060 8,694,000 8,694,000
Solids Flowrate (lb/hr) 0 12,235 0 0 0 0 0 0 0 0 0

Temperature (°F) 120 358 100 112 460 151 380 59 811 1115 270
Pressure (psia) 30.0 24.9 368.0 719.0 714.0 460.0 460.0 14.7 234.9 15.2 15.2
Enthalpy (BTU/lb)B 31.1 -99.5 16.1 30.3 162.2 27.1 131.2 13.5 200.0 327.2 103.2
Density (lb/ft3) 0.172 329.192 2.252 2.289 1.414 2.481 0.998 0.076 0.497 0.026 0.057
Molecular Weight 35.73 256.53 36.74 19.54 19.54 35.33 19.54 28.85 28.85 29.24 29.24

B - Reference conditions are 32.02 F & 0.089 PSIA  
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COS Hydryolysis, Mercury Removal and Acid Gas Removal 
Syngas exiting the scrubber (stream 9) passes through a COS hydrolysis reactor where about 
99.5 percent of the COS is converted to CO2 and H2S (Section 3.1.5).  The gas exiting the COS 
reactor (stream 10) passes through a series of heat exchangers and knockout drums to lower the 
syngas temperature to 39°C (103°F) and to separate entrained water.  The cooled syngas (stream 
11) then passes through a carbon bed to remove 95 percent of the Hg (Section 3.1.4). 

Cool, particulate-free synthesis gas (stream 12) enters the Selexol absorber unit at approximately 
5.1 MPa (733 psia) and 39°C (103°F).  In this absorber, H2S is preferentially removed from the 
fuel gas stream along with smaller amounts of CO2, COS and other gases such as hydrogen.  The 
rich solution leaving the bottom of the absorber is heated against the lean solvent returning from 
the regenerator before entering the H2S concentrator.  A portion of the non-sulfur bearing 
absorbed gases is driven from the solvent in the H2S concentrator using N2 from the ASU as the 
stripping medium.  The temperature of the H2S concentrator overhead stream is reduced prior to 
entering the reabsorber where a second stage of H2S absorption occurs.  The rich solvent from 
the reabsorber is combined with the rich solvent from the absorber and sent to the stripper where 
it is regenerated through the indirect application of thermal energy via condensation of low-
pressure steam in a reboiler.  The stripper acid gas stream (stream 13), consisting of 36 percent 
H2S and 38 percent CO2 (with the balance mostly N2), is then sent to the Claus unit.  The 
secondary sweet fuel gas stream from the reabsorber is compressed to 3.2 MPa (460 psia) 
(stream 18) and combined with the primary sweet syngas after the expansion turbine (stream 19). 

Claus Unit 
Acid gas from the first-stage stripper of the Selexol unit is routed to the Claus plant.  The Claus 
plant partially oxidizes the H2S in the acid gas to elemental sulfur.  About 5,550 kg/h 
(12,235 lb/h) of elemental sulfur (stream 14) are recovered from the fuel gas stream.  This value 
represents an overall sulfur recovery efficiency of 99.6 percent. 

Acid gas from the Selexol unit is preheated to 232°C (450°F).  A portion of the acid gas along 
with all of the sour gas from the stripper and oxygen from the ASU are fed to the Claus furnace.  
In the furnace, H2S is catalytically oxidized to SO2 at a furnace temperature greater than 1,343°C 
(2,450°F), which must be maintained in order to thermally decompose all of the NH3 present in 
the sour gas stream. 

Following the thermal stage and condensation of sulfur, two reheaters and two sulfur converters 
are used to obtain a per-pass H2S conversion of approximately 99.7 percent.  The Claus Plant tail 
gas is hydrogenated and recycled back to the Selexol process (stream 15).  In the furnace waste 
heat boiler, 8,772 kg/h (19,340 lb/h) of 3.6 MPa (525 psia) steam are generated.  This steam is 
used to satisfy all Claus process preheating and reheating requirements as well as to produce 
some steam for the medium-pressure steam header.  The sulfur condensers produce 0.34 MPa 
(50 psig) steam for the low-pressure steam header. 

Power Block 
Clean syngas exiting the Selexol absorber is re-heated (stream 17) using HP boiler feedwater and 
then expanded to 3.2 MPa (460 psia) using an expansion turbine (stream 19).  A second clean 
gas stream from the Selexol reabsorber is compressed and combined with stream 19.  The 
combined syngas stream is further diluted with nitrogen from the ASU (stream 4) and enters the 
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advanced F Class CT burner.  The CT compressor provides combustion air to the burner and also 
16 percent of the air requirements in the ASU (stream 21).  The exhaust gas exits the CT at 
602°C (1,115°F) (stream 22) and enters the HRSG where additional heat is recovered until the 
flue gas exits the HRSG at 132°C (270°F) (stream 23) and is discharged through the plant stack.  
The steam raised in the HRSG is used to power an advanced, commercially available steam 
turbine using a 12.4 MPa/566°C/566°C (1800 psig/1050°F/1050°F) steam cycle. 

Air Separation Unit (ASU) 
The elevated pressure ASU was described in Section 3.1.2.  In Case 1 the air separation unit 
(ASU) is designed to produce a nominal output of 4,560 tonnes/day (5,025 TPD) of 95 mole 
percent O2 for use in the gasifier (stream 5) and Claus plant (stream 3).  The plant is designed 
with two production trains.  The air compressor is powered by an electric motor.  Approximately 
11,270 tonnes/day (12,425 TPD) of nitrogen are also recovered, compressed, and used as 
dilution in the gas turbine combustor (stream 4).  About 4.1 percent of the gas turbine air is used 
to supply approximately 16 percent of the ASU air requirements (stream 21). 

Balance of Plant 
Balance of plant items were covered in Sections 3.1.9, 3.1.10 and 3.1.11. 
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3.2.3 KEY SYSTEM ASSUMPTIONS 
System assumptions for Cases 1 and 2, GEE IGCC with and without CO2 capture, are presented 
in Exhibit 3-16. 

Exhibit 3-16  GEE IGCC Plant Study Configuration Matrix 

Case 1 2 
Gasifier Pressure, MPa (psia) 5.6 (815) 5.6 (815) 
O2:Coal Ratio, kg O2/kg dry coal 0.95 0.95 
Carbon Conversion, % 98 98 
Syngas HHV at SGC Outlet, 
kJ/Nm3 (Btu/scf) 8,210 (226) 8,210 (226) 

Steam Cycle, MPa/°C/°C 
(psig/°F/°F) 

12.4/566/566 
(1800/1050/1050) 

12.4/538/538 
(1800/1000/1000) 

Condenser Pressure, mm Hg  
(in Hg) 51 (2.0) 51 (2.0) 

Combustion Turbine 2x Advanced F Class 
(232 MW output each) 

2x Advanced F Class 
(232 MW output each) 

Gasifier Technology GEE Radiant Only GEE Radiant Only 
Oxidant 95  vol% Oxygen 95 vol% Oxygen 
Coal Illinois No. 6 Illinois No. 6 
Coal Slurry Solids Conent, % 63 63 
COS Hydrolysis Yes Occurs in SGS 
Sour Gas Shift No Yes 
H2S Separation Selexol Selexol 1st Stage 
Sulfur Removal, % 99.6 99.6 

Sulfur Recovery 
Claus Plant with Tail Gas 

Recycle to Selexol/ 
Elemental Sulfur 

Claus Plant with Tail Gas 
Recycle to Selexol/ 
Elemental Sulfur 

Particulate Control Water Quench, Scrubber, 
and AGR Absorber 

Water Quench, Scrubber, 
and AGR Absorber 

Mercury Control Carbon Bed Carbon Bed 

NOx Control MNQC (LNB) and N2 
Dilution 

MNQC (LNB) and N2 
Dilution 

CO2 Separation N/A Selexol 2nd Stage 
CO2 Capture N/A 90.2%  from Syngas 
CO2 Sequestration N/A Off-site Saline Formation 
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Balance of Plant – Cases 1 and 2 
The balance of plant assumptions are common to all cases and are presented in Exhibit 3-17. 

Exhibit 3-17  Balance of Plant Assumptions 

Cooling system Recirculating Wet Cooling Tower 
Fuel and Other storage  
Coal 30 days 
Slag 30 days 
Sulfur 30 days 
Sorbent 30 days 
Plant Distribution Voltage  
Motors below 1 hp 110/220 volt 
Motors between 1 hp and 
250 hp  480 volt 

Motors between 250 hp and 
5,000 hp 4,160 volt 

Motors above 5,000 hp 13,800 volt 
Steam and Gas Turbine 
Generators 24,000 volt 

Grid Interconnection Voltage 345 kV 
Water and Waste Water  

Makeup Water 

The water supply is 50 percent from a local Publicly 
Owned Treatment Works and 50 percent from 
groundwater, and is assumed to be in sufficient 
quantities to meet plant makeup requirements. 
Makeup for potable, process, and de-ionized (DI) 
water is drawn from municipal sources 

Process Wastewater 

Water associated with gasification activity and storm 
water that contacts equipment surfaces is collected 
and treated for discharge through a permitted 
discharge. 

Sanitary Waste Disposal 

Design includes a packaged domestic sewage 
treatment plant with effluent discharged to the 
industrial wastewater treatment system.  Sludge is 
hauled off site.  Packaged plant was sized for 5.68 
cubic meters per day (1,500 gallons per day) 

Water Discharge 
Most of the process wastewater is recycled to the 
cooling tower basin.  Blowdown is treated for 
chloride and metals, and discharged. 
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3.2.4 SPARING PHILOSOPHY 
The sparing philosophy for Cases 1 and 2 is provided below.  Single trains are utilized 
throughout with exceptions where equipment capacity requires an additional train.  There is no 
redundancy other than normal sparing of rotating equipment. 

The plant design consists of the following major subsystems: 

• Two air separation units (2 x 50%) 

• Two trains of slurry preparation and slurry pumps (2 x 50%) 

• Two trains of gasification, including gasifier, synthesis gas cooler, quench and scrubber 
(2 x 50%).  

• Two trains of syngas clean-up process (2 x 50%). 

• Two trains of Selexol acid gas removal, single-stage in Case 1 and two-stage in Case 2, 
(2 x 50%) and one Claus-based sulfur recovery unit (1 x 100%).   

• Two combustion turbine/HRSG tandems (2 x 50%). 

• One steam turbine (1 x 100%). 

3.2.5 CASE 1 PERFORMANCE RESULTS 
The plant produces a net output of 640 MWe at a net plant efficiency of 38.2 percent (HHV 
basis).  GEE has reported a net plant effiency of 38.5 percent for their reference plant, and they 
also presented a range of efficiencies of 38.5-40 percent depending on fuel type. [50, 51]  
Typically the higher efficiencies result from fuel blends that include petroleum coke. 

Overall performance for the plant is summarized in Exhibit 3-18 which includes auxiliary power 
requirements.  The ASU accounts for over 79 percent of the auxiliary load between the main air 
compressor, the nitrogen compressor, the oxygen compressor and ASU auxiliaries.  The cooling 
water system, including the circulating water pumps and the cooling tower fan, accounts for over 
4 percent of the auxiliary load, and the BFW pumps account for an additional 3.5 percent.  All 
other individual auxiliary loads are less than 3 percent of the total. 
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Exhibit 3-18  Case 1 Plant Performance Summary 

POWER SUMMARY (Gross Power at Generator Terminals, kWe) 
Gas Turbine Power 464,300 
Sweet Gas Expander Power 7,130 
Steam Turbine Power 298,920 

TOTAL POWER, kWe 770,350 
AUXILIARY LOAD SUMMARY, kWe  

Coal Handling 450 
Coal Milling 2,280 
Coal Slurry Pumps 740 
Slag Handling and Dewatering 1,170 
Air Separation Unit Auxiliaries 1,000 
Air Separation Unit Main Air Compressor 60,070 
Oxygen Compressor 11,270 
Nitrogen Compressor 30,560 
Claus Plant Tail Gas Recycle Compressor 1,230 
Boiler Feedwater Pumps 4,590 
Condensate Pump 250 
Flash Bottoms Pump 200 
Circulating Water Pumps 3,710 
Cooling Tower Fans 1,910 
Scrubber Pumps 300 
Selexol Unit Auxiliaries 3,420 
Gas Turbine Auxiliaries 1,000 
Steam Turbine Auxiliaries 100 
Claus Plant/TGTU Auxiliaries 200 
Miscellaneous Balance of Plant (Note 1) 3,000 
Transformer Loss 2,650 

TOTAL AUXILIARIES, kWe 130,100 
NET POWER, kWe 640,250 

Net Plant Efficiency, % (HHV) 38.2 
Net Plant Heat Rate (Btu/kWh) 8,922 

CONDENSER COOLING DUTY 106 kJ/h (106 Btu/h) 1,705 (1,617) 
CONSUMABLES  

As-Received Coal Feed, kg/h (lb/h) 222,095 (489,634) 
Thermal Input, kWt 1,674,044 
Raw Water Usage, m3/min (gpm) 15.2 (4,003) 

Note 1: Includes plant control systems, lighting, HVAC and miscellaneous low voltage loads 
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Environmental Performance 
The environmental targets for emissions of Hg, NOx, SO2 and particulate matter were presented 
in Section 2.4.  A summary of the plant air emissions for Case 1 is presented in Exhibit 3-19.   

Exhibit 3-19  Case 1 Air Emissions 

 kg/GJ 
(lb/106 Btu) 

Tonne/year 
(ton/year) @ 

80% capacity factor 

kg/MWh 
(lb/MWh) 

SO2 0.005 (0.0127) 231 (254) 0.043 (0.094) 
NOX 0.024 (0.055) 994 (1,096) 0.184 (0.406) 
Particulates 0.003 (0.0071) 129 (142) 0.024 (0.053) 

Hg 0.25x10-6 
(.57x10-6) 0.010 (0.011) 1.9x10-6 

(4.2x10-6) 

CO2 85 (197) 3,572,000 
(3,938,000) 662 (1,459) 

CO2
1   796 (1,755) 

1 CO2 emissions based on net power instead of gross power 

The low level of SO2 emissions is achieved by capture of the sulfur in the gas by the Selexol 
AGR process.  The AGR process removes over 99 percent of the sulfur compounds in the fuel 
gas down to a level of less than 30 ppmv.  This results in a concentration in the flue gas of less 
than 4 ppmv.  The H2S-rich regeneration gas from the AGR system is fed to a Claus plant, 
producing elemental sulfur.  The Claus plant tail gas is hydrogenated to convert all sulfur species 
to H2S and then recycled back to the Selexol process, thereby eliminating the need for a tail gas 
treatment unit. 

NOX emissions are limited by nitrogen dilution of the syngas to 15 ppmvd (as NO2 @15 percent 
O2).  Ammonia in the syngas is removed with process condensate prior to the low-temperature 
AGR process and ultimately destroyed in the Claus plant burner.  This helps lower NOX levels as 
well. 

Particulate discharge to the atmosphere is limited to extremely low values by the use of the 
syngas quench in addition to the syngas scrubber and the gas washing effect of the AGR 
absorber.  The particulate emissions represent filterable particulate only. 

Ninety five percent of the mercury is captured from the syngas by an activated carbon bed.  CO2 
emissions represent the uncontrolled discharge from the process. 

The carbon balance for the plant is shown in Exhibit 3-20.  The carbon input to the plant consists 
of carbon in the air in addition to carbon in the coal.  Carbon in the air is not neglected here since 
the AspenPlus model accounts for air components throughout.  Carbon leaves the plant as 
unburned carbon in the slag, as dissolved CO2 in the wastewater blowdown stream, and as CO2 
in the stack gas and ASU vent gas.  Carbon in the wastewater blowdown stream is calculated by 
difference to close the material balance. 
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Exhibit 3-20  Case 1 Carbon Balance 

Carbon In, kg/hr (lb/hr) Carbon Out, kg/hr (lb/hr) 
Coal 141,585 (312,142) Slag 2,843 (6,267) 
Air (CO2) 529 (1,165) Stack Gas 139,020 (306,486) 
  ASU Vent 111 (245) 
  Wastewater 141 (310) 
Total 142,114 (313,307) Total 142,114 (313,307) 

 

Exhibit 3-21 shows the sulfur balances for the plant.  Sulfur input comes solely from the sulfur in 
the coal.  Sulfur output includes the sulfur recovered in the Claus plant, dissolved SO2 in the 
wastewater blowdown stream, and sulfur emitted in the stack gas.  Sulfur in the slag is 
considered to be negligible, and the sulfur content of the blowdown stream is calculated by 
difference to close the material balance.  The total sulfur capture is represented by the following 
fraction: 

(Sulfur byproduct/Sulfur in the coal) or 
(12,235/12,290) or 

99.6 percent 

Exhibit 3-21  Case 1 Sulfur Balance 

Sulfur In, kg/hr (lb/hr) Sulfur Out, kg/hr (lb/hr) 
Coal 5,575 (12,290) Elemental Sulfur 5,550 (12,235) 
  Stack Gas 16 (36) 
  Wastewater 8 (19) 
Total 5,575 (12,290) Total 5,575 (12,290) 

Exhibit 3-22 shows the overall water balance for the plant.  Raw water is obtained from 
groundwater (50 percent) and from municipal sources (50 percent).  Water demand represents 
the total amount of water required for a particular process.  Some water is recovered within the 
process, primarily as syngas condensate, and that water is re-used as internal recycle.  Raw water 
makeup is the difference between water demand and internal recycle.   
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Exhibit 3-22  Case 1 Water Balance 

Water Use Water Demand, 
m3/min (gpm) 

Internal Recycle, 
m3/min (gpm) 

Raw Water Makeup, 
m3/min (gpm) 

Slurry 1.5 (402) 1.5 (402) 0 

Slag Handling 0.5 (140) 0 0.5 (140) 

Quench/Scrubber 2.1 (561) 1.6 (427) 0.5 (134) 

BFW Makeup 0.2 (49) 0 0.2 (49) 

Cooling Tower 
Makeup 14.4 (3,805) 0.5 (125) 13.9 (3,680) 

Total 18.7 (4,957) 3.6 (954) 15.2 (4,003) 

 

Heat and Mass Balance Diagrams 
Heat and mass balance diagrams are shown for the following subsystems in Exhibit 3-23 through 
Exhibit 3-27: 

• Coal gasification and air separation unit 

• Syngas cleanup 

• Sulfur recovery and tail gas recycle 

• Combined cycle power generation 

• Steam and feedwater 

An overall plant energy balance is provided in tabular form in Exhibit 3-28.  The power out is 
the combined combustion turbine, steam turbine and expander power prior to generator losses.  
The power at the generator terminals (shown in Exhibit 3-18) is calculated by multiplying the 
power out by a combined generator efficiency of 98.2 percent. 

The heat and material balances shown in these figures are shown in U.S. standard units.  The 
following factors can be used for conversion to SI units.  The same conversions apply to all cases 
but are shown only once for Case 1. 

P, absolute pressure, psia, multiply by 6.895 x10-3 = MPa (megapascals) 
°F, temperature, (°F minus 32) divided by 1.8 = °C (Centigrade) 
H, enthalpy, Btu/lb, multiply H by 2.3260 = kJ/kg (kilojoules/kilogram) 
W, total plant flow, lb/h, multiply W by 0.4536 = kg/h (kilogram/hour) 
Heat rate, Btu/kWh, multiply Btu/kWh by 1.0551 = kJ/kWh (kilojoules/kilowatt-hour) 
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Exhibit 3-23  Case 1 Coal Gasification and Air Separation Units Heat and Mass Balance Schematic 
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Exhibit 3-24  Case 1 Syngas Cleanup Heat and Mass Balance Schematic 
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Exhibit 3-25  Case 1 Sulfur Recovery and Tail Gas Recycle Heat and Mass Balance Schematic 
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Exhibit 3-26  Case 1 Combined-Cycle Power Generation Heat and Mass Balance Schematic 
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Exhibit 3-27  Case 1 Steam and Feedwater Heat and Mass Balance Schematic 
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Exhibit 3-28  Case 1 Overall Energy Balance (0°C [32°F] Reference) 

 HHV Sensible + Latent Power Total 

Heat In (MMBtu/hr) 
Coal 5,712.1 4.8  5,716.8 
ASU Air  20.8  20.8 
CT Air  94.6  94.6 
Water  2.9  2.9 
Auxiliary Power   444.0 444.0 
Totals 5,712.1 123.1 444.0 6,279.2 
Heat Out (MMBtu/hr) 
ASU Intercoolers  228.0  228.0 
ASU Vent  6.1  6.1 
Slag 88.3 3.6  91.9 
Sulfur 48.7 (1.2)  47.5 
Tail Gas Compressor 
Intercoolers  4.4  4.4 

HRSG Flue Gas  896.8  896.8 
Condenser  1,617.0  1,617.0 
Process Losses (1)  710.8  710.8 
Power   2,676.7 2,676.7 
Totals 137.0 3,465.5 2,676.7 6,279.2 
(1) Process Losses are calculated by difference and reflect various gasification, turbine, 

HRSG and other heat and work losses.  Aspen flowsheet balance is within 0.5 percent. 
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3.2.6 CASE 1 - MAJOR EQUIPMENT LIST 
Major equipment items for the GEE gasifier with no CO2 capture are shown in the following 
tables.  The accounts used in the equipment list correspond to the account numbers used in the 
cost estimates in Section 3.2.7.  In general, the design conditions include a 10 percent 
contingency for flows and heat duties and a 21 percent contingency for heads on pumps and fans. 

ACCOUNT 1 COAL HANDLING 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Bottom Trestle Dumper and 
Receiving Hoppers N/A 2 0

2 Feeder Belt 2 0

3 Conveyor No. 1 Belt 1 0

4 Transfer Tower No. 1 Enclosed 1 0

5 Conveyor No. 2 Belt 1 0

6 As-Received Coal Sampling 
System Two-stage 1 0

7 Stacker/Reclaimer Traveling, linear 1 0

8 Reclaim Hopper N/A 2 1

9 Feeder Vibratory 2 1

10 Conveyor No. 3 Belt w/ tripper 1 0

11 Crusher Tower N/A 1 0

12 Coal Surge Bin w/ Vent 
Filter Dual outlet 2 0

13 Crusher Impactor 
reduction 2 0

14 As-Fired Coal Sampling 
System Swing hammer 1 1

15 Conveyor No. 4 Belt w/tripper 1 0

16 Transfer Tower No. 2 Enclosed 1 0

17 Conveyor No. 5 Belt w/ tripper 1 0

18 Coal Silo w/ Vent Filter and 
Slide Gates Field erected 3 0

N/A

363 tonne/h  (400 tph)

816 tonne  (900 ton)

45 tonne  (50 ton)

181 tonne/h  (200 tph)

8 cm x 0 - 3 cm x 0
(3" x 0 - 1-1/4" x 0)

363 tonne/h  (400 tph)

181 tonne  (200 ton)

N/A

N/A

363 tonne/h  (400 tph)

Design Condition

181 tonne  (200 ton)

N/A

1,134 tonne/h  (1,250 tph)

N/A

1,134 tonne/h  (1,250 tph)

572 tonne/h  (630 tph)

1,134 tonne/h  (1,250 tph)
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ACCOUNT 2 COAL PREPARATION AND FEED 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Feeder Gravimetric 3 0

2 Conveyor No. 6 Belt w/tripper 1 0

3 Rod Mill Feed Hopper Dual Outlet 1 0

4 Weigh Feeder Belt 2 0

5 Rod Mill Rotary 2 0

6 Slurry Water Storage Tank 
with Agitator Field erected 2 0

7 Slurry Water Pumps Centrifugal 2 2

10 Trommel Screen Coarse 2 0

11 Rod Mill Discharge Tank with 
Agitator Field erected 2 0

12 Rod Mill Product Pumps Centrifugal 2 2

13 Slurry Storage Tank with 
Agitator Field erected 2 0

14 Slurry Recycle Pumps Centrifugal 2 2

15 Slurry Product Pumps Positive 
displacement 2 2

172 tonne/h  (190 tph)

2,650 lpm  (700 gpm)

5,337 lpm  (1,410 gpm)

946,361 liters  (250,000 gal)

118 tonne/h  (130 tph)

320,248 liters  (84,600 gal)

2,650 lpm  (700 gpm)

833 lpm  (220 gpm)

118 tonne/h  (130 tph)

302,835 liters  (80,000 gal)

Design Condition

82 tonne/h  (90 tph)

245 tonne/h  (270 tph)

490 tonne  (540 ton)
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ACCOUNT 3 FEEDWATER AND MISCELLANEOUS SYSTEMS AND 
EQUIPMENT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Demineralized Water 
Storage Tank

Vertical, cylindrical, 
outdoor 2 0

2 Condensate Pumps Vertical canned 2 1

3 Deaerator (integral w/ 
HRSG) Horizontal spray type 2 0

4 Intermediate Pressure 
Feedwater Pump

Horizontal centrifugal, 
single stage 2 1

6 High Pressure 
Feedwater Pump No. 2

Barrel type, multi-
stage, centrifugal 2 1

7 Auxiliary Boiler Shop fabricated, water 
tube 1 0

8 Service Air 
Compressors Flooded Screw 2 1

9 Instrument Air Dryers Duplex, regenerative 2 1

10 Closed Cycle Cooling 
Heat Exchangers Plate and frame 2 0

11 Closed Cycle Cooling 
Water Pumps Horizontal centrifugal 2 1

12 Engine-Driven Fire 
Pump

Vertical turbine, diesel 
engine 1 1

13 Fire Service Booster 
Pump

Two-stage horizontal 
centrifugal 1 1

14 Raw Water Pumps Stainless steel, single 
suction 2 1

15 Filtered Water Pumps Stainless steel, single 
suction 2 1

16 Filtered Water Tank Vertical, cylindrical 2 0

17 Makeup Water 
Demineralizer

Anion, cation, and 
mixed bed 2 0

18 Liquid Waste Treatment 
System 1 0

1,931 lpm @ 283 m H2O
(510 gpm @ 930 ft H2O)

18,144 kg/h, 2.8 MPa, 343°C
(40,000 lb/h, 400 psig, 650°F)

28 m3/min @ 0.7 MPa
(1,000 scfm @ 100 psig)

Design Condition

745,732 liters (197,000 gal)

7,079 lpm @ 110 m H2O
(1,870 gpm @ 360 ft H2O)

514,828 kg/h (1,135,000 lb/h)

IP water: 1,893 lpm @ 223 m 
H2O  (500 gpm @ 730 ft H2O)

HP water: 6,890 lpm @ 1,890 m 
H2O  (1,820 gpm @ 6,200 ft 

H2O)

2,498 lpm @ 49 m H2O
(660 gpm @ 160 ft H2O)

28 m3/min (1,000 scfm)

58 MMkJ/h  (55 MMBtu/h) each

20,820 lpm @ 21 m H2O
(5,500 gpm @ 70 ft H2O)

3,785 lpm @ 88 m H2O
(1,000 gpm @ 290 ft H2O)

2,650 lpm @ 64 m H2O
(700 gpm @ 210 ft H2O)
8,593 lpm @ 18 m H2O

(2,270 gpm @ 60 ft H2O)

1,211,341 liter (320,000 gal)

189 lpm (50 gpm)

10 years, 24-hour storm

2 15 High Pressure 
Feedwater Pump No. 1

Barrel type, multi-
stage, centrifugal
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ACCOUNT 4 GASIFIER, ASU AND ACCESSORIES INCLUDING LOW 
TEMPERATURE HEAT RECOVERY 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Gasifier Pressurized slurry-feed, 
entrained bed 2 0

2 Synthesis Gas Cooler

Vertical downflow 
radiant heat exchanger 
with outlet quench 
chamber

2 0

3
Syngas Scrubber 
Including Sour Water 
Stripper

Vertical upflow 2 0

4 Raw Gas Coolers Shell and tube with 
condensate drain 6 0

5 Raw Gas Knockout 
Drum

Vertical with mist 
eliminator 2 0

6 Flare Stack
Self-supporting, carbon 
steel, stainless steel 
top, pilot ignition

2 0

7 ASU Main Air 
Compressor

Centrifugal, multi-
stage 2 0

8 Cold Box Vendor design 2 0

9 Oxygen Compressor Centrifugal, multi-
stage 2 0

10 Nitrogen Compressor Centrifugal, multi-
stage 2 0

11 Nitrogen Boost 
Compressor

Centrifugal, multi-
stage 2 0

12 Extraction Air Heat 
Exchanger

Gas-to-gas, vendor 
design 2 0

566 m3/min @ 2.3 MPa
(20,000 scfm @ 340 psia)

71,214 kg/h, 433°C, 1.6 MPa
(157,000 lb/h, 811°F, 235 psia)

330,216 kg/h  (728,000 lb/h) 
syngas

5,267 m3/min @ 1.3 MPa
(186,000 scfm @ 190 psia)

2,540 tonne/day  (2,800 tpd)   of 
95% purity oxygen

1,246 m3/min @ 7.1 MPa
(44,000 scfm @ 1,030 psia)

3,058 m3/min @ 3.4 MPa
(108,000 scfm @ 490 psia)

Design Condition

2,903 tonne/day, 5.6 MPa
(3,200 tpd, 815 psia)

274,424 kg/h  (605,000 lb/h)

330,216 kg/h  (728,000 lb/h)

301,186 kg/h  (664,000 lb/h)

218,178 kg/h, 39°C, 5.2 MPa
(481,000 lb/h, 103°F, 753 psia)
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ACCOUNT 5A SYNGAS CLEANUP 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Mercury Adsorber Sulfated carbon 
bed 2 0

2 Sulfur Plant Claus type 1 0

3 COS Hydrolysis Reactor Fixed bed, 
catalytic 2 0

4 Acid Gas Removal Plant Selexol 2 0

5 Hydrogenation Reactor Fixed bed, 
catalytic 1 0

6 Tail Gas Recycle 
Compressor Centrifugal 1 1

183 m3/min @ 3.0 MPa
(6,480 scfm @ 430 psia)

225,436 kg/h  (497,000 lb/h)
42°C (107°F) 5.1 MPa (733 psia)

19,504 kg/h  (43,000 lb/h)
232°C (450°F)  0.2 MPa (25 psia)

Design Condition

225,436 kg/h  (497,000 lb/h) 42°C 
(107°F) 5.1 MPa (743 psia)

147 tonne/day  (162 tpd)

301,186 kg/h  (664,000 lb/h) 
199°C (390°F) 5.5 MPa (793 psia)

 
ACCOUNT 6 COMBUSTION TURBINE AND AUXILIARIES 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Gas Turbine Advanced F class 2 0

2 Gas Turbine Generator TEWAC 2 0

3 Sweet Syngas Expansion 
Turbine/Generator Turbo expander 2 0

Design Condition

232 MW 

260 MVA @ 0.9 p.f., 24 kV, 60 
Hz, 3-phase

198,447 kg/h  (437,500 lb/h)  
Delta P: 2.1 MPa  (310 psi)  

Power output: 3,980 kW
 

ACCOUNT 7 HRSG, DUCTING, AND STACK 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Stack CS plate, type 409SS 
liner 1 0

Design Condition

76 m (250 ft) high x
8.3 m (27 ft) diameter

Main steam - 388,803 kg/h, 12.4 
MPa/566°C  (857,162 lb/h, 1,800 

psig/1,050°F) 2 02 Heat Recovery 
Steam Generator

Drum, multi-pressure 
with economizer 
section and integral 
deaerator

  Reheat steam - 382,124 kg/h, 
2.9 MPa/566°C  (842,437 lb/h, 

420 psig/1,050°F)  
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ACCOUNT 8 STEAM TURBINE GENERATOR AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Steam Turbine
Commercially 
available advanced 
steam turbine

1 0

2 Steam Turbine Generator Hydrogen cooled, 
static excitiation 1 0

3 Steam Bypass One per HRSG 2 0

4 Surface Condenser
Single pass, divided 
waterbox including 
vacuum pumps

1 0

315 MW               
12.4 MPa/566°C/566°C 

(1800 psig/ 
1050°F/1050°F)

1,876 MMkJ/h (1,780 
MMBtu/h) heat duty, Inlet 

water temperature 16°C 
(60°F), Water temperature 

rise 11°C (20°F)

350 MVA @ 0.9 p.f.,   24 
kV, 60 Hz, 3-phase

50% steam flow @ design 
steam conditions

Design Condition

 
ACCOUNT 9 COOLING WATER SYSTEM 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Circulating 
Water Pumps Vertical, wet pit 2 1

2 Cooling Tower
Evaporative, 
mechanical draft, multi-
cell

1 0

Design Condition

370,973 lpm @ 30 m
(98,000 gpm @ 100 ft)

11°C  (51.5°F) wet bulb / 16°C  
(60°F) CWT / 27°C  (80°F) HWT  
2,066 MMkJ/h  (1,960 MMBtu/h) 

heat load
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ACCOUNT 10 SLAG RECOVERY AND HANDLING 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Slag Quench Tank Water bath 2 0

2 Slag Crusher Roll 2 0

3 Slag Depressurizer Lock Hopper 2 0

4 Slag Receiving Tank Horizontal, weir 2 0

5 Black Water Overflow Tank Shop fabricated 2 0

6 Slag Conveyor Drag chain 2 0

7 Slag Separation Screen Vibrating 2 0

8 Coarse Slag Conveyor Belt/bucket 2 0

9 Fine Ash Settling Tank Vertical, gravity 2 0

10 Fine Ash Recycle Pumps Horizontal 
centrifugal 2 2

11 Grey Water Storage Tank Field erected 2 0

12 Grey Water Pumps Centrifugal 2 2

13 Slag Storage Bin Vertical, field 
erected 2 0

14 Unloading Equipment Telescoping chute 1 0

249,839 liters  (66,000 gal)

76 lpm @ 14 m H2O
(20 gpm @ 46 ft H2O)

998 tonne  (1,100 tons)

109 tonne/h  (120 tph)

79,494 liters  (21,000 gal)

303 lpm @ 564 m H2O
(80 gpm @ 1,850 ft H2O)

166,559 liters  (44,000 gal)

14 tonne/h  (15 tph)

14 tonne/h  (15 tph)

14 tonne/h  (15 tph)

79,494 liters  (21,000 gal)

Design Condition

257,410 liters  (68,000 gal)

14 tonne/h  (15 tph)

14 tonne/h  (15 tph)
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ACCOUNT 11 ACCESSORY ELECTRIC PLANT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 CTG Transformer Oil-filled 2 0

3 Auxiliary 
Transformer Oil-filled 1 1

4 Low Voltage 
Transformer Dry ventilated 1 1

5
CTG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 2 0

6
STG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 1 0

7 Medium Voltage 
Switchgear Metal clad 1 1

8 Low Voltage 
Switchgear Metal enclosed 1 1

9 Emergency Diesel 
Generator

Sized for emergency 
shutdown 1 0

Design Condition

24 kV/345 kV, 260 MVA,      
3-ph, 60 Hz

2 STG Transformer Oil-filled 24 kV/345 kV, 200 MVA,      
3-ph, 60 Hz 1 0

24 kV/4.16 kV, 142 MVA,     
3-ph, 60 Hz

4.16 kV/480 V, 21 MVA,      
3-ph, 60 Hz

750 kW, 480 V, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

4.16 kV, 3-ph, 60 Hz

480 V, 3-ph, 60 Hz

 
 

ACCOUNT 12 INSTRUMENTATION AND CONTROLS 
Equipment 

No. Description Type Operating 
Qty. Spares

1 DCS - Main 
Control

Monitor/keyboard; 
Operator printer (laser 
color); Engineering 
printer (laser B&W)

1 0

3 DCS - Data 
Highway Fiber optic 1 0

Design Condition

Operator stations/printers and 
engineering stations/printers

2 DCS - Processor
Microprocessor with 
redundant 
input/output

N/A 1 0

Fully redundant, 25% spare
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3.2.7 CASE 1 - COST ESTIMATING 
The cost estimating methodology was described previously in Section 2.6.  Exhibit 3-29 shows 
the total plant capital cost summary organized by cost account and Exhibit 3-30 shows a more 
detailed breakdown of the capital costs.  Exhibit 3-31 shows the initial and annual O&M costs. 

The estimated TPC of the GEE gasifier with no CO2 capture is $1,813/kW.  Process contingency 
represents 2.5 percent of the TPC and project contingency represents 13.3 percent.  The 20-year 
LCOE is 78.0 mills/kWh 
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Exhibit 3-29  Case 1 Total Plant Cost Summary 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 01 - GEE Radiant Only IGCC w/o CO2
Plant Size: 640.3 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING $13,505 $2,518 $10,582 $0 $0 $26,606 $2,410 $0 $5,803 $34,819 $54

 2 COAL & SORBENT PREP & FEED $23,112 $4,213 $13,999 $0 $0 $41,324 $3,748 $1,500 $9,315 $55,887 $87

 3 FEEDWATER & MISC. BOP SYSTEMS $9,975 $8,740 $9,353 $0 $0 $28,067 $2,620 $0 $6,893 $37,580 $59

 4 GASIFIER & ACCESSORIES
4.1 Syngas Cooler Gasifier System $101,906 $0 $56,569 $0 $0 $158,475 $14,508 $21,881 $29,920 $224,784 $351
4.2 Syngas Cooler(w/ Gasifier - 4.1 ) w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $152,787 $0 w/equip. $0 $0 $152,787 $14,542 $0 $16,733 $184,063 $287

4.4-4.9 Other Gasification Equipment $12,116 $11,603 $12,827 $0 $0 $36,546 $3,471 $0 $8,277 $48,294 $75
SUBTOTAL  4 $266,809 $11,603 $69,396 $0 $0 $347,808 $32,521 $21,881 $54,930 $457,140 $714

 5A Gas Cleanup & Piping $46,447 $4,978 $47,184 $0 $0 $98,610 $9,456 $89 $21,825 $129,980 $203

 5B CO2 REMOVAL & COMPRESSION $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator $82,000 $0 $5,071 $0 $0 $87,072 $8,192 $4,354 $9,962 $109,578 $171

6.2-6.9 Combustion Turbine Other $5,440 $752 $1,598 $0 $0 $7,791 $733 $0 $1,539 $10,063 $16
SUBTOTAL  6 $87,441 $752 $6,670 $0 $0 $94,862 $8,925 $4,354 $11,501 $119,642 $187

 7 HRSG, DUCTING & STACK
7.1 Heat Recovery Steam Generator $34,012 $0 $4,840 $0 $0 $38,851 $3,667 $0 $4,252 $46,771 $73

7.2-7.9 Ductwork and Stack $3,127 $2,201 $2,922 $0 $0 $8,249 $762 $0 $1,465 $10,476 $16
SUBTOTAL  7 $37,138 $2,201 $7,761 $0 $0 $47,101 $4,429 $0 $5,717 $57,247 $89

 8 STEAM TURBINE GENERATOR 
8.1 Steam TG & Accessories $29,570 $0 $5,065 $0 $0 $34,635 $3,319 $0 $3,795 $41,750 $65

8.2-8.9 Turbine Plant Auxiliaries and Steam Piping $10,895 $1,003 $7,554 $0 $0 $19,452 $1,756 $0 $4,243 $25,451 $40
SUBTOTAL  8 $40,465 $1,003 $12,619 $0 $0 $54,087 $5,075 $0 $8,039 $67,201 $105

 9 COOLING WATER SYSTEM $7,199 $7,656 $6,445 $0 $0 $21,301 $1,957 $0 $4,774 $28,032 $44

10 ASH/SPENT SORBENT HANDLING SYS $14,077 $7,868 $14,278 $0 $0 $36,223 $3,463 $0 $4,274 $43,960 $69

11 ACCESSORY ELECTRIC PLANT $23,161 $10,196 $20,591 $0 $0 $53,947 $4,678 $0 $11,201 $69,826 $109

12 INSTRUMENTATION & CONTROL $9,437 $1,767 $6,335 $0 $0 $17,538 $1,616 $877 $3,351 $23,382 $37

13 IMPROVEMENTS TO SITE $3,211 $1,892 $7,981 $0 $0 $13,084 $1,285 $0 $4,311 $18,681 $29

14 BUILDINGS & STRUCTURES $0 $6,373 $7,450 $0 $0 $13,823 $1,257 $0 $2,462 $17,541 $27
                                                                                                                                                            

TOTAL COST $581,977 $71,760 $240,644 $0 $0 $894,382 $83,439 $28,701 $154,397 $1,160,919 $1,813

TOTAL PLANT COST SUMMARY 
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Exhibit 3-30  Case 1 Total Plant Cost Details 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 01 - GEE Radiant Only IGCC w/o CO2
Plant Size: 640.3 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING
1.1 Coal Receive & Unload $3,547 $0 $1,751 $0 $0 $5,298 $474 $0 $1,154 $6,926 $11
1.2 Coal Stackout & Reclaim $4,583 $0 $1,123 $0 $0 $5,706 $500 $0 $1,241 $7,447 $12
1.3 Coal Conveyors $4,261 $0 $1,111 $0 $0 $5,372 $472 $0 $1,169 $7,012 $11
1.4 Other Coal Handling $1,115 $0 $257 $0 $0 $1,372 $120 $0 $298 $1,790 $3
1.5 Sorbent Receive & Unload $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.6 Sorbent Stackout & Reclaim $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.7 Sorbent Conveyors $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.8 Other Sorbent Handling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.9 Coal & Sorbent Hnd.Foundations $0 $2,518 $6,341 $0 $0 $8,859 $844 $0 $1,941 $11,643 $18

SUBTOTAL  1. $13,505 $2,518 $10,582 $0 $0 $26,606 $2,410 $0 $5,803 $34,819 $54
 2 COAL & SORBENT PREP & FEED

2.1 Coal Crushing & Drying incl w/2.3    incl. w/ 2.3    incl. w/ 2.3    incl. w/ 2.3 $0 $0 $0 $0 $0 $0 $0 $0
2.2 Prepared Coal Storage & Feed $1,515 $361 $240 $0 $0 $2,116 $181 $0 $459 $2,757 $4
2.3 Slurry Prep & Feed $20,764 $0 $9,236 $0 $0 $30,000 $2,719 $1,500 $6,844 $41,063 $64
2.4 Misc.Coal Prep & Feed $833 $603 $1,837 $0 $0 $3,273 $300 $0 $715 $4,288 $7
2.5 Sorbent Prep Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.6 Sorbent Storage & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.7 Sorbent Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.8 Booster Air Supply System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.9 Coal & Sorbent Feed Foundation $0 $3,249 $2,686 $0 $0 $5,936 $548 $0 $1,297 $7,780 $12

SUBTOTAL  2. $23,112 $4,213 $13,999 $0 $0 $41,324 $3,748 $1,500 $9,315 $55,887 $87
 3 FEEDWATER & MISC. BOP SYSTEMS

3.1 FeedwaterSystem $3,484 $6,058 $3,201 $0 $0 $12,743 $1,176 $0 $2,784 $16,703 $26
3.2 Water Makeup & Pretreating $532 $55 $297 $0 $0 $884 $83 $0 $290 $1,258 $2
3.3 Other Feedwater Subsystems $1,924 $652 $587 $0 $0 $3,164 $283 $0 $689 $4,136 $6
3.4 Service Water Systems $306 $625 $2,172 $0 $0 $3,104 $300 $0 $1,021 $4,426 $7
3.5 Other Boiler Plant Systems $1,646 $632 $1,567 $0 $0 $3,845 $360 $0 $841 $5,046 $8
3.6 FO Supply Sys & Nat Gas $306 $577 $539 $0 $0 $1,421 $136 $0 $311 $1,868 $3
3.7 Waste Treatment Equipment $739 $0 $453 $0 $0 $1,192 $116 $0 $392 $1,700 $3
3.8 Misc. Equip.(cranes,AirComp.,Comm.) $1,038 $139 $537 $0 $0 $1,715 $165 $0 $564 $2,444 $4

SUBTOTAL  3. $9,975 $8,740 $9,353 $0 $0 $28,067 $2,620 $0 $6,893 $37,580 $59
 4 GASIFIER & ACCESSORIES

4.1 Syngas Cooler Gasifier System $101,906 $0 $56,569 $0 $0 $158,475 $14,508 $21,881 $29,920 $224,784 $351
4.2 Syngas Cooler(w/ Gasifier - 4.1 ) w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $152,787 $0 w/equip. $0 $0 $152,787 $14,542 $0 $16,733 $184,063 $287
4.4 Scrubber & Low Temperature Cooling $9,253 $7,518 $7,846 $0 $0 $24,617 $2,346 $0 $5,393 $32,356 $51
4.5 Black Water & Sour Gas Section w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.6 Other Gasification Equipment $2,863 $1,359 $2,689 $0 $0 $6,911 $661 $0 $1,514 $9,087 $14
4.8 Major Component Rigging w/4.1&4.2 $0 w/4.1&4.2 $0 $0 $0 $0 $0 $0 $0 $0
4.9 Gasification Foundations $0 $2,726 $2,292 $0 $0 $5,018 $463 $0 $1,370 $6,851 $11

SUBTOTAL  4. $266,809 $11,603 $69,396 $0 $0 $347,808 $32,521 $21,881 $54,930 $457,140 $714

TOTAL PLANT COST SUMMARY 
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Exhibit 3-30  Case 1 Total Plant Costs (Continued) 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 01 - GEE Radiant Only IGCC w/o CO2
Plant Size: 640.3 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 5A GAS CLEANUP & PIPING
5A.1 Single Stage Selexol $33,056 $0 $28,354 $0 $0 $61,411 $5,895 $0 $13,461 $80,767 $126
5A.2 Elemental Sulfur Plant $9,860 $1,957 $12,731 $0 $0 $24,548 $2,367 $0 $5,383 $32,299 $50
5A.3 Mercury Removal $1,016 $0 $774 $0 $0 $1,790 $172 $89 $410 $2,461 $4
5A.4 COS Hydrolysis $2,515 $0 $3,286 $0 $0 $5,801 $560 $0 $1,272 $7,633 $12
5A.5 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.6 Blowback Gas Systems $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.7 Fuel Gas Piping $0 $1,942 $1,338 $0 $0 $3,280 $299 $0 $716 $4,294 $7
5A.9 HGCU Foundations $0 $1,079 $701 $0 $0 $1,780 $163 $0 $583 $2,527 $4

SUBTOTAL  5A. $46,447 $4,978 $47,184 $0 $0 $98,610 $9,456 $89 $21,825 $129,980 $203
 5B CO2 REMOVAL & COMPRESSION

5B.1 CO2 Removal System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5B.2 CO2 Compression & Drying $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  5B. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 6 COMBUSTION TURBINE/ACCESSORIES

6.1 Combustion Turbine Generator $82,000 $0 $5,071 $0 $0 $87,072 $8,192 $4,354 $9,962 $109,578 $171
6.2 Syngas Expander $5,440 $0 $760 $0 $0 $6,200 $585 $0 $1,018 $7,803 $12
6.3 Compressed Air Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.9 Combustion Turbine Foundations $0 $752 $838 $0 $0 $1,591 $148 $0 $522 $2,260 $4

SUBTOTAL  6. $87,441 $752 $6,670 $0 $0 $94,862 $8,925 $4,354 $11,501 $119,642 $187
 7 HRSG, DUCTING & STACK

7.1 Heat Recovery Steam Generator $34,012 $0 $4,840 $0 $0 $38,851 $3,667 $0 $4,252 $46,771 $73
7.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.3 Ductwork $0 $1,579 $1,144 $0 $0 $2,723 $239 $0 $592 $3,555 $6
7.4 Stack $3,127 $0 $1,175 $0 $0 $4,302 $409 $0 $471 $5,182 $8
7.9 HRSG,Duct & Stack Foundations $0 $622 $602 $0 $0 $1,225 $114 $0 $401 $1,739 $3

SUBTOTAL  7. $37,138 $2,201 $7,761 $0 $0 $47,101 $4,429 $0 $5,717 $57,247 $89
 8 STEAM TURBINE GENERATOR 

8.1 Steam TG & Accessories $29,570 $0 $5,065 $0 $0 $34,635 $3,319 $0 $3,795 $41,750 $65
8.2 Turbine Plant Auxiliaries $204 $0 $467 $0 $0 $670 $65 $0 $74 $809 $1
8.3 Condenser & Auxiliaries $5,181 $0 $1,496 $0 $0 $6,678 $634 $0 $731 $8,042 $13
8.4 Steam Piping $5,510 $0 $3,883 $0 $0 $9,393 $801 $0 $2,549 $12,744 $20
8.9 TG Foundations $0 $1,003 $1,707 $0 $0 $2,711 $256 $0 $890 $3,856 $6

SUBTOTAL  8. $40,465 $1,003 $12,619 $0 $0 $54,087 $5,075 $0 $8,039 $67,201 $105
 9 COOLING WATER SYSTEM

9.1 Cooling Towers $4,704 $0 $1,034 $0 $0 $5,738 $543 $0 $942 $7,223 $11
9.2 Circulating Water Pumps $1,481 $0 $95 $0 $0 $1,575 $135 $0 $257 $1,967 $3
9.3 Circ.Water System Auxiliaries $122 $0 $17 $0 $0 $139 $13 $0 $23 $175 $0
9.4 Circ.Water Piping $0 $5,160 $1,316 $0 $0 $6,476 $573 $0 $1,410 $8,460 $13
9.5 Make-up Water System $299 $0 $424 $0 $0 $723 $69 $0 $158 $949 $1
9.6 Component Cooling Water Sys $594 $711 $502 $0 $0 $1,808 $167 $0 $395 $2,370 $4
9.9 Circ.Water System Foundations& Structures $0 $1,785 $3,057 $0 $0 $4,842 $457 $0 $1,590 $6,889 $11

SUBTOTAL  9. $7,199 $7,656 $6,445 $0 $0 $21,301 $1,957 $0 $4,774 $28,032 $44
10 ASH/SPENT SORBENT HANDLING SYS

10.1 Slag Dewatering & Cooling $11,592 $6,392 $12,995 $0 $0 $30,979 $2,968 $0 $3,395 $37,341 $58
10.2 Gasifier Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.3 Cleanup Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.4 High Temperature Ash Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.5 Other Ash Rrecovery Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.6 Ash Storage Silos $562 $0 $612 $0 $0 $1,174 $113 $0 $193 $1,480 $2
10.7 Ash Transport & Feed Equipment $759 $0 $182 $0 $0 $941 $87 $0 $154 $1,182 $2
10.8 Misc. Ash Handling Equipment $1,164 $1,427 $426 $0 $0 $3,017 $285 $0 $495 $3,798 $6
10.9 Ash/Spent Sorbent Foundation $0 $49 $62 $0 $0 $112 $10 $0 $37 $159 $0

SUBTOTAL 10. $14,077 $7,868 $14,278 $0 $0 $36,223 $3,463 $0 $4,274 $43,960 $69

TOTAL PLANT COST SUMMARY 
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Exhibit 3-30  Case 1 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 01 - GEE Radiant Only IGCC w/o CO2
Plant Size: 640.3 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

11 ACCESSORY ELECTRIC PLANT
11.1 Generator Equipment $921 $0 $918 $0 $0 $1,839 $175 $0 $201 $2,215 $3
11.2 Station Service Equipment $3,646 $0 $342 $0 $0 $3,988 $379 $0 $437 $4,804 $8
11.3 Switchgear & Motor Control $6,967 $0 $1,277 $0 $0 $8,245 $764 $0 $1,351 $10,360 $16
11.4 Conduit & Cable Tray $0 $3,315 $10,762 $0 $0 $14,077 $1,346 $0 $3,856 $19,279 $30
11.5 Wire & Cable $0 $6,088 $4,095 $0 $0 $10,184 $744 $0 $2,732 $13,660 $21
11.6 Protective Equipment $0 $640 $2,427 $0 $0 $3,067 $300 $0 $505 $3,872 $6
11.7 Standby Equipment $218 $0 $222 $0 $0 $441 $43 $0 $72 $556 $1
11.8 Main Power Transformers $11,408 $0 $142 $0 $0 $11,550 $875 $0 $1,864 $14,288 $22
11.9 Electrical Foundations $0 $153 $404 $0 $0 $557 $53 $0 $183 $793 $1

SUBTOTAL 11. $23,161 $10,196 $20,591 $0 $0 $53,947 $4,678 $0 $11,201 $69,826 $109
12 INSTRUMENTATION & CONTROL

12.1 IGCC Control Equipment w/12.7 $0 w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.2 Combustion Turbine Control N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
12.3 Steam Turbine Control w/8.1 $0 w/8.1 $0 $0 $0 $0 $0 $0 $0 $0
12.4 Other Major Component Control $932 $0 $648 $0 $0 $1,580 $152 $79 $272 $2,082 $3
12.5 Signal Processing Equipment      W/12.7 $0      W/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.6 Control Boards,Panels & Racks $214 $0 $143 $0 $0 $357 $34 $18 $82 $491 $1
12.7 Computer & Accessories $4,969 $0 $166 $0 $0 $5,135 $487 $257 $588 $6,466 $10
12.8 Instrument Wiring & Tubing $0 $1,767 $3,697 $0 $0 $5,464 $463 $273 $1,550 $7,751 $12
12.9 Other I & C Equipment $3,322 $0 $1,681 $0 $0 $5,002 $480 $250 $860 $6,592 $10

SUBTOTAL 12. $9,437 $1,767 $6,335 $0 $0 $17,538 $1,616 $877 $3,351 $23,382 $37
13 Improvements to Site

13.1 Site Preparation $0 $101 $2,169 $0 $0 $2,270 $224 $0 $748 $3,242 $5
13.2 Site Improvements $0 $1,792 $2,399 $0 $0 $4,190 $412 $0 $1,381 $5,983 $9
13.3 Site Facilities $3,211 $0 $3,413 $0 $0 $6,624 $650 $0 $2,182 $9,457 $15

SUBTOTAL 13. $3,211 $1,892 $7,981 $0 $0 $13,084 $1,285 $0 $4,311 $18,681 $29
14 Buildings & Structures

14.1 Combustion Turbine Area $0 $221 $127 $0 $0 $348 $31 $0 $76 $454 $1
14.2 Steam Turbine Building $0 $2,410 $3,479 $0 $0 $5,888 $540 $0 $964 $7,393 $12
14.3 Administration Building $0 $802 $590 $0 $0 $1,392 $124 $0 $227 $1,743 $3
14.4 Circulation Water Pumphouse $0 $158 $85 $0 $0 $243 $21 $0 $40 $304 $0
14.5 Water Treatment Buildings $0 $423 $418 $0 $0 $842 $76 $0 $138 $1,055 $2
14.6 Machine Shop $0 $411 $285 $0 $0 $695 $62 $0 $114 $871 $1
14.7 Warehouse $0 $663 $434 $0 $0 $1,097 $97 $0 $179 $1,373 $2
14.8 Other Buildings & Structures $0 $397 $313 $0 $0 $710 $63 $0 $155 $929 $1
14.9 Waste Treating Building & Str. $0 $888 $1,719 $0 $0 $2,607 $242 $0 $570 $3,419 $5

SUBTOTAL 14. $0 $6,373 $7,450 $0 $0 $13,823 $1,257 $0 $2,462 $17,541 $27

TOTAL COST $581,977 $71,760 $240,644 $0 $0 $894,382 $83,439 $28,701 $154,397 $1,160,919 $1,813

TOTAL PLANT COST SUMMARY 
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Exhibit 3-31  Case 1 Initial and Annual O&M Costs 
INITIAL & ANNUAL O&M EXPENSES Cost Base (Dec) 2006

Case 01 - GEE Radiant Only IGCC w/o CO2 Heat Rate-net(Btu/kWh): 8,922
 MWe-net: 640

           Capacity Factor: (%): 80
                                        OPERATING & MAINTENANCE LABOR

Operating Labor
  Operating Labor Rate(base): 33.00 $/hour
  Operating Labor Burden: 30.00 % of base
  Labor O-H Charge Rate: 25.00 % of labor

Total

       Skilled Operator 2.0 2.0
       Operator 9.0 9.0
       Foreman 1.0 1.0
       Lab Tech's, etc. 3.0 3.0
          TOTAL-O.J.'s 15.0 15.0

Annual Cost Annual Unit Cost
$ $/kW-net

Annual Operating Labor Cost $5,637,060 $8.804
Maintenance Labor Cost $12,434,373 $19.421
Administrative & Support Labor $4,517,858 $7.056
TOTAL FIXED OPERATING COSTS $22,589,291 $35.282
VARIABLE OPERATING COSTS

$/kWh-net
Maintenance Material Cost $23,111,454 $0.00515

Consumables Consumption Unit Initial
  Initial       /Day      Cost  Cost

  Water(/1000 gallons) 0 5,874 1.03 $0 $1,766,592 $0.00039

  Chemicals
    MU & WT Chem.(lb) 122,480 17,497 0.16 $20,185 $841,987 $0.00019
    Carbon (Mercury Removal) (lb) 59,493 81 1.00 $59,493 $23,652 $0.00001
    COS Catalyst (m3) 410 0.28 2,308.40 $946,446 $189,160 $0.00004
    Water Gas Shift Catalyst(ft3) 0 0 475.00 $0 $0 $0.00000
    Selexol Solution (gal) 378 54 12.90 $4,877 $203,424 $0.00005
    MDEA  Solution (gal) 0 0 0.96 $0 $0 $0.00000
    Sulfinol  Solution (gal) 0 0 9.68 $0 $0 $0.00000
    SCR Catalyst (m3) 0 0 0.00 $0 $0 $0.00000
    Aqueous Ammonia (ton) 0 0 0.00 $0 $0 $0.00000
    Claus Catalyst(ft3) w/equip. 2.21 125.00 $0 $80,745 $0.00002

Subtotal Chemicals $1,031,000 $1,338,968 $0.00030

  Other
    Supplemental Fuel(MBtu) 0 0 0.00 $0 $0 $0.00000
    Gases,N2 etc.(/100scf) 0 0 0.00 $0 $0 $0.00000
    L.P. Steam(/1000 pounds) 0 0 0.00 $0 $0 $0.00000

Subtotal Other $0 $0 $0.00000

  Waste Disposal
    Spent Mercury Catalyst (lb) 0 81 0.40 $0 $9,499 $0.00000
    Flyash (ton) 0 0 0.00 $0 $0 $0.00000
    Bottom Ash(ton) 0 645 15.45 $0 $2,909,636 $0.00065

      Subtotal-Waste Disposal $0 $2,919,135 $0.00065

  By-products & Emissions 
     Sulfur(tons) 0 147 0.00 $0 $0 $0.00000

Subtotal By-Products $0 $0 $0.00000

TOTAL VARIABLE OPERATING COSTS $1,031,000 $29,136,149 $0.00649

 Fuel(ton) 176,276 5,876 42.11 $7,422,978 $72,250,323 $0.01610  
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3.2.8 CASE 2 - GEE IGCC WITH CO2 CAPTURE 
Case 2 is configured to produce electric power with CO2 capture.  The plant configuration is the 
same as Case 1, namely two gasifier trains, two advanced F Class turbines, two HRSGs and one 
steam turbine.  The gross power output from the plant is constrained by the capacity of the two 
combustion turbines, and since the CO2 capture process increases the auxiliary load on the plant, 
the net output is significantly reduced relative to Case 1. 

The process description for Case 2 is similar to Case 1 with several notable exceptions to 
accommodate CO2 capture.  A BFD and stream tables for Case 2 are shown in Exhibit 3-32 and 
Exhibit 3-33, respectively.  Instead of repeating the entire process description, only differences 
from Case 1 are reported here. 

Gasification 
The gasification process is the same as Case 1 with the exception that total coal feed to the two 
gasifiers is 5,448 tonnes/day (6,005 TPD) (stream 6) and the ASU provides 4,635 tonnes/day 
(5,110 TPD) of 95 percent oxygen to the gasifier and Claus plant (streams 3 and 5). 

Raw Gas Cooling/Particulate Removal 
Raw gas cooling and particulate removal are the same as Case 1 with the exception that 
approximately 548,122 kg/h (1,208,400 lb/h) of saturated steam at 13.8 MPa (2,000 psia) is 
generated in the radiant SGCs. 

Syngas Scrubber/Sour Water Stripper 
No differences from Case 1. 

Sour Gas Shift (SGS) 
The SGS process was described in Section 3.1.3.  In Case 2 steam (stream 10) is added to the 
syngas exiting the scrubber to adjust the H2O:CO molar ratio to 2:1 prior to the first SGS reactor.  
The hot syngas exiting the first stage of SGS is used to generate the steam that is added in stream 
10.  A second stage of SGS results in 96 percent overall conversion of the CO to CO2.  The warm 
syngas from the second stage of SGS (stream 11) is cooled to 232°C (450°F) by producing IP 
steam that is sent to the reheater in the HRSG.  The SGS catalyst also serves to hydrolyze COS 
thus eliminating the need for a separate COS hydrolysis reactor.  Following the second SGS 
cooler the syngas is further cooled to 39°C (103°F) prior to the mercury removal beds. 

Mercury Removal and Acid Gas Removal 
Mercury removal is the same as in Case 1. 

The AGR process in Case 2 is a two stage Selexol process where H2S is removed in the first 
stage and CO2 in the second stage of absorption as previously described in Section 3.1.5.  The 
process results in three product streams, the clean syngas, a CO2-rich stream and an acid gas feed 
to the Claus plant.  The acid gas (stream 17) contains 41 percent H2S and 45 percent CO2 with 
the balance primarily N2.  The CO2-rich stream is discussed further in the CO2 compression 
section. 
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Exhibit 3-32  Case 2 Process Flow Diagram, GEE IGCC with CO2 Capture 
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Exhibit 3-33  Case 2 Stream Table, GEE IGCC with CO2 Capture 
1 2 3 4 5 6A 7 8 9 10 11

V-L Mole Fraction            
Ar 0.0094 0.0089 0.0360 0.0024 0.0320 0.0000 0.0000 0.0079 0.0062 0.0000 0.0051
CH4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0008 0.0000 0.0006

CO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.3442 0.2666 0.0000 0.0090
CO2 0.0003 0.0023 0.0000 0.0000 0.0000 0.0000 0.0000 0.1511 0.1166 0.0000 0.3113

COS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0001 0.0000 0.0000
H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.3349 0.2594 0.0000 0.4305

H2O 0.0108 0.0836 0.0000 0.0000 0.0000 1.0000 0.0000 0.1429 0.3365 1.0000 0.2317

H2S 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0073 0.0056 0.0000 0.0048

N2 0.7719 0.8367 0.0140 0.9922 0.0180 0.0000 0.0000 0.0089 0.0069 0.0000 0.0058

NH3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0017 0.0013 0.0000 0.0011

O2 0.2076 0.0685 0.9500 0.0054 0.9500 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 64,331 8,321 214 42,780 13,015 14,511 0 52,422 67,674 13,313 80,987

V-L Flowrate (lb/hr) 1,855,930 229,617 6,904 1,200,560 418,847 261,198 0 1,069,860 1,343,900 239,846 1,583,740
Solids Flowrate (lb/hr) 0 0 0 0 0 444,737 54,925 0 0 0 0

Temperature (°F) 232 60 90 385 206 141 410 1,100 410 615 519
Pressure (psia) 190.6 16.4 145.0 460.0 980.0 1,050.0 797.7 799.7 797.7 875.0 777.2
Enthalpy (BTU/lb)B 55.6 18.0 12.5 87.8 37.7 --- 1,710 535.5 474.7 1275.0 433.3
Density (lb/ft3) 0.741 0.087 0.792 1.424 4.416 --- --- 0.975 1.697 1.367 1.447
Molecular Weight 28.849 27.594 32.229 28.063 32.181 --- --- 20.409 19.858 18.015 19.555

A - Solids flowrate includes dry coal; V-L flowrate includes slurry water and water from coal
B - Reference conditions are 32.02 F & 0.089 PSIA  
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Exhibit 3-33 Case 2 Stream Table (continued) 
12 13 14 15 16 17 18 19 20 21 22

V-L Mole Fraction            
Ar 0.0067 0.0067 0.0111 0.0111 0.0000 0.0000 0.0000 0.0182 0.0094 0.0092 0.0092
CH4 0.0008 0.0008 0.0022 0.0022 0.0000 0.0000 0.0000 0.0577 0.0000 0.0000 0.0000
CO 0.0117 0.0117 0.0190 0.0190 0.0000 0.0000 0.0000 0.0003 0.0000 0.0000 0.0000
CO2 0.4057 0.4057 0.0448 0.0448 1.0000 0.4488 0.0000 0.6784 0.0003 0.0085 0.0085

COS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0005 0.0000 0.0000 0.0000 0.0000 0.0000
H2 0.5609 0.5609 0.9095 0.9095 0.0000 0.0000 0.0000 0.0170 0.0000 0.0000 0.0000

H2O 0.0009 0.0009 0.0000 0.0000 0.0000 0.0394 0.0000 0.0005 0.0108 0.1226 0.1226

H2S 0.0054 0.0054 0.0000 0.0000 0.0000 0.4102 0.0000 0.0228 0.0000 0.0000 0.0000

N2 0.0075 0.0075 0.0134 0.0134 0.0000 0.0807 0.0000 0.2051 0.7719 0.7527 0.7527

NH3 0.0003 0.0003 0.0000 0.0000 0.0000 0.0203 0.0000 0.0000 0.0000 0.0000 0.0000

O2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.2076 0.1071 0.1071
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 62,118 62,118 38,323 38,323 23,493 855 0 576 243,972 307,285 307,285

V-L Flowrate (lb/hr) 1,243,070 1,243,070 198,981 198,981 1,033,930 31,703 0 21,951 7,038,470 8,438,010 8,438,010
Solids Flowrate (lb/hr) 0 0 0 0 0 0 12,514 0 0 0 0

Temperature (°F) 103 103 100 386 155 120 373 95 59 1,052 270
Pressure (psia) 736.7 726.7 696.2 460.0 2,214.7 30.5 25.4 776.1 14.7 15.2 15.2
Enthalpy (BTU/lb)B 28.0 28.0 91.4 480.6 -46.5 39.7 -96.5 14.0 13.8 361.5 148.2
Density (lb/ft3) 2.443 2.410 0.602 0.263 30.975 0.184 --- 4.966 0.076 0.026 0.053
Molecular Weight 20.012 20.012 5.192 5.192 44.010 37.082 --- 38.086 28.849 27.460 27.460

B - Reference conditions are 32.02 F & 0.089 PSIA  
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CO2 Compression and Dehydration 
CO2 from the AGR process is generated at three pressure levels.  The LP stream is compressed 
from 0.15 MPa (22 psia) to 1.1 MPa (160 psia) and then combined with the MP stream.  The HP 
stream is combined between compressor stages at 2.1 MPa (300 psia).  The combined stream is 
compressed from 2.1 MPa (300 psia) to a supercritical condition at 15.3 MPa (2215 psia) using a 
multiple-stage, intercooled compressor.  During compression, the CO2 stream is dehydrated to a 
dewpoint of -40ºC (-40°F) with triethylene glycol.  The raw CO2 stream from the Selexol process 
contains over 93 percent CO2 with the balance primarily nitrogen.  For modeling purposes it was 
assumed that the impurities were separated from the CO2 and combined with the clean syngas 
stream from the Selexol process.  The pure CO2 (stream 16) is transported to the plant fence line 
and is sequestration ready.  CO2 TS&M costs were estimated using the methodology described in 
Section 2.7. 

Claus Unit 
The Claus plant is the same as Case 1 with the following exceptions: 

• 5,676 kg/h (12,514 lb/h) of sulfur (stream 18) are produced 

• The waste heat boiler generates 13,555 (29,884 lb/h) of 4.0 MPa (575 psia) steam of 
which 9,603 kg/h (21,172 lb/h) is available to the medium pressure steam header. 

Power Block 
Clean syngas from the AGR plant is combined with a small amount of clean gas from the CO2 
compression process (stream 14) and heated to 465°F using HP boiler feedwater before passing 
through an expansion turbine.  The clean syngas (stream 15) is diltuted with nitrogen (stream 4) 
and then enters the CT burner.  There is no integration between the CT and the ASU in this case.  
The exhaust gas (stream 21) exits the CT at 567°C (1052°F) and enters the HRSG where 
additional heat is recovered.  The flue gas exits the HRSG at 132°C (270°F) (stream 22) and is 
discharged through the plant stack.  The steam raised in the HRSG is used to power an advanced 
commercially available steam turbine using a 12.4 MPa/538°C/538°C (1800 
psig/1000°F/1000°F) steam cycle. 

Air Separation Unit 
The same elevated pressure ASU is used in Case 2 and produces 4,635 tonnes/day (5,110 TPD) 
of 95 mole percent oxygen and 13,070 tonnes/day (14,410 TPD) of nitrogen.  There is no 
integration between the ASU and the combustion turbine. 

3.2.9 CASE 2 PERFORMANCE RESULTS 
The Case 2 modeling assumptions were presented previously in Section 3.2.3. 

The plant produces a net output of 556 MW at a net plant efficiency of 32.5 percent (HHV 
basis).  Overall performance for the entire plant is summarized in Exhibit 3-34 which includes 
auxiliary power requirements.  The ASU accounts for nearly 64 percent of the auxiliary load 
between the main air compressor, the nitrogen compressor, the oxygen compressor and ASU 
auxiliaries.  The two-stage Selexol process and CO2 compression account for an additional 24 
percent of the auxiliary power load.  The BFW pumps and cooling water system (circulating 
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water pumps and cooling tower fan) comprise over 5 percent of the load, leaving 7 percent of the 
auxiliary load for all other systems. 
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Exhibit 3-34  Case 2 Plant Performance Summary 

POWER SUMMARY (Gross Power at Generator Terminals, kWe) 
Gas Turbine Power 464,010 
Sweet Gas Expander Power 6,260 
Steam Turbine Power 274,690 

TOTAL POWER, kWe 744,960 
AUXILIARY LOAD SUMMARY, kWe  

Coal Handling 460 
Coal Milling 2,330 
Coal Slurry Pumps 760 
Slag Handling and Dewatering 1,200 
Air Separation Unit Auxiliaries 1,000 
Air Separation Unit Main Air Compressor 72,480 
Oxygen Compressor 11,520 
Nitrogen Compressor 35,870 
Claus Plant Tail Gas Recycle Compressor 990 
CO2 Compressor 27,400 
Boiler Feedwater Pumps 4,580 
Condensate Pump 265 
Flash Bottoms Pump 200 
Circulating Water Pumps 3,580 
Cooling Tower Fans 1,850 
Scrubber Pumps 420 
Selexol Unit Auxiliaries 17,320 
Gas Turbine Auxiliaries 1,000 
Steam Turbine Auxiliaries 100 
Claus Plant/TGTU Auxiliaries 200 
Miscellaneous Balance of Plant (Note 1) 3,000 
Transformer Loss 2,760 

TOTAL AUXILIARIES, kWe 189,285 
NET POWER, kWe 555,675 

Net Plant Efficiency, % (HHV) 32.5 
Net Plant Heat Rate (Btu/kWh) 10,505 

CONDENSER COOLING DUTY 106 kJ/h (106 Btu/h) 1,509 (1,431) 
CONSUMABLES  

As-Received Coal Feed, kg/h (lb/h) 226,968 (500,379) 
Thermal Input, kWt 1,710,780 
Raw Water Usage, m3/min (gpm) 8.7 (4,578) 

Note 1: Includes plant control systems, lighting, HVAC and miscellaneous low voltage loads 
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Environmental Performance 
The environmental targets for emissions of Hg, NOx, SO2, and particulate matter were presented 
in Section 2.4.  A summary of the plant air emissions for Case 2 is presented in Exhibit 3-35.   

Exhibit 3-35  Case 2 Air Emissions 

 kg/GJ 
(lb/106 Btu) 

Tonne/year 
(tons/year) @  

80% capacity factor 

kg/MWh 
(lb/MWh) 

SO2 0.004 (0.010) 178 (196) 0.034 (0.075) 
NOX 0.020 (0.047) 867 (955) 0.166 (0.366) 
Particulates 0.003 (0.0071) 132 (145) 0.025 (0.056) 
Hg 0.25x10-6 

(0.57x10-6) 
0.011 (0.012) 2.0x10-6 

(4.5x10-6) 
CO2 8.4 (19.6) 364,000 (401,000) 70 (154) 
CO2

1   93 (206) 
1 CO2 emissions based on net power instead of gross power 

The low level of SO2 emissions is achieved by capture of the sulfur in the gas by the two-stage 
Selexol AGR process.  As a result of achieving the 90 percent CO2 removal target, the sulfur 
compounds are removed to an extent that exceeds the environmental target in Section 2.4.  The 
clean syngas exiting the AGR process has a sulfur concentration of approximately 23 ppmv.  
This results in a concentration in the flue gas of less than 3 ppmv.  The H2S-rich regeneration gas 
from the AGR system is fed to a Claus plant, producing elemental sulfur.  The Claus plant tail 
gas is hydrogenated to convert all sulfur species to H2S and then recycled back to the Selexol 
process, thereby eliminating the need for a tail gas treatment unit. 

NOX emissions are limited by nitrogen dilution to 15 ppmvd (as NO2 @15 percent O2).  
Ammonia in the syngas is removed with process condensate prior to the low-temperature AGR 
process.  This helps lower NOX levels as well. 

Particulate discharge to the atmosphere is limited to extremely low values by the use of the 
syngas quench in addition to the syngas scrubber and the gas washing effect of the AGR 
absorber.  The particulate emissions represent filterable particulate only. 

Ninety five percent of mercury is captured from the syngas by an activated carbon bed.  Ninety 
percent of the CO2 from the syngas is captured in the AGR system and compressed for 
sequestration. 

The carbon balance for the plant is shown in Exhibit 3-36. The carbon input to the plant consists 
of carbon in the air in addition to carbon in the coal.  Carbon in the air is not neglected here since 
the AspenPlus model accounts for air components throughout.  Carbon leaves the plant as 
unburned carbon in the slag, as dissolved CO2 in the wastewater blowdown stream, and as CO2 
in the stack gas, ASU vent gas, and the captured CO2 product.  Carbon in the wastewater 
blowdown stream is calculated by difference to close the material balance.  The carbon capture 
efficiency is defined as the amount of carbon in the CO2 product stream relative to the amount of 
carbon in the coal less carbon contained in the slag, represented by the following fraction:   



Cost and Performance Comparison of Fossil Energy Power Plants  

 132  

(Carbon in CO2 Product)/[(Carbon in the Coal)-(Carbon in Slag)] or 
281,981/(318,992-6,404) *100 or 

90.2 percent 

Exhibit 3-36  Case 2 Carbon Balance 

Carbon In, kg/hr (lb/hr) Carbon Out, kg/hr (lb/hr) 
Coal 144,692 (318,992) Slag 2,905 (6,404) 
Air (CO2) 495 (1,091) Stack Gas 14,162 (31,221) 
  CO2 Product 127,904 (281,981) 
  ASU Vent 103 (228) 
  Wastewater 113 (249) 
Total 145,187 (320,083) Total 145,187 (320,083) 

 

Exhibit 3-37 shows the sulfur balance for the plant.  Sulfur input comes solely from the sulfur in 
the coal.  Sulfur output includes the sulfur recovered in the Claus plant, dissolved SO2 in the 
wastewater blowdown stream, and sulfur emitted in the stack gas.  Sulfur in the slag is 
considered to be negligible, and the sulfur content of the blowdown stream is calculated by 
difference to close the material balance.  The total sulfur capture is represented by the following 
fraction: 

(Sulfur byproduct/Sulfur in the coal) or 
(12,514/12,560) or 

99.6 percent 

Exhibit 3-37  Case 2 Sulfur Balance 

Sulfur In, kg/hr (lb/hr) Sulfur Out, kg/hr (lb/hr) 
Coal 5,697 (12,560) Elemental Sulfur 5,676 (12,514) 
  Stack Gas 13 (28) 
  Wastewater 8 (18) 
Total 5,697 (12,560) Total 5,697 (12,560) 

 

Exhibit 3-38 shows the overall water balance for the plant.  Raw water is obtained from 
groundwater (50 percent) and from municipal sources (50 percent).  Water demand represents 
the total amount of water required for a particular process.  Some water is recovered within the 
process, primarily as syngas condensate, and that water is re-used as internal recycle.  Raw water 
makeup is the difference between water demand and internal recycle. 
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Exhibit 3-38  Case 2 Water Balance 

Water Use Water Demand, 
m3/min (gpm) 

Internal Recycle, 
m3/min (gpm) 

Raw Water Makeup, 
m3/min (gpm) 

Slurry 1.6 (411) 1.6 (411) 0 

Slag Handling 0.5 (143) 0 0.5 (143) 

Quench/Scrubber 2.5 (665) 1.2 (315) 1.3 (350) 

Shift Steam 1.8 (479) 0 1.8 (479) 

BFW Makeup 0.2 (45) 0 0.2 (45) 

Cooling Tower 
Makeup 13.9 (3,679) 0.4 (118) 13.5 (3,561) 

Total 20.5 (5,422) 3.2 (844) 17.3 (4,578) 

Heat and Mass Balance Diagrams 
Heat and mass balance diagrams are shown for the following subsystems in Exhibit 3-39 through 
Exhibit 3-43: 

• Coal gasification and air separation unit 

• Syngas cleanup 

• Sulfur recovery and tail gas recycle 

• Combined cycle power generation 

• Steam and feedwater 

An overall plant energy balance is presented in tabular form in Exhibit 3-44.  The power out is 
the combined combustion turbine, steam turbine and expander power prior to generator losses.  
The power at the generator terminals (shown in Exhibit 3-34) is calculated by multiplying the 
power out by a combined generator efficiency of 98.3 percent. 
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Exhibit 3-39  Case 2 Coal Gasification and Air Separation Units Heat and Mass Balance Schematic 
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Exhibit 3-40  Case 2 Syngas Cleanup Heat and Mass Balance Schematic 
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Exhibit 3-41  Case 2 Sulfur Recovery and Tail Gas Recycle Heat and Mass Balance Schematic 
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Exhibit 3-42  Case 2 Combined-Cycle Power Generation Heat and Mass Balance Schematic 
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Exhibit 3-43  Case 2 Steam and Feedwater Heat and Mass Balance Schematic 
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Exhibit 3-44  Case 2 Overall Energy Balance (0°C [32°F] Reference) 

 HHV Sensible + Latent Power Total 

Heat In (MMBtu/hr) 
Coal 5,837.4 4.9  5,842.3 
ASU Air  25.6  25.6 
CT Air  96.9  96.9 
Water  13.3  13.3 
Auxiliary Power   646.0 646.0 
Totals 5,837.4 140.7 646.0 6,624.1 
Heat Out (MMBtu/hr) 
ASU Intercoolers  269.0  269.0 
ASU Vent  4.1  4.1 
Slag 90.2 3.7  93.9 
Sulfur 49.8 (1.2)  48.6 
Tail Gas Compressor 
Intercoolers  3.5  3.5 

CO2 Compressor 
Intercoolers  138.0  138.0 

CO2 Product  (48.1)  (48.1) 
HRSG Flue Gas  1,250.1  1,250.1 
Condenser  1,431.0  1,431.0 
Process Losses  847.4  847.4 
Power   2,586.5 2,586.5 
Totals 140.0 3,897.5 2,586.5 6,624.1 

(1) Process Losses are calculated by difference and reflect various gasification, turbine, 
HRSG and other heat and work losses.  Aspen flowsheet balance is within 0.5 percent. 
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3.2.10 CASE 2 - MAJOR EQUIPMENT LIST 
Major equipment items for the GEE gasifier with CO2 capture are shown in the following tables.  
The accounts used in the equipment list correspond to the account numbers used in the cost 
estimates in Section 3.2.11.  In general, the design conditions include a 10 percent contingency 
for flows and heat duties and a 21 percent contingency for heads on pumps and fans. 

ACCOUNT 1 COAL HANDLING 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Bottom Trestle Dumper and 
Receiving Hoppers N/A 2 0

2 Feeder Belt 2 0

3 Conveyor No. 1 Belt 1 0

4 Transfer Tower No. 1 Enclosed 1 0

5 Conveyor No. 2 Belt 1 0

6 As-Received Coal Sampling 
System Two-stage 1 0

7 Stacker/Reclaimer Traveling, linear 1 0

8 Reclaim Hopper N/A 2 1

9 Feeder Vibratory 2 1

10 Conveyor No. 3 Belt w/ tripper 1 0

11 Crusher Tower N/A 1 0

12 Coal Surge Bin w/ Vent Filter Dual outlet 2 0

13 Crusher Impactor 
reduction 2 0

14 As-Fired Coal Sampling 
System Swing hammer 1 1

15 Conveyor No. 4 Belt w/tripper 1 0

16 Transfer Tower No. 2 Enclosed 1 0

17 Conveyor No. 5 Belt w/ tripper 1 0

18 Coal Silo w/ Vent Filter and 
Slide Gates Field erected 3 0

N/A

372 tonne/h  (410 tph)

816 tonne  (900 ton)

45 tonne  (50 ton)

191 tonne/h  (210 tph)

8 cm x 0 - 3 cm x 0
(3" x 0 - 1-1/4" x 0)

372 tonne/h  (410 tph)

191 tonne  (210 ton)

N/A

N/A

372 tonne/h  (410 tph)

Design Condition

181 tonne  (200 ton)

N/A

1,134 tonne/h  (1,250 tph)

N/A

1,134 tonne/h  (1,250 tph)

572 tonne/h  (630 tph)

1,134 tonne/h  (1,250 tph)
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ACCOUNT 2 COAL PREPARATION AND FEED 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Coal Feeder Gravimetric 3 0

2 Conveyor No. 6 Belt w/tripper 1 0

3 Rod Mill Feed Hopper Dual Outlet 1 0

4 Weigh Feeder Belt 2 0

5 Rod Mill Rotary 2 0

6 Slurry Water Storage Tank 
with Agitator Field erected 2 0

7 Slurry Water Pumps Centrifugal 2 2

10 Trommel Screen Coarse 2 0

11 Rod Mill Discharge Tank with 
Agitator Field erected 2 0

12 Rod Mill Product Pumps Centrifugal 2 2

13 Slurry Storage Tank with 
Agitator Field erected 2 0

14 Slurry Recycle Pumps Centrifugal 2 2

15 Slurry Product Pumps Positive 
displacement 2 2

172 tonne/h  (190 tph)

2,726 lpm  (720 gpm)

5,451 lpm  (1,440 gpm)

984,215 liters  (260,000 gal)

127 tonne/h  (140 tph)

327,441 liters  (86,500 gal)

2,726 lpm  (720 gpm)

871 lpm  (230 gpm)

127 tonne/h  (140 tph)

306,621 liters  (81,000 gal)

Design Condition

82 tonne/h  (90 tph)

254 tonne/h  (280 tph)

499 tonne  (550 ton)
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ACCOUNT 3 FEEDWATER AND MISCELLANEOUS SYSTEMS AND 
EQUIPMENT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Demineralized Water 
Storage Tank

Vertical, cylindrical, 
outdoor 3 0

2 Condensate Pumps Vertical canned 2 1

3 Deaerator (integral w/ 
HRSG) Horizontal spray type 2 0

4 Intermediate Pressure 
Feedwater Pump

Horizontal centrifugal, 
single stage 2 1

6 High Pressure 
Feedwater Pump No. 2

Barrel type, multi-
stage, centrifugal 2 1

7 Auxiliary Boiler Shop fabricated, water 
tube 1 0

8 Service Air 
Compressors Flooded Screw 2 1

9 Instrument Air Dryers Duplex, regenerative 2 1

10 Closed Cylce Cooling 
Heat Exchangers Plate and frame 2 0

11 Closed Cycle Cooling 
Water Pumps Horizontal centrifugal 2 1

12 Engine-Driven Fire 
Pump

Vertical turbine, diesel 
engine 1 1

13 Fire Service Booster 
Pump

Two-stage horizontal 
centrifugal 1 1

14 Raw Water Pumps Stainless steel, single 
suction 2 1

15 Filtered Water Pumps Stainless steel, single 
suction 2 1

16 Filtered Water Tank Vertical, cylindrical 2 0

17 Makeup Water 
Demineralizer

Anion, cation, and 
mixed bed 2 0

18 Liquid Waste Treatment 
System 1 0

1,363 lpm @ 707 m H2O
(360 gpm @ 2320 ft H2O)

18,144 kg/h, 2.8 MPa, 343°C
(40,000 lb/h, 400 psig, 650°F)

28 m3/min @ 0.7 MPa
(1,000 scfm @ 100 psig)

Design Condition

1,037,211 liters (274,000 gal)

7,457 lpm @ 91 m H2O
(1,970 gpm @ 300 ft H2O)

544,311 kg/h (1,200,000 lb/h)

IP water: 1,817 lpm @ 223 m H2O  
(480 gpm @ 730 ft H2O)

HP water: 6,662 lpm @ 1,890 m 
H2O  (1,760 gpm @ 6,200 ft H2O)

3,710 lpm @ 49 m H2O
(980 gpm @ 160 ft H2O)

28 m3/min (1,000 scfm)

58 MMkJ/h  (55 MMBtu/h) each

20,820 lpm @ 21 m H2O
(5,500 gpm @ 70 ft H2O)

3,785 lpm @ 88 m H2O
(1,000 gpm @ 290 ft H2O)

2,650 lpm @ 64 m H2O
(700 gpm @ 210 ft H2O)
9,615 lpm @ 18 m H2O

(2,540 gpm @ 60 ft H2O)

1,786,728 liter (472,000 gal)

1,173 lpm (310 gpm)

10 years, 24-hour storm

2 15 High Pressure 
Feedwater Pump No. 1

Barrel type, multi-
stage, centrifugal
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ACCOUNT 4 GASIFIER, ASU AND ACCESSORIES INCLUDING LOW 
TEMPERATURE HEAT RECOVERY 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Gasifier Pressurized slurry-feed, 
entrained bed 2 0

2 Synthesis Gas Cooler

Vertical downflow 
radiant heat exchanger 
with outlet quench 
chamber

2 0

3
Syngas Scrubber 
Including Sour Water 
Stripper

Vertical upflow 2 0

4 Raw Gas Coolers Shell and tube with 
condensate drain 6 0

5 Raw Gas Knockout 
Drum

Vertical with mist 
eliminator 2 0

6 Flare Stack
Self-supporting, carbon 
steel, stainless steel 
top, pilot ignition

2 0

7 ASU Main Air 
Compressor

Centrifugal, multi-
stage 2 0

8 Cold Box Vendor design 2 0

9 Oxygen Compressor Centrifugal, multi-
stage 2 0

10 Nitrogen Compressor Centrifugal, multi-
stage 2 0

11 Nitrogen Boost 
Compressor

Centrifugal, multi-
stage 2 0

595 m3/min @ 2.3 MPa
(21,000 scfm @ 340 psia)

335,205 kg/h  (739,000 lb/h) 
syngas

6,343 m3/min @ 1.3 MPa
(224,000 scfm @ 190 psia)

2,540 tonne/day  (2,800 tpd)
of 95% purity oxygen

1,274 m3/min @ 7.1 MPa
(45,000 scfm @ 1,030 psia)

3,625 m3/min @ 3.4 MPa
(128,000 scfm @ 490 psia)

Design Condition

2,994 tonne/day, 5.6 MPa  
(3,300 tpd, 815 psia)

280,774 kg/h  (619,000 lb/h)

335,205 kg/h  (739,000 lb/h)

395,079 kg/h  (871,000 lb/h)

297,103 kg/h, 38°C, 5.2 MPa
(655,000 lb/h, 100°F, 747 psia)
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ACCOUNT 5A SOUR GAS SHIFT AND SYNGAS CLEANUP 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Mercury Adsorber Sulfated carbon 
bed 2 0

2 Sulfur Plant Claus type 1 0

3 Water Gas Shift Reactors Fixed bed, 
catalytic 4 0

4 Shift Reactor Heat Recovery 
Exhchangers Shell and Tube 4 0

5 Acid Gas Removal Plant Two-stage 
Selexol 2 0

6 Hydrogenation Reactor Fixed bed, 
catalytic 1 0

7 Tail Gas Recycle 
Compressor Centrifugal 1 0

Exchanger 1: 148 MMkJ/h (140 
MMBtu/h)

Exchanger 2: 32 MMkJ/h (30 
MMBtu/h)

11,431 kg/h @ 6.4 MPa
(25,200 lb/h @ 930 psi)

395,079 kg/h  (871,000 lb/h)
232°C (450°F) 5.5 MPa (798 psia)

310,258 kg/h  (684,000 lb/h)  39°C 
(103°F)  5.0 MPa (727 psia)

15,513 kg/h  (34,200 lb/h)
232°C (450°F) 0.2 MPa (25 psia)

Design Condition

310,258 kg/h  (684,000 lb/h) 39°C 
(103°F)  5.1 MPa (737 psia)

150 tonne/day  (165 tpd)

 
 

ACCOUNT 5B CO2 COMPRESSION 

Equipment 
No. Description Type Operating 

Qty. Spares

1 CO2 Compressor Integrally geared, multi-
stage centrifugal 4 1

Design Condition

1,157 m3/min @ 15.3 MPa
(40,859 scfm @ 2,215 psia)  
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ACCOUNT 6 COMBUSTION TURBINE AND AUXILIARIES 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Gas Turbine Advanced F class 2 0

2 Gas Turbine Generator TEWAC 2 0

3 Syngas Expansion 
Turbine/Generator Turbo expander 2 0

Design Condition

232 MW 

260 MVA @ 0.9 p.f., 24 kV, 60 
Hz, 3-phase

49,641 kg/h (109,440 lb/h)
4.8 MPa (691 psia) Inlet

3.2 MPa (460 psia) Outlet  
 

ACCOUNT 7 HRSG, DUCTING, AND STACK 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Stack CS plate, type 409SS 
liner 1 0

Design Condition

76 m (250 ft) high x
8.5 m (28 ft) diameter

Main steam - 376,049 kg/h, 12.4 
MPa/538°C  (829,045 lb/h, 1,800 

psig/1,000°F)
2 02 Heat Recovery 

Steam Generator

Drum, multi-pressure 
with economizer 
section and integral 
deaerator

   Reheat steam - 381,590 kg/h, 
2.9 MPa/538°C  (841,261 lb/h, 

420 psig/1,000°F)
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ACCOUNT 8 STEAM TURBINE GENERATOR AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Steam Turbine
Commercially 
available advanced 
steam turbine

1 0

2 Steam Turbine Generator Hydrogen cooled, 
static excitiation 1 0

3 Steam Bypass One per HRSG 2 0

4 Surface Condenser
Single pass, divided 
waterbox including 
vacuum pumps

1 0

330 MVA @ 0.9 p.f.,   24 
kV, 60 Hz, 3-phase

50% steam flow @ design 
steam conditions

Design Condition

298 MW               
12.4 MPa/538°C/538°C 

(1800 psig/ 
1000°F/1000°F)

1,676 MMkJ/h (1,590 
MMBtu/h) heat duty, Inlet 

water temperature 16°C 
(60°F), Water temperature 

rise 11°C (20°F)

 
 

ACCOUNT 9 COOLING WATER SYSTEM 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Circulating 
Water Pumps Vertical, wet pit 2 1

2 Cooling Tower
Evaporative, 
mechanical draft, multi-
cell

1 0

Design Condition

359,617 lpm @ 30 m
(95,000 gpm @ 100 ft)

11°C  (51.5°F) wet bulb / 16°C  
(60°F) CWT / 27°C  (80°F) 

HWT  2,003 MMkJ/h  (1,900 
MMBtu/h) heat duty  
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ACCOUNT 10 SLAG RECOVERY AND HANDLING 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Slag Quench Tank Water bath 2 0

2 Slag Crusher Roll 2 0

3 Slag Depressurizer Lock Hopper 2 0

4 Slag Receiving Tank Horizontal, weir 2 0

5 Black Water Overflow Tank Shop fabricated 2 0

6 Slag Conveyor Drag chain 2 0

7 Slag Separation Screen Vibrating 2 0

8 Coarse Slag Conveyor Belt/bucket 2 0

9 Fine Ash Settling Tank Vertical, gravity 2 0

10 Fine Ash Recycle Pumps Horizontal 
centrifugal 2 2

11 Grey Water Storage Tank Field erected 2 0

12 Grey Water Pumps Centrifugal 2 2

13 Slag Storage Bin Vertical, field 
erected 2 0

14 Unloading Equipment Telescoping chute 1 0

253,625 liters  (67,000 gal)

76 lpm @ 14 m H2O
(20 gpm @ 46 ft H2O)

998 tonne  (1,100 tons)

118 tonne/h  (130 tph)

83,280 liters  (22,000 gal)

303 lpm @ 564 m H2O
(80 gpm @ 1,850 ft H2O)

170,345 liters  (45,000 gal)

14 tonne/h  (15 tph)

14 tonne/h  (15 tph)

14 tonne/h  (15 tph)

79,494 liters  (21,000 gal)

Design Condition

261,195 liters  (69,000 gal)

14 tonne/h  (15 tph)

14 tonne/h  (15 tph)

 



Cost and Performance Comparison of Fossil Energy Power Plants  

 150  

ACCOUNT 11 ACCESSORY ELECTRIC PLANT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 CTG Transformer Oil-filled 2 0

3 Auxiliary 
Transformer Oil-filled 1 1

4 Low Voltage 
Transformer Dry ventilated 1 1

5
CTG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 2 0

6
STG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 1 0

7 Medium Voltage 
Switchgear Metal clad 1 1

8 Low Voltage 
Switchgear Metal enclosed 1 1

9 Emergency Diesel 
Generator

Sized for emergency 
shutdown 1 0

Design Condition

24 kV/345 kV, 260 MVA,      
3-ph, 60 Hz

2 STG Transformer Oil-filled 24 kV/345 kV, 110 MVA,      
3-ph, 60 Hz 1 0

24 kV/4.16 kV, 207 MVA,     
3-ph, 60 Hz

4.16 kV/480 V, 31 MVA,      
3-ph, 60 Hz

750 kW, 480 V, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

4.16 kV, 3-ph, 60 Hz

480 V, 3-ph, 60 Hz

 
 

ACCOUNT 12 INSTRUMENTATION AND CONTROL 
Equipment 

No. Description Type Operating 
Qty. Spares

1 DCS - Main 
Control

Monitor/keyboard; 
Operator printer (laser 
color); Engineering 
printer (laser B&W)

1 0

3 DCS - Data 
Highway Fiber optic 1 0

1 0

Fully redundant, 25% spare

Design Condition

Operator stations/printers and 
engineering stations/printers

2 DCS - Processor
Microprocessor with 
redundant 
input/output

N/A
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3.2.11 CASE 2 - COST ESTIMATING 
The cost estimating methodology was described previously in Section 2.6.  Exhibit 3-45 shows 
the total plant cost summary organized by cost account and Exhibit 3-46 shows a more detailed 
breakdown of the capital costs.  Exhibit 3-47 shows the initial and annual O&M costs. 

The estimated TPC of the GEE gasifier with CO2 capture is $2,390/kW.  Process contingency 
represents 4.2 percent of the TPC and project contingency represents 13.6 percent.  The 20-year 
LCOE, including CO2 TS&M costs of 3.9 mills/kWh, is 102.9 mills/kWh. 
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Exhibit 3-45  Case 2 Total Plant Cost Summary 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 02 - GEE Radiant Only IGCC w/ CO2
Plant Size: 555.7 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING $13,688 $2,552 $10,726 $0 $0 $26,966 $2,443 $0 $5,882 $35,291 $64

 2 COAL & SORBENT PREP & FEED $23,455 $4,274 $14,205 $0 $0 $41,934 $3,803 $1,522 $9,452 $56,712 $102

 3 FEEDWATER & MISC. BOP SYSTEMS $10,144 $8,686 $9,657 $0 $0 $28,487 $2,661 $0 $7,040 $38,188 $69

 4 GASIFIER & ACCESSORIES
4.1 Syngas Cooler Gasifier System $103,362 $0 $57,380 $0 $0 $160,742 $14,715 $22,192 $30,349 $227,999 $410
4.2 Syngas Cooler(w/ Gasifier - 4.1 ) w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $157,723 $0 w/equip. $0 $0 $157,723 $15,012 $0 $17,274 $190,009 $342

4.4-4.9 Other Gasification Equipment $12,297 $11,735 $12,985 $0 $0 $37,018 $3,516 $0 $8,381 $48,914 $88
SUBTOTAL  4 $273,383 $11,735 $70,365 $0 $0 $355,484 $33,243 $22,192 $56,003 $466,922 $840

 5A Gas Cleanup & Piping $79,047 $4,945 $70,370 $0 $0 $154,363 $14,797 $22,231 $38,475 $229,866 $414

 5B CO2 REMOVAL & COMPRESSION $17,712 $0 $10,865 $0 $0 $28,577 $2,732 $0 $6,262 $37,572 $68

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator $88,000 $0 $5,325 $0 $0 $93,325 $8,779 $9,332 $11,144 $122,580 $221

6.2-6.9 Combustion Turbine Other $5,270 $752 $1,575 $0 $0 $7,598 $715 $0 $1,508 $9,820 $18
SUBTOTAL  6 $93,270 $752 $6,900 $0 $0 $100,922 $9,494 $9,332 $12,651 $132,400 $238

 7 HRSG, DUCTING & STACK
7.1 Heat Recovery Steam Generator $32,193 $0 $4,581 $0 $0 $36,774 $3,471 $0 $4,025 $44,270 $80

7.2-7.9 Ductwork and Stack $3,222 $2,268 $3,011 $0 $0 $8,501 $785 $0 $1,510 $10,795 $19
SUBTOTAL  7 $35,415 $2,268 $7,592 $0 $0 $45,275 $4,256 $0 $5,534 $55,065 $99

 8 STEAM TURBINE GENERATOR 
8.1 Steam TG & Accessories $28,444 $0 $4,847 $0 $0 $33,291 $3,190 $0 $3,648 $40,130 $72

8.2-8.9 Turbine Plant Auxiliaries and Steam Piping $10,439 $943 $7,306 $0 $0 $18,688 $1,684 $0 $4,109 $24,481 $44
SUBTOTAL  8 $38,883 $943 $12,153 $0 $0 $51,979 $4,875 $0 $7,757 $64,611 $116

 9 COOLING WATER SYSTEM $7,074 $7,437 $6,229 $0 $0 $20,740 $1,905 $0 $4,628 $27,273 $49

10 ASH/SPENT SORBENT HANDLING SYS $14,265 $7,973 $14,470 $0 $0 $36,708 $3,509 $0 $4,331 $44,548 $80

11 ACCESSORY ELECTRIC PLANT $23,997 $11,838 $23,440 $0 $0 $59,275 $5,162 $0 $12,496 $76,933 $138

12 INSTRUMENTATION & CONTROL $10,469 $1,960 $7,028 $0 $0 $19,457 $1,793 $973 $3,718 $25,942 $47

13 IMPROVEMENTS TO SITE $3,318 $1,956 $8,248 $0 $0 $13,522 $1,328 $0 $4,455 $19,305 $35

14 BUILDINGS & STRUCTURES $0 $6,410 $7,441 $0 $0 $13,851 $1,259 $0 $2,474 $17,583 $32

TOTAL COST $644,121 $73,729 $279,690 $0 $0 $997,540 $93,261 $56,251 $181,157 $1,328,209 $2,390

TOTAL PLANT COST SUMMARY 
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Exhibit 3-46  Case 2 Total Plant Cost Details 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 02 - GEE Radiant Only IGCC w/ CO2
Plant Size: 555.7 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING
1.1 Coal Receive & Unload $3,595 $0 $1,775 $0 $0 $5,370 $481 $0 $1,170 $7,020 $13
1.2 Coal Stackout & Reclaim $4,645 $0 $1,138 $0 $0 $5,783 $507 $0 $1,258 $7,548 $14
1.3 Coal Conveyors $4,319 $0 $1,126 $0 $0 $5,445 $478 $0 $1,185 $7,107 $13
1.4 Other Coal Handling $1,130 $0 $260 $0 $0 $1,390 $122 $0 $302 $1,815 $3
1.5 Sorbent Receive & Unload $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.6 Sorbent Stackout & Reclaim $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.7 Sorbent Conveyors $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.8 Other Sorbent Handling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.9 Coal & Sorbent Hnd.Foundations $0 $2,552 $6,427 $0 $0 $8,979 $856 $0 $1,967 $11,801 $21

SUBTOTAL  1. $13,688 $2,552 $10,726 $0 $0 $26,966 $2,443 $0 $5,882 $35,291 $64
 2 COAL & SORBENT PREP & FEED

2.1 Coal Crushing & Drying incl w/2.3    incl. w/ 2.3    incl. w/ 2.3    incl. w/ 2.3 $0 $0 $0 $0 $0 $0 $0 $0
2.2 Prepared Coal Storage & Feed $1,537 $366 $244 $0 $0 $2,146 $184 $0 $466 $2,796 $5
2.3 Slurry Prep & Feed $21,073 $0 $9,373 $0 $0 $30,446 $2,760 $1,522 $6,946 $41,674 $75
2.4 Misc.Coal Prep & Feed $845 $612 $1,863 $0 $0 $3,320 $304 $0 $725 $4,350 $8
2.5 Sorbent Prep Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.6 Sorbent Storage & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.7 Sorbent Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.8 Booster Air Supply System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.9 Coal & Sorbent Feed Foundation $0 $3,296 $2,725 $0 $0 $6,021 $555 $0 $1,315 $7,892 $14

SUBTOTAL  2. $23,455 $4,274 $14,205 $0 $0 $41,934 $3,803 $1,522 $9,452 $56,712 $102
 3 FEEDWATER & MISC. BOP SYSTEMS

3.1 FeedwaterSystem $3,396 $5,905 $3,119 $0 $0 $12,420 $1,146 $0 $2,713 $16,280 $29
3.2 Water Makeup & Pretreating $577 $60 $322 $0 $0 $960 $91 $0 $315 $1,365 $2
3.3 Other Feedwater Subsystems $1,875 $636 $573 $0 $0 $3,084 $276 $0 $672 $4,031 $7
3.4 Service Water Systems $333 $679 $2,358 $0 $0 $3,370 $326 $0 $1,109 $4,805 $9
3.5 Other Boiler Plant Systems $1,787 $686 $1,701 $0 $0 $4,173 $391 $0 $913 $5,478 $10
3.6 FO Supply Sys & Nat Gas $306 $577 $539 $0 $0 $1,421 $136 $0 $311 $1,868 $3
3.7 Waste Treatment Equipment $802 $0 $492 $0 $0 $1,294 $125 $0 $426 $1,845 $3
3.8 Misc. Equip.(cranes,AirComp.,Comm.) $1,068 $144 $553 $0 $0 $1,765 $170 $0 $581 $2,516 $5

SUBTOTAL  3. $10,144 $8,686 $9,657 $0 $0 $28,487 $2,661 $0 $7,040 $38,188 $69
 4 GASIFIER & ACCESSORIES

4.1 Syngas Cooler Gasifier System $103,362 $0 $57,380 $0 $0 $160,742 $14,715 $22,192 $30,349 $227,999 $410
4.2 Syngas Cooler(w/ Gasifier - 4.1 ) w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $157,723 $0 w/equip. $0 $0 $157,723 $15,012 $0 $17,274 $190,009 $342
4.4 Scrubber & Low Temperature Cooling $9,391 $7,629 $7,963 $0 $0 $24,983 $2,381 $0 $5,473 $32,838 $59
4.5 Black Water & Sour Gas Section w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.6 Other Gasification Equipment $2,907 $1,380 $2,730 $0 $0 $7,017 $671 $0 $1,538 $9,226 $17
4.8 Major Component Rigging $0 w/4.1 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.9 Gasification Foundations $0 $2,726 $2,292 $0 $0 $5,018 $463 $0 $1,370 $6,851 $12

SUBTOTAL  4. $273,383 $11,735 $70,365 $0 $0 $355,484 $33,243 $22,192 $56,003 $466,922 $840

TOTAL PLANT COST SUMMARY 
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Exhibit 3-46  Case 2 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 02 - GEE Radiant Only IGCC w/ CO2
Plant Size: 555.7 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 5A GAS CLEANUP & PIPING
5A.1 Double Stage Selexol $59,515 $0 $51,050 $0 $0 $110,564 $10,614 $22,113 $28,658 $171,950 $309
5A.2 Elemental Sulfur Plant $10,010 $1,987 $12,925 $0 $0 $24,922 $2,403 $0 $5,465 $32,790 $59
5A.3 Mercury Removal $1,340 $0 $1,020 $0 $0 $2,360 $226 $118 $541 $3,245 $6
5A.4 Shift Reactors $8,183 $0 $3,380 $0 $0 $11,563 $1,101 $0 $2,533 $15,196 $27
5A.5 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.6 Blowback Gas Systems $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.7 Fuel Gas Piping $0 $1,862 $1,283 $0 $0 $3,146 $287 $0 $686 $4,119 $7
5A.9 HGCU Foundations $0 $1,096 $712 $0 $0 $1,808 $166 $0 $592 $2,565 $5

SUBTOTAL  5A. $79,047 $4,945 $70,370 $0 $0 $154,363 $14,797 $22,231 $38,475 $229,866 $414
 5B CO2 REMOVAL & COMPRESSION

5B.1 CO2 Removal System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5B.2 CO2 Compression & Drying $17,712 $0 $10,865 $0 $0 $28,577 $2,732 $0 $6,262 $37,572 $68

SUBTOTAL  5B. $17,712 $0 $10,865 $0 $0 $28,577 $2,732 $0 $6,262 $37,572 $68
 6 COMBUSTION TURBINE/ACCESSORIES

6.1 Combustion Turbine Generator $88,000 $0 $5,325 $0 $0 $93,325 $8,779 $9,332 $11,144 $122,580 $221
6.2 Syngas Expander $5,270 $0 $737 $0 $0 $6,007 $567 $0 $986 $7,560 $14
6.3 Compressed Air Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.9 Combustion Turbine Foundations $0 $752 $838 $0 $0 $1,591 $148 $0 $522 $2,260 $4

SUBTOTAL  6. $93,270 $752 $6,900 $0 $0 $100,922 $9,494 $9,332 $12,651 $132,400 $238
 7 HRSG, DUCTING & STACK

7.1 Heat Recovery Steam Generator $32,193 $0 $4,581 $0 $0 $36,774 $3,471 $0 $4,025 $44,270 $80
7.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.3 Ductwork $0 $1,627 $1,179 $0 $0 $2,806 $246 $0 $610 $3,663 $7
7.4 Stack $3,222 $0 $1,211 $0 $0 $4,433 $422 $0 $485 $5,340 $10
7.9 HRSG,Duct & Stack Foundations $0 $641 $620 $0 $0 $1,262 $117 $0 $414 $1,792 $3

SUBTOTAL  7. $35,415 $2,268 $7,592 $0 $0 $45,275 $4,256 $0 $5,534 $55,065 $99
 8 STEAM TURBINE GENERATOR 

8.1 Steam TG & Accessories $28,444 $0 $4,847 $0 $0 $33,291 $3,190 $0 $3,648 $40,130 $72
8.2 Turbine Plant Auxiliaries $195 $0 $449 $0 $0 $645 $63 $0 $71 $778 $1
8.3 Condenser & Auxiliaries $4,788 $0 $1,407 $0 $0 $6,195 $588 $0 $678 $7,461 $13
8.4 Steam Piping $5,455 $0 $3,844 $0 $0 $9,299 $793 $0 $2,523 $12,616 $23
8.9 TG Foundations $0 $943 $1,605 $0 $0 $2,548 $240 $0 $837 $3,625 $7

SUBTOTAL  8. $38,883 $943 $12,153 $0 $0 $51,979 $4,875 $0 $7,757 $64,611 $116
 9 COOLING WATER SYSTEM

9.1 Cooling Towers $4,602 $0 $1,012 $0 $0 $5,614 $531 $0 $922 $7,067 $13
9.2 Circulating Water Pumps $1,448 $0 $92 $0 $0 $1,540 $132 $0 $251 $1,923 $3
9.3 Circ.Water System Auxiliaries $119 $0 $17 $0 $0 $136 $13 $0 $22 $172 $0
9.4 Circ.Water Piping $0 $5,063 $1,292 $0 $0 $6,354 $563 $0 $1,383 $8,300 $15
9.5 Make-up Water System $320 $0 $454 $0 $0 $774 $73 $0 $170 $1,017 $2
9.6 Component Cooling Water Sys $584 $698 $493 $0 $0 $1,775 $164 $0 $388 $2,327 $4
9.9 Circ.Water System Foundations& Structures $0 $1,676 $2,870 $0 $0 $4,546 $429 $0 $1,492 $6,467 $12

SUBTOTAL  9. $7,074 $7,437 $6,229 $0 $0 $20,740 $1,905 $0 $4,628 $27,273 $49
10 ASH/SPENT SORBENT HANDLING SYS

10.1 Slag Dewatering & Cooling $11,749 $6,479 $13,172 $0 $0 $31,400 $3,008 $0 $3,441 $37,849 $68
10.2 Gasifier Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.3 Cleanup Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.4 High Temperature Ash Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.5 Other Ash Rrecovery Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.6 Ash Storage Silos $569 $0 $619 $0 $0 $1,188 $114 $0 $195 $1,498 $3
10.7 Ash Transport & Feed Equipment $768 $0 $184 $0 $0 $953 $88 $0 $156 $1,196 $2
10.8 Misc. Ash Handling Equipment $1,178 $1,444 $432 $0 $0 $3,054 $289 $0 $501 $3,844 $7
10.9 Ash/Spent Sorbent Foundation $0 $50 $63 $0 $0 $113 $11 $0 $37 $161 $0

SUBTOTAL 10. $14,265 $7,973 $14,470 $0 $0 $36,708 $3,509 $0 $4,331 $44,548 $80

TOTAL PLANT COST SUMMARY 
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Exhibit 3-46  Case 2 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 02 - GEE Radiant Only IGCC w/ CO2
Plant Size: 555.7 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

11 ACCESSORY ELECTRIC PLANT
11.1 Generator Equipment $903 $0 $900 $0 $0 $1,803 $171 $0 $197 $2,172 $4
11.2 Station Service Equipment $4,284 $0 $402 $0 $0 $4,686 $445 $0 $513 $5,644 $10
11.3 Switchgear & Motor Control $8,187 $0 $1,501 $0 $0 $9,687 $897 $0 $1,588 $12,172 $22
11.4 Conduit & Cable Tray $0 $3,895 $12,645 $0 $0 $16,540 $1,581 $0 $4,530 $22,652 $41
11.5 Wire & Cable $0 $7,154 $4,812 $0 $0 $11,966 $875 $0 $3,210 $16,050 $29
11.6 Protective Equipment $0 $640 $2,427 $0 $0 $3,067 $300 $0 $505 $3,872 $7
11.7 Standby Equipment $215 $0 $219 $0 $0 $434 $42 $0 $71 $547 $1
11.8 Main Power Transformers $10,409 $0 $139 $0 $0 $10,548 $799 $0 $1,702 $13,048 $23
11.9 Electrical Foundations $0 $149 $395 $0 $0 $544 $52 $0 $179 $775 $1

SUBTOTAL 11. $23,997 $11,838 $23,440 $0 $0 $59,275 $5,162 $0 $12,496 $76,933 $138
12 INSTRUMENTATION & CONTROL

12.1 IGCC Control Equipment w/12.7 $0 w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.2 Combustion Turbine Control N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
12.3 Steam Turbine Control w/8.1 $0 w/8.1 $0 $0 $0 $0 $0 $0 $0 $0
12.4 Other Major Component Control $1,034 $0 $719 $0 $0 $1,752 $169 $88 $301 $2,310 $4
12.5 Signal Processing Equipment      W/12.7 $0      W/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.6 Control Boards,Panels & Racks $238 $0 $159 $0 $0 $396 $38 $20 $91 $545 $1
12.7 Computer & Accessories $5,513 $0 $184 $0 $0 $5,697 $540 $285 $652 $7,174 $13
12.8 Instrument Wiring & Tubing $0 $1,960 $4,102 $0 $0 $6,062 $514 $303 $1,720 $8,599 $15
12.9 Other I & C Equipment $3,685 $0 $1,864 $0 $0 $5,550 $533 $277 $954 $7,314 $13

SUBTOTAL 12. $10,469 $1,960 $7,028 $0 $0 $19,457 $1,793 $973 $3,718 $25,942 $47
13 Improvements to Site

13.1 Site Preparation $0 $104 $2,242 $0 $0 $2,346 $231 $0 $773 $3,350 $6
13.2 Site Improvements $0 $1,851 $2,479 $0 $0 $4,330 $425 $0 $1,427 $6,182 $11
13.3 Site Facilities $3,318 $0 $3,527 $0 $0 $6,845 $672 $0 $2,255 $9,773 $18

SUBTOTAL 13. $3,318 $1,956 $8,248 $0 $0 $13,522 $1,328 $0 $4,455 $19,305 $35
14 Buildings & Structures

14.1 Combustion Turbine Area $0 $221 $127 $0 $0 $348 $31 $0 $76 $454 $1
14.2 Steam Turbine Building $0 $2,290 $3,307 $0 $0 $5,597 $514 $0 $917 $7,028 $13
14.3 Administration Building $0 $833 $612 $0 $0 $1,446 $129 $0 $236 $1,810 $3
14.4 Circulation Water Pumphouse $0 $156 $84 $0 $0 $240 $21 $0 $39 $301 $1
14.5 Water Treatment Buildings $0 $460 $454 $0 $0 $914 $82 $0 $149 $1,146 $2
14.6 Machine Shop $0 $426 $296 $0 $0 $722 $64 $0 $118 $904 $2
14.7 Warehouse $0 $688 $450 $0 $0 $1,139 $101 $0 $186 $1,426 $3
14.8 Other Buildings & Structures $0 $412 $325 $0 $0 $738 $66 $0 $161 $964 $2
14.9 Waste Treating Building & Str. $0 $922 $1,785 $0 $0 $2,707 $252 $0 $592 $3,550 $6

SUBTOTAL 14. $0 $6,410 $7,441 $0 $0 $13,851 $1,259 $0 $2,474 $17,583 $32

TOTAL COST $644,121 $73,729 $279,690 $0 $0 $997,540 $93,261 $56,251 $181,157 $1,328,209 $2,390

TOTAL PLANT COST SUMMARY 
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Exhibit 3-47  Case 2 Initial and Annual Operating and Maintenance Costs 
INITIAL & ANNUAL O&M EXPENSES Cost Base (Dec) 2006

Case 02 - GEE Radiant Only IGCC w/ CO2 Heat Rate-net(Btu/kWh): 10,505
 MWe-net: 556

           Capacity Factor: (%): 80
                                             OPERATING & MAINTENANCE LABOR
Operating Labor

  Operating Labor Rate(base): 33.00 $/hour
  Operating Labor Burden: 30.00 % of base
  Labor O-H Charge Rate: 25.00 % of labor

Total

       Skilled Operator 2.0 2.0
       Operator 10.0 10.0
       Foreman 1.0 1.0
       Lab Tech's, etc. 3.0 3.0
          TOTAL-O.J.'s 16.0 16.0

Annual Cost Annual Unit Cost
$ $/kW-net

Annual Operating Labor Cost $6,012,864 $10.820
Maintenance Labor Cost $13,432,424 $24.172
Administrative & Support Labor $4,861,322 $8.748
TOTAL FIXED OPERATING COSTS $24,306,610 $43.741
VARIABLE OPERATING COSTS

$/kWh-net
Maintenance Material Cost $24,602,924 $0.00632

Consumables Consumption Unit Initial
  Initial       /Day      Cost  Cost

  Water(/1000 gallons) 0 6,594 1.03 $0 $1,983,139 $0.00051

  Chemicals
    MU & WT Chem.(lb) 137,493 19,642 0.16 $22,659 $945,198 $0.00024
    Carbon (Mercury Removal) (lb) 84,811 116 1.00 $84,811 $33,872 $0.00001
    COS Catalyst (m3) 0 0 2,308.40 $0 $0 $0.00000
    Water Gas Shift Catalyst(ft3) 6,288 4.30 475.00 $2,986,800 $596,410 $0.00015
    Selexol Solution (gal) 504 72 12.90 $6,502 $271,232 $0.00007
    MDEA  Solution (gal) 0 0 0.96 $0 $0 $0.00000
    Sulfinol  Solution (gal) 0 0 9.68 $0 $0 $0.00000
    SCR Catalyst (m3) 0 0 0.00 $0 $0 $0.00000
    Aqueous Ammonia (ton) 0 0 0.00 $0 $0 $0.00000
    Claus Catalyst(ft3) w/equip 2.25 125.00 $0 $82,125 $0.00002

Subtotal Chemicals $3,100,772 $1,928,837 $0.00050

  Other
    Supplemental Fuel(MBtu) 0 0 0.00 $0 $0 $0.00000
    Gases,N2 etc.(/100scf) 0 0 0.00 $0 $0 $0.00000
    L.P. Steam(/1000 pounds) 0 0 0.00 $0 $0 $0.00000

Subtotal Other $0 $0 $0.00000

  Waste Disposal
    Spent Mercury Catalyst (lb) 0 116 0.40 $0 $13,603 $0.00000
    Flyash (ton) 0 0 0.00 $0 $0 $0.00000
    Bottom Ash(ton) 0 659 15.45 $0 $2,973,464 $0.00076

      Subtotal-Waste Disposal $0 $2,987,067 $0.00077

  By-products & Emissions 0 0 0.00 $0 $0.00000
     Sulfur(tons) 0 150 0.00 $0 $0 $0.00000

Subtotal By-Products $0 $0 $0.00000

TOTAL VARIABLE OPERATING COSTS $3,100,772 $31,501,967 $0.00809

 Fuel(ton) 180,143 6,005 42.11 $7,585,825 $73,835,368 $0.01896  
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3.3 CONOCOPHILLIPS E-GASTM IGCC CASES 
This section contains an evaluation of plant designs for Cases 3 and 4, which are based on the 
ConocoPhillips (CoP) E-Gas™ gasifier.  Cases 3 and 4 are very similar in terms of process, 
equipment, scope and arrangement, except that Case 4 includes sour gas shift reactors, CO2 
absorption/regeneration and compression/transport systems.  There are no provisions for CO2 
removal in Case 3. 

The balance of this section is organized in an analogous manner to Section 3.2: 

• Gasifier Background 

• Process System Description for Case 3 

• Key Assumptions for Cases 3 and 4 

• Sparing Philosophy for Cases 3 and 4 

• Performance Results for Case 3 

• Equipment List for Case 3 

• Cost Estimates for Case 3 

• Process and System Description, Performance Results, Equipment List and Cost Estimate 
for Case 4 

3.3.1 GASIFIER BACKGROUND 
Dow Chemical (the former principal stockholder of Destec Energy, which was bought by Global 
Energy, Inc., the gasifier business that was purchased by ConocoPhillips) is a major producer of 
chemicals.  They began coal gasification development work in 1976 with bench-scale (2 kg/h 
[4 lb/h]) reactor testing.  Important fundamental data were obtained for conversion and yields 
with various coals and operating conditions.  This work led to the construction of a pilot plant at 
Dow’s large chemical complex in Plaquemine, Louisiana.  The pilot plant was designed for a 
capacity of 11 tonnes/day (12 TPD) (dry lignite basis) and was principally operated with air as 
the oxidant.  The plant also operated with oxygen at an increased capacity of 33 tonnes/day 
(36 TPD) (dry lignite basis).  This pilot plant operated from 1978 through 1983. 

Following successful operation of the pilot plant, Dow built a larger 499 tonnes/day (550 TPD) 
(dry lignite basis) gasifier at Plaquemine.  In 1984, Dow Chemical and the U.S. Synthetic Fuels 
Corporation (SFC) announced a price guarantee contract which allowed the building of the first 
commercial-scale Dow coal gasification unit.  The Louisiana Gasification Technology, Inc. 
(LGTI) plant, sometimes called the Dow Syngas Project, was also located in the Dow 
Plaquemine chemical complex.  The plant gasified about 1,451 tonnes/day (1,600 TPD) (dry 
basis) of subbituminous coal to generate 184 MW (gross) of combined-cycle electricity.  To 
ensure continuous power output to the petrochemical complex, a minimum of 20 percent of 
natural gas was co-fired with the syngas.  LGTI was operated from 1987 through 1995. 

In September 1991, DOE selected the Wabash River coal gasification repowering project, which 
used the Destec Energy process, for funding under the Clean Coal Technology Demonstration 
Program.  The project was a joint venture of Destec and Public Service of Indiana (PSI Energy, 
Inc.).  Its purpose was to repower a unit at PSI’s Wabash River station in West Terre Haute, 
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Indiana to produce 265 MW of net power from local high-sulfur bituminous coal.  The design of 
the project gasifier was based on the Destec LGTI gasifier.  Experience gained in that project 
provided significant input to the design of the Wabash River coal gasification facility and 
eliminated much of the risk associated with scale-up and process variables.  

Gasifier Capacity – The gasifier originally developed by Dow is now known as the CoP E-
Gas™ gasifier.  The daily coal-handling capacity of the E-Gas gasifier operating at Plaquemine 
was in the range of 1,270 tonnes (1,400 tons) (moisture/ash-free [MAF] basis) for bituminous 
coal to 1,497 tonnes (1,650 tons) for lignite.  The dry gas production rate was 141,600 Nm3/h 
(5 million scf/h) with an energy content of about 1,370 MMkJ/h (1,300 MMBtu/h) (HHV).  The 
daily coal-handling capacity of the gasifier at Wabash River is about 1,678 tonnes (1,850 tons) 
(MAF basis) for high-sulfur bituminous coal.  The dry gas production rate is about 189,724 
Nm3/h (6.7 million scf/h) with an energy content of about 1,950 MMkJ/h (1,850 MMBtu/h) 
(HHV).  This size matches the combustion turbine, which is a GE 7FA. 

With increased power and fuel gas turbine demand, the gasifier coal feed increases 
proportionately.  CoP has indicated that the gasifier can readily handle the increased demand. 

Distinguishing Characteristics - A key advantage of the CoP coal gasification technology is the 
current operating experience with subbituminous coal at full commercial scale at the Plaquemine 
plant and bituminous coal at the Wabash plant.  The two-stage operation improves the efficiency, 
reduces oxygen requirements, and enables more effective operation on slurry feeds relative to a 
single stage gasifier.  The fire-tube SGC used by E-Gas has a lower capital cost than a water-tube 
design, an added advantage for the CoP technology at this time.  However, this experience may 
spur other developers to try fire-tube designs. 

Entrained-flow gasifiers have fundamental environmental advantages over fluidized-bed and 
moving-bed gasifiers.  They produce no hydrocarbon liquids, and the only solid waste is an inert 
slag. 

The key disadvantages of the CoP coal gasification technology are the relatively short refractory 
life and the high waste heat recovery (SGC) duty.  As with the other entrained-flow slagging 
gasifiers, these disadvantages result from high operating temperature.  However, the two-stage 
operation results in a quenched syngas that is higher in CH4 content than other gasifiers.  This 
becomes a disadvantage in CO2 capture cases since the CH4 passes through the SGS reactors 
without change, and is also not separated by the AGR thus limiting the amount of carbon that can 
be captured. 

Important Coal Characteristics - The slurry feeding system and the recycle of process 
condensate water as the principal slurrying liquid make low levels of ash and soluble salts 
desirable coal characteristics for use in the E-Gas™ coal gasification process.  High ash levels 
increase the ratio of water to carbon in the coal in the feed slurry, thereby increasing the oxygen 
requirements.  Soluble salts affect the processing cost and amount of water blowdown required 
to avoid problems associated with excessive buildup of salts in the slurry water recycle loop. 

Bituminous coals with lower inherent moisture improve the slurry concentration and reduce 
oxygen requirements.  The two-stage operation reduces the negative impact of low-rank coal use 
in slurry feed, entrained-flow gasification.  Low to moderate ash fusion-temperature coals are 
preferred for slagging gasifiers.  Coals with high ash fusion temperatures may require flux 
addition for optimal gasification operation. 
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3.3.2 PROCESS DESCRIPTION 
In this section the overall CoP gasification process is described.  The system description follows 
the BFD in Exhibit 3-48 and stream numbers reference the same Exhibit.  The tables in 
Exhibit 3-49 provide process data for the numbered streams in the BFD. 

Coal Grinding and Slurry Preparation 
Coal receiving and handling is common to all cases and was covered in Section 3.1.1.  The 
receiving and handling subsystem ends at the coal silo.  Coal grinding and slurry preparation is 
similar to the GEE cases but repeated here for completeness. 

Coal from the coal silo is fed onto a conveyor by vibratory feeders located below each silo.  The 
conveyor feeds the coal to an inclined conveyor that delivers the coal to the rod mill feed hopper.  
The feed hopper provides a surge capacity of about two hours and contains two hopper outlets.  
Each hopper outlet discharges onto a weigh feeder, which in turn feeds a rod mill.  Each rod mill 
is sized to process 55 percent of the coal feed requirements of the gasifier.  The rod mill grinds 
the coal and wets it with treated slurry water transferred from the slurry water tank by the slurry 
water pumps.  The coal slurry is discharged through a trommel screen into the rod mill discharge 
tank, and then the slurry is pumped to the slurry storage tanks.  The dry solids concentration of 
the final slurry is 63 percent.  The Polk Power Station operates at a slurry concentration of 62-68 
percent using bituminous coal and CoP presented a paper showing the slurry concentration of 
Illinois No. 6 coal as 63 percent. [41, 49] 

The coal grinding system is equipped with a dust suppression system consisting of water sprays 
aided by a wetting agent.  The degree of dust suppression required depends on local 
environmental regulations.  All of the tanks are equipped with vertical agitators to keep the coal 
slurry solids suspended. 

The equipment in the coal grinding and slurry preparation system is fabricated of materials 
appropriate for the abrasive environment present in the system.  The tanks and agitators are 
rubber lined.  The pumps are either rubber-lined or hardened metal to minimize erosion.  Piping 
is fabricated of high-density polyethylene (HDPE). 

Gasification 
This plant utilizes two gasification trains to process a total of 5,050 tonnes/day (5,567 TPD) of 
Illinois No. 6 coal.  Each of the 2 x 50 percent gasifiers operate at maximum capacity.  The E-
Gas™ two-stage coal gasification technology features an oxygen-blown, entrained-flow, 
refractory-lined gasifier with continuous slag removal.  About 78 percent of the total slurry feed 
is fed to the first (or bottom) stage of the gasifier.  All oxygen for gasification is fed to this stage 
of the gasifier at a pressure of 4.2 MPa (615 psia).  This stage is best described as a horizontal 
cylinder with two horizontally opposed burners.  The highly exothermic gasification/oxidation 
reactions take place rapidly at temperatures of 1,316 to 1,427°C (2,400 to 2,600°F).  The hot raw 
gas from the first stage enters the second (top) stage, which is a vertical cylinder perpendicular to 
the first stage.  The remaining 22 percent of coal slurry is injected into this hot raw gas.  The 
endothermic gasification/devolatilization reaction in this stage reduces the final gas temperature 
to about 1,010°C (1,850°F).  Total slurry to both stages is shown as stream 6 in Exhibit 3-48. 
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Exhibit 3-48  Case 3 Process Flow Diagram, E-Gas™ IGCC without CO2 Capture 
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Exhibit 3-49  Case 3 Stream Table, E-Gas™ IGCC without CO2 Capture 
1 2 3 4 5 6A 7 8 9 10 11

V-L Mole Fraction            
Ar 0.0092 0.0262 0.0360 0.0024 0.0320 0.0000 0.0000 0.0080 0.0080 0.0092 0.0092
CH4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0400 0.0400 0.0457 0.0457

CO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.3851 0.3851 0.4403 0.4403
CO2 0.0003 0.0090 0.0000 0.0000 0.0000 0.0000 0.0000 0.1468 0.1473 0.1685 0.1685

COS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0005 0.0000 0.0000 0.0000
H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.2738 0.2738 0.3134 0.3134

H2O 0.0099 0.2756 0.0000 0.0004 0.0000 1.0000 0.0000 0.1251 0.1246 0.0018 0.0018

H2S 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0079 0.0084 0.0092 0.0092

N2 0.7732 0.4638 0.0140 0.9919 0.0180 0.0000 0.0000 0.0102 0.0102 0.0117 0.0117

NH3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0026 0.0026 0.0002 0.0002

O2 0.2074 0.2254 0.9500 0.0054 0.9500 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 41,839 1,917 242 40,619 10,830 13,452 0 55,289 55,289 48,292 38,633

V-L Flowrate (lb/hr) 1,207,360 51,005 7,811 1,139,740 348,539 242,145 0 1,196,610 1,196,610 1,070,040 856,032
Solids Flowrate (lb/hr) 0 0 0 0 0 412,305 47,201 0 0 0 0

Temperature (°F) 235 70 90 385 191 140 1,850 400 401 103 103
Pressure (psia) 190.0 16.4 125.0 460.0 740.0 850.0 850.0 554.7 544.7 504.7 494.7
Enthalpy (BTU/lb)B 55.7 26.8 12.5 88.0 34.4 --- 1,120 241.5 241.4 25.0 25.0
Density (lb/ft3) 0.735 0.104 0.683 1.424 3.412 --- --- 1.302 1.277 1.852 1.815
Molecular Weight 28.857 26.613 32.229 28.060 32.181 --- --- 21.643 21.643 22.158 22.158

A - Solids flowrate includes dry coal; V-L flowrate includes slurry water and water from coal
B - Reference conditions are 32.02 F & 0.089 PSIA  
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Exhibit 3-49  Case 3 Stream Table Continued 
12 13 14 15 16 17 18 19 20 21 22

V-L Mole Fraction            
Ar 0.0095 0.0088 0.0088 0.0000 0.0000 0.0059 0.0092 0.0094 0.0094 0.0088 0.0088
CH4 0.0471 0.0434 0.0434 0.0001 0.0000 0.0000 0.0383 0.0000 0.0000 0.0000 0.0000
CO 0.4544 0.4189 0.4189 0.0014 0.0000 0.0910 0.0003 0.0000 0.0000 0.0000 0.0000
CO2 0.1513 0.1395 0.1395 0.7034 0.0000 0.4812 0.8551 0.0003 0.0003 0.0822 0.0822

COS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0004 0.0000 0.0000 0.0000 0.0000 0.0000
H2 0.3235 0.2982 0.2982 0.0010 0.0000 0.0186 0.0097 0.0000 0.0000 0.0000 0.0000

H2O 0.0019 0.0798 0.0798 0.0000 0.0000 0.3490 0.0023 0.0108 0.0108 0.0718 0.0718

H2S 0.0000 0.0000 0.0000 0.2941 0.0000 0.0068 0.0140 0.0000 0.0000 0.0000 0.0000

N2 0.0120 0.0111 0.0111 0.0000 0.0000 0.0454 0.0710 0.7719 0.7719 0.7360 0.7360

NH3 0.0002 0.0002 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

O2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.2076 0.2076 0.1012 0.1012
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0017 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 37,428 40,600 40,600 1,205 0 1,596 1,021 243,395 12,038 298,016 298,016

V-L Flowrate (lb/hr) 806,593 863,729 863,729 49,439 0 50,953 42,010 7,021,820 347,293 8,678,000 8,678,000
Solids Flowrate (lb/hr) 0 0 0 0 11,591 0 0 0 0 0 0

Temperature (°F) 99 266 385 187 368 320 251 59 811 1,111 270
Pressure (psia) 494.2 484.2 479.2 30.0 24.9 24.9 804.1 14.7 234.9 15.2 15.2
Enthalpy (BTU/lb)B 24.2 153.9 197.6 33.3 -97.5 288.6 49.1 13.8 200.3 330.6 106.9
Density (lb/ft3) 1.776 1.324 1.125 0.177 --- 0.095 4.340 0.076 0.497 0.026 0.057
Molecular Weight 21.550 21.274 21.274 41.022 --- 31.929 41.154 28.849 28.849 29.119 29.119

B - Reference conditions are 32.02 F & 0.089 PSIA  
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The syngas produced by the CoP gasifier is higher in methane content than either the GEE or 
Shell gasifier.  The two stage design allows for improved cold gas efficiency and lower oxygen 
consumption, but the quenched second stage allows some CH4 to remain.  The syngas CH4 
concentration exiting the gasifier in Case 3 is 3.9 vol% (compared to 0.10 vol% in Case 1 [GEE] 
and 0.04 vol% in Case 5 [Shell]).  The relatively high CH4 concentration impacts CO2 capture 
efficiency as discussed further in Section 3.3.8. 

Raw Gas Cooling/Particulate Removal 

The 1,010°C (1,850°F) raw coal gas from the second stage of the gasifier is cooled to 371°C 
(700°F) in the waste heat recovery (synthesis gas cooler) unit, which consists of a fire-tube boiler 
and convective superheating and economizing sections.  Fire-tube boilers cost markedly less than 
comparable duty water-tube boilers.  This is because of the large savings in high-grade steel 
associated with containing the hot high-pressure synthesis gas in relatively small tubes. 

The coal ash is converted to molten slag, which flows down through a tap hole.  The molten slag 
is quenched in water and removed through a proprietary continuous-pressure letdown/dewatering 
system (stream 7).  Char is produced in the second gasifier stage and is recycled to the hotter first 
stage, to be gasified. 

The cooled gas from the SGC is cleaned of remaining particulate via a cyclone collector 
followed by a ceramic candle filter.  Recycled syngas is used as the pulse gas to clean the candle 
filters.  The recovered fines are pneumatically returned to the first stage of the gasifier.  The 
combination of recycled char and recycled particulate results in high overall carbon conversion 
(99.2 percent used in this study).   

Following particulate removal, additional heat is removed from the syngas to provide syngas re-
heat prior to the COS reactor and to generate steam for the LP steam header.  In this manner the 
syngas is cooled to 166°C (330°F) prior to the syngas scrubber. 

Syngas Scrubber/Sour Water Stripper 
Syngas exiting the second of the two low temperature heat exchangers passes to a syngas 
scrubber where a water wash is used to remove chlorides and particulate.  The syngas exits the 
scrubber saturated at 152°C (305°F). 

The sour water stripper removes NH3, SO2, and other impurities from the scrubber and other 
waste streams.  The stripper consists of a sour drum that accumulates sour water from the gas 
scrubber and condensate from synthesis gas coolers.  Sour water from the drum flows to the sour 
stripper, which consists of a packed column with a steam-heated reboiler.  Sour gas is stripped 
from the liquid and sent to the sulfur recovery unit.  Remaining water is sent to wastewater 
treatment. 

COS Hydryolysis, Mercury Removal and Acid Gas Removal 
Syngas exiting the scrubber is reheated to 400°F and enters a COS hydrolysis reactor (stream 8). 
About 99.5 percent of the COS is converted to CO2 and H2O (Section 3.1.5).  The gas exiting the 
COS reactor (stream 9) passes through a series of heat exchangers and knockout drums to lower 
the syngas temperature to 39°C (103°F) and to separate entrained water.  The cooled syngas 
(stream 10) then passes through a carbon bed to remove 95 percent of the Hg (Section 3.1.4). 
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Cool, particulate-free synthesis gas (stream 11) enters the absorber unit at approximately 
3.4 MPa (495 psia) and 39°C (103°F).  In the absorber, H2S is preferentially removed from the 
fuel gas stream by contact with MDEA.  The absorber column is operated at 27°C (80°F) by 
refrigerating the lean MDEA solvent.  The lower temperature is required to achieve an outlet H2S 
concentration of less than 30 ppmv in the sweet syngas.  The stripper acid gas stream (stream 
15), consisting of 29 percent H2S and 70 percent CO2, is sent to the Claus unit.  The acid gas is 
combined with the sour water stripper off gas and introduced into the Claus plant burner section. 

Claus Unit 
Acid gas from the MDEA unit is preheated to 232°C (450°F).  A portion of the acid gas along 
with all of the sour gas from the stripper and oxygen from the ASU are fed to the Claus furnace.  
In the furnace, H2S is catalytically oxidized to SO2 at a furnace temperature of 1,316°C 
(2,400°F), which must be maintained in order to thermally decompose all of the NH3 present in 
the sour gas stream. 

Following the thermal stage and condensation of sulfur, two reheaters and two sulfur converters 
are used to obtain a per-pass H2S conversion of approximately 99.5 percent.  The Claus Plant tail 
gas is hydrogenated and recycled back to the gasifier (stream 18).  In the furnace waste heat 
boiler, 14,710 kg/h (32,430 lb/h) of 4.0 MPa (575 psia) steam is generated.  This steam is used to 
satisfy all Claus process preheating and reheating requirements as well as to provide some steam 
to the medium-pressure steam header.  The sulfur condensers produce 0.34 MPa (50 psig) steam 
for the low-pressure steam header. 

A flow rate of 5,258 kg/h (11,591 lb/h) of elemental sulfur (stream 16) is recovered from the fuel 
gas stream.  This value represents an overall sulfur recovery efficiency of 99.5 percent. 

Power Block 
Clean syngas exiting the MDEA absorber (stream 12) is partially humidified (stream 13) because 
there is not sufficient nitrogen from the ASU to provide the level of dilution required to reach the 
target syngas heating value.  The moisturized syngas stream is reheated (stream 14), further 
diluted with nitrogen from the ASU (stream 4) and enters the advanced F Class combustion 
turbine (CT) burner.  The CT compressor provides combustion air to the burner and also 22 
percent of the total ASU air requirement (stream 20).  The exhaust gas exits the CT at 599°C 
(1,111°F) (stream 21) and enters the HRSG where additional heat is recovered until the flue gas 
exits the HRSG at 132°C (270°F) (stream 22) and is discharged through the plant stack.  The 
steam raised in the HRSG is used to power an advanced, commercially available steam turbine 
using a 12.4 MPa/566°C/566°C (1800 psig/1050°F/1050°F) steam cycle. 

Air Separation Unit (ASU) 
The elevated pressure ASU was described in Section 3.1.2.  In Case 3 the ASU is designed to 
produce a nominal output of 3,880 tonnes/day (4,275 TPD) of 95 mole percent O2 for use in the 
gasifier (stream 5) and Claus plant (stream 3).  The plant is designed with two production trains.  
The air compressor is powered by an electric motor.  Approximately 12,410 tonnes/day 
(13,680 TPD) of nitrogen are also recovered, compressed, and used as dilution in the gas turbine 
combustor (stream 4).  About 4.9 percent of the gas turbine air is used to supply approximately 
22 percent of the ASU air requirements (stream 20). 
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Balance of Plant 
Balance of plant items were covered in Sections 3.1.9, 3.1.10 and 3.1.11. 

3.3.3 KEY SYSTEM ASSUMPTIONS 
System assumptions for Cases 3 and 4, CoP IGCC with and without CO2 capture, are compiled 
in Exhibit 3-50. 

Balance of Plant – Cases 3 and 4 
The balance of plant assumptions are common to all cases and were presented previously in 
Exhibit 3-17. 

3.3.4 SPARING PHILOSOPHY 
The sparing philosophy for Cases 3 and 4 is provided below.  Single trains are utilized 
throughout with exceptions where equipment capacity requires an additional train.  There is no 
redundancy other than normal sparing of rotating equipment. 

The plant design consists of the following major subsystems: 

• Two air separation units (2 x 50%) 

• Two trains of slurry preparation and slurry pumps (2 x 50%) 

• Two trains of gasification, including gasifier, synthesis gas cooler, cyclone, and barrier 
filter (2 x 50%).  

• Two trains of syngas clean-up process (2 x 50%). 

• Two trains of refrigerated MDEA acid gas gas removal in Case 3 and two-stage Selexol 
in Case 4 (2 x 50%), 

• One train of Claus-based sulfur recovery (1 x 100%).   

• Two combustion turbine/HRSG tandems (2 x 50%). 

• One steam turbine (1 x 100%). 
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Exhibit 3-50  CoP IGCC Plant Study Configuration Matrix 

Case 3 4 

Gasifier Pressure, MPa (psia) 4.2 (615) 4.2 (615) 
O2:Coal Ratio, kg O2/kg dry coal 0.85 0.85 
Carbon Conversion, % 99.2 99.2 
Syngas HHV at MDEA Outlet, 
kJ/Nm3 (Btu/scf) 11,131 (299) 12,918 (347) 

Steam Cycle, MPa/°C/°C 
(psig/°F/°F) 

12.4/566/566 
(1800/1050/1050) 

12.4/538/538 
(1800/1000/1000) 

Condenser Pressure, mm Hg  
(in Hg) 51 (2.0) 51 (2.0) 

Combustion Turbine  2x Advanced F Class 
(232 MW output each) 

2x Advanced F Class 
(232 MW output each) 

Gasifier Technology CoP E-Gas™ CoP E-Gas™ 
Oxidant 95 vol% Oxygen 95 vol% Oxygen 
Coal Illinois No. 6 Illinois No. 6 
Coal Slurry Solids Conent, % 63 63 
COS Hydrolysis Yes Occurs in SGS 
Sour Gas Shift No Yes 
H2S Separation Refrigerated MDEA Selexol 1st Stage 
Sulfur Removal, % 99.5 99.7 

Sulfur Recovery 
Claus Plant with Tail Gas 

Recycle to Gasifier/ 
Elemental Sulfur 

Claus Plant with Tail Gas 
Recycle to Gasifier/ 

Elemental Sulfur 

Particulate Control 
Cyclone, Candle Filter, 

Scrubber, and AGR 
Absorber 

Cyclone, Candle Filter, 
Scrubber, and AGR 

Absorber 
Mercury Control Carbon Bed Carbon Bed 

NOx Control 
MNQC (LNB), N2 

Dilution and 
Humidification 

MNQC (LNB), N2 Dilution 
and Humidification 

CO2 Separation N/A Selexol 2nd Stage 
CO2 Capture N/A 88.4%  from Syngas 
CO2 Sequestration N/A Off-site Saline Formation 
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3.3.5 CASE 3 PERFORMANCE RESULTS 
The plant produces a net output of 623 MWe at a net plant efficiency of 39.3 percent (HHV 
basis).  CoP recently reported the same efficiency for their gasifier using Illinois No. 6 coal and 
an amine based AGR. [49]   

Overall performance for the entire plant is summarized in Exhibit 3-51 which includes auxiliary 
power requirements.  The ASU accounts for over 76 percent of the total auxiliary load 
distributed between the main air compressor, the oxygen compressor, the nitrogen compressor, 
and ASU auxiliaries.  The cooling water system, including the circulating water pumps and 
cooling tower fan, accounts for over 4 percent of the auxiliary load, and the BFW pumps account 
for an additional 3.6 percent.  All other individual auxiliary loads are less than 3 percent of the 
total. 
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Exhibit 3-51  Case 3 Plant Performance Summary 

POWER SUMMARY (Gross Power at Generator Terminals, kWe) 
Gas Turbine Power 464,030 
Steam Turbine Power 278,480 

TOTAL POWER, kWe 742,510 
AUXILIARY LOAD SUMMARY, kWe  

Coal Handling 440 
Coal Milling 2,160 
Coal Slurry Pumps 570 
Slag Handling and Dewatering 1,110 
Air Separation Unit Auxiliaries 1,000 
Air Separation Unit Main Air Compressor 47,130 
Oxygen Compressor 8,240 
Nitrogen Compressor 34,680 
Syngas Recycle Blower 2,130 
Tail Gas Recycle Blower 1,760 
Boiler Feedwater Pumps 4,280 
Condensate Pump 220 
Flash Bottoms Pump 200 
Circulating Water Pumps 3,350 
Cooling Tower Fans 1,730 
Scrubber Pumps 70 
SS Amine Unit Auxiliaries 3,230 
Gas Turbine Auxiliaries 1,000 
Steam Turbine Auxiliaries 100 
Claus Plant/TGTU Auxiliaries 200 
Miscellaneous Balance of Plant (Note 1) 3,000 
Transformer Loss 2,540 

TOTAL AUXILIARIES, kWe 119,140 
NET POWER, kWe 623,370 

Net Plant Efficiency, % (HHV) 39.3 
Net Plant Heat Rate (Btu/kWh) 8,681 

CONDENSER COOLING DUTY 106 kJ/h (106 Btu/h) 1,468 (1,393) 
CONSUMABLES  

As-Received Coal Feed, kg/h (lb/h) 210,417 (463,889) 
Thermal Input, kWt 1,586,023 
Raw Water Usage, m3/min (gpm) 14.2 (3,757) 

Note 1: Includes plant control systems, lighting, HVAC and miscellaneous low voltage loads 



Cost and Performance Comparison of Fossil Energy Power Plants  

 169  

Environmental Performance 
The environmental targets for emissions of Hg, NOx, SO2 and particulate matter were presented 
in Section 2.4.  A summary of the plant air emissions for Case 3 is presented in Exhibit 3-52.   

Exhibit 3-52  Case 3 Air Emissions 

 kg/GJ 
(lb/106 Btu) 

Tonne/year 
(ton/year)  

80% capacity factor 

kg/MWh 
(lb/MWh) 

SO2 0.0054 (0.0125) 215 (237) 0.041 (0.091) 
NOX 0.026 (0.059) 1,021 (1,126) 0.196 (0.433) 
Particulates 0.003 (0.0071) 122 (135) 0.023 (0.052) 

Hg 0.25x10-6 
(0.57x10-6) 0.010 (0.011) 1.9x10-6  

(4.2x10-6) 

CO2 85.7 (199) 3,427,000 (3,778,000) 659 (1,452) 

CO2
1   785 (1,730) 

1 CO2 emissions based on net power instead of gross power 

The low level of SO2 in the plant emissions is achieved by capture of the sulfur in the gas by the 
refrigerated Coastal SS Amine AGR process.  The AGR process removes over 99 percent of the 
sulfur compounds in the fuel gas down to a level of less than 30 ppmv.  This results in a 
concentration in the flue gas of less than 4 ppmv.  The H2S-rich regeneration gas from the AGR 
system is fed to a Claus plant, producing elemental sulfur.  The Claus plant tail gas is 
hydrogenated to convert all sulfur species to H2S and then recycled back to the gasifier, thereby 
eliminating the need for a tail gas treatment unit. 

NOX emissions are limited by the use of nitrogen dilution (primarily) and humidification (to a 
lesser extent) to 15 ppmvd (as NO2 @ 15 percent O2).  Ammonia in the syngas is removed with 
process condensate prior to the low-temperature AGR process and destroyed in the Claus plant 
burner.  This helps lower NOX levels as well. 

Particulate discharge to the atmosphere is limited to extremely low values by the use of a cyclone 
and a barrier filter in addition to the syngas scrubber and the gas washing effect of the AGR 
absorber.  The particulate emissions represent filterable particulate only. 

Ninety five percent of the mercury is captured from the syngas by an activated carbon bed.  CO2 
emissions represent the uncontrolled discharge from the process. 

The carbon balance for the plant is shown in Exhibit 3-53. The carbon input to the plant consists 
of carbon in the air in addition to carbon in the coal.  Carbon in the air is not neglected here since 
the Aspen model accounts for air components throughout.  Carbon leaves the plant as unburned 
carbon in the slag, as dissolved CO2 in the wastewater blowdown stream, and CO2 in the stack 
gas and ASU vent gas.  Carbon in the wastewater blowdown stream is calculated by difference to 
close the material balance.   
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Exhibit 3-53  Case 3 Carbon Balance 

Carbon In, kg/hr (lb/hr) Carbon Out, kg/hr (lb/hr) 
Coal 134,141 (295,729) Slag 1,006 (2,218) 
Air (CO2) 465 (1,026) Stack Gas 133,374 (294,039) 
  ASU Vent 94 (207) 
  Wastewater 132 (291) 
Total 134,606 (296,755) Total 134,606 (296,755) 

 

Exhibit 3-54 shows the sulfur balance for the plant.  Sulfur input comes solely from the sulfur in 
the coal.  Sulfur output includes the sulfur recovered in the Claus plant, dissolved SO2 in the 
wastewater blowdown stream, and sulfur emitted in the stack gas.  Sulfur in the slag is 
considered to be negligible, and the sulfur content of the blowdown stream is calculated by 
difference to close the material balance.  The total sulfur capture is represented by the following 
fraction: 

(Sulfur byproduct/Sulfur in the coal) or 
(11,591/11,644) or 

99.5 percent 

Exhibit 3-54  Case 3 Sulfur Balance 

Sulfur In, kg/hr (lb/hr) Sulfur Out, kg/hr (lb/hr) 
Coal 5,281 (11,644) Elemental Sulfur 5,257 (11,591) 
  Stack Gas 15 (34) 
  Wastewater 9 (19) 
Total 5,281 (11,644) Total 5,281 (11,644) 

 

Exhibit 3-55 shows the overall water balance for the plant.  Raw water is obtained from 
groundwater (50 percent) and from municipal sources (50 percent).  Water demand represents 
the total amount of water required for a particular process.  Some water is recovered within the 
process, primarily as syngas condensate, and that water is re-used as internal recycle.  Raw water 
makeup is the difference between water demand and internal recycle. 
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Exhibit 3-55  Case 3 Water Balance 

Water Use Water Demand, 
m3/min (gpm) 

Internal Recycle, 
m3/min (gpm) 

Raw Water Makeup, 
m3/min (gpm) 

Slurry 1.4 (381) 1.1 (292) 0.3 (89) 

Slag Handling 0.5 (123) 0 0.5 (123) 

Syngas Humidifier 0.5 (133) 0 0.5 (133) 

BFW Makeup 0.2 (40) 0 0.2 (40) 

Cooling Tower 
Makeup 13.0 (3,442) 0.3 (70) 12.7 (3,372) 

Total 15.6 (4,119) 1.4 (362) 14.2 (3,757) 

 

Heat and Mass Balance Diagrams 
Heat and mass balance diagrams are shown for the following subsystems in Exhibit 3-56 through 
Exhibit 3-60: 

• Coal gasification and air separation unit 

• Syngas cleanup 

• Sulfur recovery and tail gas recycle 

• Combined cycle power generation 

• Steam and feedwater 

An overall plant energy balance is provided in tabular form in Exhibit 3-61.  The power out is 
the combined combustion turbine and steam turbine power prior to generator losses.  The power 
at the generator terminals (shown in Exhibit 3-51) is calculated by multiplying the power out by 
a combined generator efficiency of 98.3 percent. 
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Exhibit 3-56  Case 3 Coal Gasification and Air Separation Unit Heat and Mass Balance Schematic 
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Exhibit 3-57  Case 3 Syngas Cleanup Heat and Mass Balance Schematic 
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Exhibit 3-58  Case 3 Sulfur Recovery and Tail Gas Recycle Heat and Mass Balance Schematic 
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Exhibit 3-59  Case 3 Combined Cycle Power Generation Heat and Mass Balance Schematic 
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Exhibit 3-60  Case 3 Steam and Feedwater Heat and Mass Balance Schematic 
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Exhibit 3-61  Case 3 Overall Energy Balance (0°C [32°F] Reference) 

 HHV Sensible + Latent Power Total 

Heat In (MMBtu/hr) 
Coal 5,411.7 4.5  5,416.2 
ASU Air  15.9  15.9 
CT Air  96.7  96.7 
Water  4.3  4.3 
Auxiliary Power   406.5 406.5 
Totals 5,411.7 121.3 406.5 5,939.6 
Heat Out (MMBtu/hr) 
ASU Intercoolers  203.0  203.0 
ASU Vent  1.4  1.4 
Slag 31.3 21.6  52.9 
Sulfur 46.2 (1.1)  45.0 
Tail Gas Compressor 
Intercoolers  6.3  6.3 

HRSG Flue Gas  928.0  928.0 
Condenser  1,393.0  1,393.0 
Process Losses  732.1  732.1 
Power   2,577.9 2,577.9 
Totals 77.5 3,284.2 2,577.9 5,939.6 

(1) Process Losses are calculated by difference and reflect various gasification, turbine, 
HRSG and other heat and work losses.  Aspen flowsheet balance is within 0.5 percent. 
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3.3.6 CASE 3 - MAJOR EQUIPMENT LIST 
Major equipment items for the CoP gasifier with no CO2 capture are shown in the following 
tables.  The accounts used in the equipment list correspond to the account numbers used in the 
cost estimates in Section 3.3.7.  In general, the design conditions include a 10 percent 
contingency for flows and heat duties and a 21 percent contingency for heads on pumps and fans. 

ACCOUNT 1 COAL HANDLING 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Bottom Trestle Dumper and 
Receiving Hoppers N/A 2 0

2 Feeder Belt 2 0

3 Conveyor No. 1 Belt 1 0

4 Transfer Tower No. 1 Enclosed 1 0

5 Conveyor No. 2 Belt 1 0

6 As-Received Coal Sampling 
System Two-stage 1 0

7 Stacker/Reclaimer Traveling, linear 1 0

8 Reclaim Hopper N/A 2 1

9 Feeder Vibratory 2 1

10 Conveyor No. 3 Belt w/ tripper 1 0

11 Crusher Tower N/A 1 0

12 Coal Surge Bin w/ Vent Filter Dual outlet 2 0

13 Crusher Impactor 
reduction 2 0

14 As-Fired Coal Sampling 
System Swing hammer 1 1

15 Conveyor No. 4 Belt w/tripper 1 0

16 Transfer Tower No. 2 Enclosed 1 0

17 Conveyor No. 5 Belt w/ tripper 1 0

18 Coal Silo w/ Vent Filter and 
Slide Gates Field erected 3 0

N/A

345 tonne/h  (380 tph)

Design Condition

181 tonne  (200 ton)

N/A

1,134 tonne/h  (1,250 tph)

N/A

1,134 tonne/h  (1,250 tph)

572 tonne/h  (630 tph)

1,134 tonne/h  (1,250 tph)

45 tonne  (50 ton)

172 tonne/h  (190 tph)

8 cm x 0 - 3 cm x 0
(3" x 0 - 1-1/4" x 0)

345 tonne/h  (380 tph)

172 tonne  (190 ton)

N/A

N/A

345 tonne/h  (380 tph)

816 tonne  (900 ton)
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ACCOUNT 2 COAL PREPARATION AND FEED 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Feeder Vibratory 3 0

2 Conveyor No. 6 Belt w/tripper 1 0

3 Rod Mill Feed Hopper Dual Outlet 1 0

4 Weigh Feeder Belt 2 0

5 Rod Mill Rotary 2 0

6 Slurry Water Storage Tank 
with Agitator Field erected 2 0

7 Slurry Water Pumps Centrifugal 2 2

10 Trommel Screen Coarse 2 0

11 Rod Mill Discharge Tank with 
Agitator Field erected 2 0

12 Rod Mill Product Pumps Centrifugal 2 2

13 Slurry Storage Tank with 
Agitator Field erected 2 0

14 Slurry Recycle Pumps Centrifugal 2 2

15 Slurry Product Pumps Positive 
displacement 2 2

Design Condition

82 tonne/h  (90 tph)

236 tonne/h  (260 tph)

463 tonne  (510 ton)

118 tonne/h  (130 tph)

303,592 liters  (80,200 gal)

2,536 lpm  (670 gpm)

795 lpm  (210 gpm)

118 tonne/h  (130 tph)

283,908 liters  (75,000 gal)

163 tonne/h  (180 tph)

2,536 lpm  (670 gpm)

5,072 lpm  (1,340 gpm)

908,506 liters  (240,000 gal)
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ACCOUNT 3 FEEDWATER AND MISCELLANEOUS SYSTEMS AND 
EQUIPMENT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Demineralized Water 
Storage Tank

Vertical, cylindrical, 
outdoor 2 0

2 Condensate Pumps Vertical canned 2 1

3 Deaerator (integral w/ 
HRSG) Horizontal spray type 2 0

4 Intermediate Pressure 
Feedwater Pump

Horizontal centrifugal, 
single stage 2 1

6 High Pressure 
Feedwater Pump No. 2

Barrel type, multi-
stage, centrifugal 2 1

7 Auxiliary Boiler Shop fabricated, water 
tube 1 0

8 Service Air 
Compressors Flooded Screw 2 1

9 Instrument Air Dryers Duplex, regenerative 2 1

10 Closed Cylce Cooling 
Heat Exchangers Plate and frame 2 0

11 Closed Cycle Cooling 
Water Pumps Horizontal centrifugal 2 1

12 Engine-Driven Fire 
Pump

Vertical turbine, diesel 
engine 1 1

13 Fire Service Booster 
Pump

Two-stage horizontal 
centrifugal 1 1

14 Raw Water Pumps Stainless steel, single 
suction 2 1

15 Filtered Water Pumps Stainless steel, single 
suction 2 1

16 Filtered Water Tank Vertical, cylindrical 2 0

17 Makeup Water 
Demineralizer

Anion, cation, and 
mixed bed 2 0

18 Liquid Waste Treatment 
System 1 0

2 15 High Pressure 
Feedwater Pump No. 1

Barrel type, multi-
stage, centrifugal

715,448 liter (189,000 gal)

151 lpm (40 gpm)

10 years, 24-hour storm

1,476 lpm @ 49 m H2O
(390 gpm @ 160 ft H2O)

28 m3/min (1,000 scfm)

58 MMkJ/h  (55 MMBtu/h) each

20,820 lpm @ 21 m H2O
(5,500 gpm @ 70 ft H2O)

3,785 lpm @ 107 m H2O
(1,000 gpm @ 350 ft H2O)

2,650 lpm @ 76 m H2O
(700 gpm @ 250 ft H2O)

7,912 lpm @ 18 m H2O
(2,090 gpm @ 60 ft H2O)

1,325 lpm @ 283 m H2O
(350 gpm @ 930 ft H2O)

18,144 kg/h, 2.8 MPa, 343°C
(40,000 lb/h, 400 psig, 650°F)

28 m3/min @ 0.7 MPa
(1,000 scfm @ 100 psig)

Design Condition

1,101,563 liters (291,000 gal)

6,132 lpm @ 91 m H2O
(1,620 gpm @ 300 ft H2O)

463,118 kg/h (1,021,000 lb/h)

IP water: 909 lpm @ 390 m H2O 
(240 gpm @ 1,280 ft H2O)

HP water: 6,511 lpm @ 1,890 m 
H2O  (1,720 gpm @ 6,200 ft 

H2O)
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ACCOUNT 4 GASIFIER, ASU AND ACCESSORIES INCLUDING LOW 
TEMPERATURE HEAT RECOVERY AND FUEL GAS SATURATION 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Gasifier
Pressurized two-stage, 
slurry-feed entrained 
bed

2 0

2 Synthesis Gas Cooler Fire-tube boiler 2 0

3 Synthesis Gas Cyclone High efficiency 2 0

4 Candle Filter Pressurized filter with 
pulse-jet cleaning 2 0

5
Syngas Scrubber 
Including Sour Water 
Stripper

Vertical upflow 2 0

6 Raw Gas Coolers Shell and tube with 
condensate drain 6 0

7 Raw Gas Knockout 
Drum

Vertical with mist 
eliminator 2 0

8 Saturation Water 
Economizers Shell and tube 2 0

9 Fuel Gas Saturator Vertical tray tower 2 0

10 Saturator Water Pump Centrifugal 2 2

11 Synthesis Gas Reheater Shell and tube 2 0

12 Flare Stack
Self-supporting, carbon 
steel, stainless steel 
top, pilot ignition

2 0

13 ASU Main Air 
Compressor

Centrifugal, multi-
stage 2 0

14 Cold Box Vendor design 2 0

15 Oxygen Compressor Centrifugal, multi-
stage 2 0

16 Nitrogen Compressor Centrifugal, multi-
stage 2 0

17 Nitrogen Boost 
Compressor

Centrifugal, multi-
stage 2 0

18 Extraction Air Heat 
Exchanger

Gas-to-gas, vendor 
design 2 0

metallic filters

298,464 kg/h  (658,000 lb/h)

275,784 kg/h  (608,000 lb/h)

266,259 kg/h, 39°C, 3.6 MPa
(587,000 lb/h, 103°F, 515 psia)

Design Condition

2,812 tonne/day, 4.2 MPa
(3,100 tpd, 615 psia)

304,361 kg/h  (671,000 lb/h)

291,660 kg/h  (643,000 lb/h)  
Design efficiency 90%

275,784 kg/h  (608,000 lb/h)

201,395 kg/h, 130°C, 3.3 MPa
(444,000 lb/h, 266°F, 484 psia)

4,543 lpm @ 201 m H2O
(1,200 gpm @ 660 ft H2O)

215,457 kg/h  (475,000 lb/h)

481 m3/min @ 2.3 MPa
(17,000 scfm @ 340 psia)

86,636 kg/h, 433°C, 1.6 MPa
(191,000 lb/h, 811°F, 235 psia)

298,464 kg/h  (658,000 lb/h) 
syngas

4,134 m3/min @ 1.3 MPa
(146,000 scfm @ 190 psia)

2,177 tonne/day  (2,400 tpd)
of 95% purity oxygen

1,076 m3/min @ 5.1 MPa
(38,000 scfm @ 740 psia)

3,540 m3/min @ 3.4 MPa
(125,000 scfm @ 490 psia)
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ACCOUNT 5 SYNGAS CLEANUP 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Mercury Adsorber Sulfated carbon 
bed 2 0

2 Sulfur Plant Claus type 1 0

3 COS Hydrolysis Reactor Fixed bed, 
catalytic 2 0

4 Acid Gas Removal Plant MDEA 2 0

5 Hydrogenation Reactor Fixed bed, 
catalytic 1 0

6 Tail Gas Recycle 
Compressor Centrifugal 1 0

Design Condition

234,054 kg/h  (516,000 lb/h)
39°C (103°F)  3.4 MPa (495 psia)

139 tonne/day  (153 tpd)

298,464 kg/h  (658,000 lb/h) 204°C 
(400°F) 3.8 MPa (555 psia)

21,772 kg/h @ 6.6 MPa
(48,000 lb/h @ 950 psia)

213,642 kg/h  (471,000 lb/h)
39°C (103°F)  3.3 MPa (485 psia)

25,401 kg/h  (56,000 lb/h)
232°C (450°F)  0.2 MPa (25 psia)

 
 

ACCOUNT 6 COMBUSTION TURBINE AND AUXILIARIES 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Gas Turbine Advanced F class 2 0

2 Gas Turbine Generator TEWAC 2 0

Design Condition

232 MW 

260 MVA @ 0.9 p.f., 24 kV, 60 
Hz, 3-phase  

 

ACCOUNT 7 HRSG, STACK AND DUCTING  

Equipment 
No. Description Type Operating 

Qty. Spares

1 Stack CS plate, type 409SS 
liner 1 0

2 02 Heat Recovery 
Steam Generator

Drum, multi-pressure 
with economizer 
section and integral 
deaerator

  Reheat steam - 361,875 kg/h, 
2.9 MPa/566°C  (797,796 lb/h, 

420 psig/1,050°F)

Design Condition

76 m (250 ft) high x
8.3 m (27 ft) diameter

Main steam - 368,554 kg/h, 12.4 
MPa/566°C  (812,522 lb/h, 1,800 

psig/1,050°F)
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ACCOUNT 8 STEAM TURBINE GENERATOR AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Steam Turbine
Commercially 
available advanced 
steam turbine

1 0

2 Steam Turbine Generator Hydrogen cooled, 
static excitiation 1 0

3 Steam Bypass One per HRSG 2 0

4 Surface Condenser
Single pass, divided 
waterbox including 
vacuum pumps

1 0

293 MW               
12.4 MPa/566°C/566°C 

(1800 psig/ 
1050°F/1050°F)

1,613 MMkJ/h (1,530 
MMBtu/h), Inlet water 

temperature 16°C (60°F), 
Water temperature rise 

11°C (20°F)

330 MVA @ 0.9 p.f.,   24 
kV, 60 Hz, 3-phase

50% steam flow @ design 
steam conditions

Design Condition

 
 

ACCOUNT 9 COOLING WATER SYSTEM 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Circulating 
Water Pumps Vertical, wet pit 2 1

2 Cooling Tower
Evaporative, 
mechanical draft, multi-
cell

1 0

Design Condition

336,904 lpm @ 30 m
(89,000 gpm @ 100 ft)

11°C  (51.5°F) wet bulb / 16°C  
(60°F) CWT / 27°C  (80°F) HWT, 
1,876 MMkJ/h  (1,780 MMBtu/h) 

heat duty  
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ACCOUNT 10 SLAG RECOVERY AND HANDLING 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Slag Quench Tank Water bath 2 0

2 Slag Crusher Roll 2 0

3 Slag Depressurizer Proprietary 2 0

4 Slag Receiving Tank Horizontal, weir 2 0

5 Black Water Overflow Tank Shop fabricated 2

6 Slag Conveyor Drag chain 2 0

7 Slag Separation Screen Vibrating 2 0

8 Coarse Slag Conveyor Belt/bucket 2 0

9 Fine Ash Settling Tank Vertical, gravity 2 0

10 Fine Ash Recycle Pumps Horizontal 
centrifugal 2 2

11 Grey Water Storage Tank Field erected 2 0

12 Grey Water Pumps Centrifugal 2 2

13 Grey Water Recycle Heat 
Exchanger Shell and tube 2 0

14 Slag Storage Bin Vertical, field 
erected 2 0

15 Unloading Equipment Telescoping chute 1 0

Design Condition

223,341 liters  (59,000 gal)

12 tonne/h  (13 tph)

12 tonne/h  (13 tph)

147,632 liters  (39,000 gal)

12 tonne/h  (13 tph)

12 tonne/h  (13 tph)

12 tonne/h  (13 tph)

68,138 liters  (18,000 gal)

219,556 liters  (58,000 gal)

38 lpm @ 14 m H2O
(10 gpm @ 46 ft H2O)

816 tonne  (900 tons)

100 tonne/h  (110 tph)

71,923 liters  (19,000 gal)

265 lpm @ 433 m H2O
(70 gpm @ 1,420 ft H2O)

15,876 kg/h  (35,000 lb/h)
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ACCOUNT 11 ACCESSORY ELECTRIC PLANT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 CTG Transformer Oil-filled 2 0

3 Auxiliary 
Transformer Oil-filled 1 1

4 Low Voltage 
Transformer Dry ventilated 1 1

5
CTG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 2 0

6
STG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 1 0

7 Medium Voltage 
Switchgear Metal clad 1 1

8 Low Voltage 
Switchgear Metal enclosed 1 1

9 Emergency Diesel 
Generator

Sized for emergency 
shutdown 1 0750 kW, 480 V, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

4.16 kV, 3-ph, 60 Hz

480 V, 3-ph, 60 Hz

1 0

24 kV/4.16 kV, 130 MVA,     
3-ph, 60 Hz

4.16 kV/480 V, 19 MVA,      
3-ph, 60 Hz

Design Condition

24 kV/345 kV, 260 MVA,      
3-ph, 60 Hz

2 STG Transformer Oil-filled 24 kV/345 kV, 190 MVA,      
3-ph, 60 Hz

 
 

ACCOUNT 12 INSTRUMENTATION AND CONTROLS 
Equipment 

No. Description Type Operating 
Qty. Spares

1 DCS - Main 
Control

Monitor/keyboard; 
Operator printer (laser 
color); Engineering 
printer (laser B&W)

1 0

3 DCS - Data 
Highway Fiber optic 1 0

Design Condition

Operator stations/printers and 
engineering stations/printers

2 DCS - Processor
Microprocessor with 
redundant 
input/output

N/A 1 0

Fully redundant, 25% spare
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3.3.7 CASE 3 - COSTS ESTIMATING RESULTS 
The cost estimating methodology was described previously in Section 2.6.  Exhibit 3-62 shows 
the total plant capital cost summary organized by cost account and Exhibit 3-63 shows a more 
detailed breakdown of the capital costs.  Exhibit 3-64 shows the initial and annual O&M costs. 

The estimated TPC of the CoP gasifier with no CO2 capture is $1,733/kW.  Process contingency 
represents 2.5 percent of the TPC and project contingency is 13.3 percent.  The 20-year LCOE is 
75.3 mills/kWh. 
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Exhibit 3-62  Case 3 Total Plant Cost Summary 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 03 - ConocoPhillips IGCC w/o CO2
Plant Size: 623.4 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING $13,060 $2,435 $10,233 $0 $0 $25,728 $2,088 $0 $5,563 $33,379 $54

 2 COAL & SORBENT PREP & FEED $22,211 $4,065 $13,559 $0 $0 $39,835 $3,200 $0 $8,607 $51,642 $83

 3 FEEDWATER & MISC. BOP SYSTEMS $9,148 $7,886 $8,644 $0 $0 $25,678 $2,149 $0 $6,278 $34,105 $55

 4 GASIFIER & ACCESSORIES
4.1 Gasifier, Syngas Cooler & Auxiliaries $90,425 $0 $55,527 $0 $0 $145,952 $11,971 $21,893 $26,972 $206,789 $332
4.2 Syngas Cooling (w/4.1) w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $137,711 $0 w/equip. $0 $0 $137,711 $11,743 $0 $14,945 $164,399 $264

4.4-4.9 Other Gasification Equipment $18,487 $8,580 $11,695 $0 $0 $38,763 $3,285 $0 $9,043 $51,091 $82
SUBTOTAL  4 $246,624 $8,580 $67,222 $0 $0 $322,427 $26,999 $21,893 $50,961 $422,279 $677

 5A Gas Cleanup & Piping $50,895 $4,805 $38,080 $0 $0 $93,780 $8,032 $104 $20,588 $122,504 $197

 5B CO2 REMOVAL & COMPRESSION $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator $82,000 $0 $5,071 $0 $0 $87,071 $7,338 $4,354 $9,876 $108,639 $174

6.2-6.9 Combustion Turbine Other $0 $684 $762 $0 $0 $1,446 $121 $0 $470 $2,037 $3
SUBTOTAL  6 $82,000 $684 $5,833 $0 $0 $88,517 $7,459 $4,354 $10,346 $110,676 $178

 7 HRSG, DUCTING & STACK
7.1 Heat Recovery Steam Generator $33,926 $0 $4,828 $0 $0 $38,754 $3,277 $0 $4,203 $46,234 $74

7.2-7.9 Ductwork and Stack $3,123 $2,198 $2,918 $0 $0 $8,239 $682 $0 $1,450 $10,371 $17
SUBTOTAL  7 $37,049 $2,198 $7,745 $0 $0 $46,992 $3,959 $0 $5,653 $56,604 $91

 8 STEAM TURBINE GENERATOR 
8.1 Steam TG & Accessories $28,109 $0 $4,930 $0 $0 $33,039 $2,837 $0 $3,588 $39,463 $63

8.2-8.9 Turbine Plant Auxiliaries and Steam Piping $10,092 $953 $7,185 $0 $0 $18,229 $1,473 $0 $3,969 $23,671 $38
SUBTOTAL  8 $38,201 $953 $12,115 $0 $0 $51,268 $4,310 $0 $7,556 $63,135 $101

 9 COOLING WATER SYSTEM $6,760 $7,303 $6,124 $0 $0 $20,187 $1,661 $0 $4,492 $26,340 $42

10 ASH/SPENT SORBENT HANDLING SYS $18,173 $1,373 $9,021 $0 $0 $28,568 $2,437 $0 $3,382 $34,386 $55

11 ACCESSORY ELECTRIC PLANT $22,608 $9,796 $19,825 $0 $0 $52,229 $4,054 $0 $10,733 $67,016 $108

12 INSTRUMENTATION & CONTROL $9,358 $1,752 $6,282 $0 $0 $17,391 $1,436 $870 $3,296 $22,992 $37

13 IMPROVEMENTS TO SITE $3,155 $1,860 $7,843 $0 $0 $12,858 $1,132 $0 $4,197 $18,186 $29

14 BUILDINGS & STRUCTURES $0 $6,209 $7,240 $0 $0 $13,449 $1,095 $0 $2,378 $16,922 $27

TOTAL COST $559,240 $59,898 $219,767 $0 $0 $838,905 $70,010 $27,220 $144,031 $1,080,166 $1,733

TOTAL PLANT COST SUMMARY 
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Exhibit 3-63  Total Plant Cost Details 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 03 - ConocoPhillips IGCC w/o CO2
Plant Size: 623.4 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING
1.1 Coal Receive & Unload $3,430 $0 $1,693 $0 $0 $5,123 $411 $0 $1,107 $6,641 $11
1.2 Coal Stackout & Reclaim $4,432 $0 $1,086 $0 $0 $5,517 $433 $0 $1,190 $7,141 $11
1.3 Coal Conveyors $4,120 $0 $1,074 $0 $0 $5,195 $409 $0 $1,121 $6,724 $11
1.4 Other Coal Handling $1,078 $0 $249 $0 $0 $1,327 $104 $0 $286 $1,717 $3
1.5 Sorbent Receive & Unload $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.6 Sorbent Stackout & Reclaim $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.7 Sorbent Conveyors $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.8 Other Sorbent Handling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.9 Coal & Sorbent Hnd.Foundations $0 $2,435 $6,132 $0 $0 $8,566 $731 $0 $1,860 $11,157 $18

SUBTOTAL  1. $13,060 $2,435 $10,233 $0 $0 $25,728 $2,088 $0 $5,563 $33,379 $54
 2 COAL & SORBENT PREP & FEED

2.1 Coal Crushing & Drying incl w/2.3 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.2 Prepared Coal Storage & Feed $1,462 $348 $232 $0 $0 $2,042 $157 $0 $440 $2,638 $4
2.3 Slurry Prep & Feed $19,945 $0 $8,962 $0 $0 $28,908 $2,310 $0 $6,244 $37,462 $60
2.4 Misc.Coal Prep & Feed $804 $582 $1,772 $0 $0 $3,158 $259 $0 $684 $4,101 $7
2.5 Sorbent Prep Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.6 Sorbent Storage & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.7 Sorbent Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.8 Booster Air Supply System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.9 Coal & Sorbent Feed Foundation $0 $3,135 $2,592 $0 $0 $5,727 $473 $0 $1,240 $7,441 $12

SUBTOTAL  2. $22,211 $4,065 $13,559 $0 $0 $39,835 $3,200 $0 $8,607 $51,642 $83
 3 FEEDWATER & MISC. BOP SYSTEMS

3.1 FeedwaterSystem $3,088 $5,369 $2,836 $0 $0 $11,293 $934 $0 $2,445 $14,672 $24
3.2 Water Makeup & Pretreating $502 $52 $280 $0 $0 $834 $71 $0 $271 $1,176 $2
3.3 Other Feedwater Subsystems $1,705 $578 $521 $0 $0 $2,804 $225 $0 $606 $3,634 $6
3.4 Service Water Systems $289 $590 $2,049 $0 $0 $2,928 $254 $0 $955 $4,137 $7
3.5 Other Boiler Plant Systems $1,553 $596 $1,478 $0 $0 $3,626 $305 $0 $786 $4,717 $8
3.6 FO Supply Sys & Nat Gas $299 $565 $527 $0 $0 $1,391 $119 $0 $302 $1,812 $3
3.7 Waste Treatment Equipment $697 $0 $427 $0 $0 $1,124 $98 $0 $367 $1,588 $3
3.8 Misc. Equip.(cranes,AirComp.,Comm.) $1,015 $136 $526 $0 $0 $1,678 $145 $0 $547 $2,369 $4

SUBTOTAL  3. $9,148 $7,886 $8,644 $0 $0 $25,678 $2,149 $0 $6,278 $34,105 $55
 4 GASIFIER & ACCESSORIES

4.1 Gasifier, Syngas Cooler & Auxiliaries (E-GAS) $90,425 $0 $55,527 $0 $0 $145,952 $11,971 $21,893 $26,972 $206,789 $332
4.2 Syngas  Cooling ( w/ 4.1) w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $137,711 $0 w/equip. $0 $0 $137,711 $11,743 $0 $14,945 $164,399 $264
4.4 LT Heat Recovery & FG Saturation $18,487 $0 $6,956 $0 $0 $25,443 $2,191 $0 $5,527 $33,160 $53
4.5 Misc. Gasification Equipment w/4.1 & 4.2 w/4.1&4.2 $0 w/4.1&4.2 $0 $0 $0 $0 $0 $0 $0 $0
4.6 Other Gasification Equipment $0 $1,142 $465 $0 $0 $1,607 $137 $0 $349 $2,092 $3
4.8 Major Component Rigging w/4.1&4.2 $0 w/4.1&4.2 $0 $0 $0 $0 $0 $0 $0 $0
4.9 Gasification Foundations $0 $7,439 $4,275 $0 $0 $11,713 $957 $0 $3,168 $15,838 $25

SUBTOTAL  4. $246,624 $8,580 $67,222 $0 $0 $322,427 $26,999 $21,893 $50,961 $422,279 $677

TOTAL PLANT COST SUMMARY 
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Exhibit 3-63  Total Plant Cost Details (continued) 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 03 - ConocoPhillips IGCC w/o CO2
Plant Size: 623.4 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 5A GAS CLEANUP & PIPING
5A.1 MDEA-LT AGR $34,245 $0 $16,003 $0 $0 $50,248 $4,291 $0 $10,908 $65,447 $105
5A.2 Elemental Sulfur Plant $11,411 $2,265 $14,734 $0 $0 $28,410 $2,454 $0 $6,173 $37,037 $59
5A.3 Mercury Removal $1,177 $0 $897 $0 $0 $2,074 $178 $104 $471 $2,827 $5
5A.4 COS Hydrolysis $3,651 $0 $4,771 $0 $0 $8,422 $728 $0 $1,830 $10,980 $18
5A.5 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.6 Blowback Gas Systems $410 $230 $130 $0 $0 $770 $65 $0 $167 $1,002 $2
5A.7 Fuel Gas Piping $0 $1,161 $800 $0 $0 $1,961 $160 $0 $424 $2,546 $4
5A.9 HGCU Foundations $0 $1,149 $746 $0 $0 $1,895 $155 $0 $615 $2,666 $4

SUBTOTAL  5A. $50,895 $4,805 $38,080 $0 $0 $93,780 $8,032 $104 $20,588 $122,504 $197
 5B CO2 REMOVAL & COMPRESSION

5B.1 CO2 Removal System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5B.2 CO2 Compression & Drying $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  5B. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 6 COMBUSTION TURBINE/ACCESSORIES

6.1 Combustion Turbine Generator $82,000 $0 $5,071 $0 $0 $87,071 $7,338 $4,354 $9,876 $108,639 $174
6.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.3 Compressed Air Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.9 Combustion Turbine Foundations $0 $684 $762 $0 $0 $1,446 $121 $0 $470 $2,037 $3

SUBTOTAL  6. $82,000 $684 $5,833 $0 $0 $88,517 $7,459 $4,354 $10,346 $110,676 $178
 7 HRSG, DUCTING & STACK

7.1 Heat Recovery Steam Generator $33,926 $0 $4,828 $0 $0 $38,754 $3,277 $0 $4,203 $46,234 $74
7.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.3 Ductwork $0 $1,577 $1,143 $0 $0 $2,719 $214 $0 $587 $3,520 $6
7.4 Stack $3,123 $0 $1,174 $0 $0 $4,296 $366 $0 $466 $5,129 $8
7.9 HRSG,Duct & Stack Foundations $0 $622 $601 $0 $0 $1,223 $102 $0 $397 $1,722 $3

SUBTOTAL  7. $37,049 $2,198 $7,745 $0 $0 $46,992 $3,959 $0 $5,653 $56,604 $91
 8 STEAM TURBINE GENERATOR 

8.1 Steam TG & Accessories $28,109 $0 $4,930 $0 $0 $33,039 $2,837 $0 $3,588 $39,463 $63
8.2 Turbine Plant Auxiliaries $198 $0 $455 $0 $0 $654 $57 $0 $71 $782 $1
8.3 Condenser & Auxiliaries $4,660 $0 $1,421 $0 $0 $6,082 $517 $0 $660 $7,259 $12
8.4 Steam Piping $5,233 $0 $3,687 $0 $0 $8,920 $682 $0 $2,400 $12,002 $19
8.9 TG Foundations $0 $953 $1,621 $0 $0 $2,574 $217 $0 $837 $3,629 $6

SUBTOTAL  8. $38,201 $953 $12,115 $0 $0 $51,268 $4,310 $0 $7,556 $63,135 $101
 9 COOLING WATER SYSTEM

9.1 Cooling Towers $4,397 $0 $967 $0 $0 $5,364 $455 $0 $873 $6,692 $11
9.2 Circulating Water Pumps $1,383 $0 $86 $0 $0 $1,469 $113 $0 $237 $1,819 $3
9.3 Circ.Water System Auxiliaries $116 $0 $17 $0 $0 $132 $11 $0 $22 $165 $0
9.4 Circ.Water Piping $0 $4,910 $1,253 $0 $0 $6,163 $489 $0 $1,330 $7,982 $13
9.5 Make-up Water System $284 $0 $403 $0 $0 $688 $58 $0 $149 $895 $1
9.6 Component Cooling Water Sys $579 $693 $490 $0 $0 $1,762 $146 $0 $382 $2,290 $4
9.9 Circ.Water System Foundations& Structures $0 $1,699 $2,909 $0 $0 $4,608 $389 $0 $1,499 $6,497 $10

SUBTOTAL  9. $6,760 $7,303 $6,124 $0 $0 $20,187 $1,661 $0 $4,492 $26,340 $42
10 ASH/SPENT SORBENT HANDLING SYS

10.1 Slag Dewatering & Cooling $15,861 $0 $7,828 $0 $0 $23,688 $2,024 $0 $2,571 $28,283 $45
10.2 Gasifier Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.3 Cleanup Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.4 High Temperature Ash Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.5 Other Ash Rrecovery Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.6 Ash Storage Silos $523 $0 $569 $0 $0 $1,092 $94 $0 $178 $1,365 $2
10.7 Ash Transport & Feed Equipment $706 $0 $169 $0 $0 $876 $72 $0 $142 $1,090 $2
10.8 Misc. Ash Handling Equipment $1,083 $1,327 $397 $0 $0 $2,807 $238 $0 $457 $3,502 $6
10.9 Ash/Spent Sorbent Foundation $0 $46 $58 $0 $0 $104 $9 $0 $34 $147 $0

SUBTOTAL 10. $18,173 $1,373 $9,021 $0 $0 $28,568 $2,437 $0 $3,382 $34,386 $55

TOTAL PLANT COST SUMMARY 
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Exhibit 3-63  Total Plant Cost Details (continued) 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 03 - ConocoPhillips IGCC w/o CO2
Plant Size: 623.4 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

11 ACCESSORY ELECTRIC PLANT
11.1 Generator Equipment $901 $0 $899 $0 $0 $1,800 $153 $0 $195 $2,148 $3
11.2 Station Service Equipment $3,498 $0 $328 $0 $0 $3,827 $326 $0 $415 $4,568 $7
11.3 Switchgear & Motor Control $6,686 $0 $1,226 $0 $0 $7,911 $657 $0 $1,285 $9,853 $16
11.4 Conduit & Cable Tray $0 $3,181 $10,327 $0 $0 $13,508 $1,157 $0 $3,666 $18,331 $29
11.5 Wire & Cable $0 $5,842 $3,930 $0 $0 $9,772 $640 $0 $2,603 $13,015 $21
11.6 Protective Equipment $0 $624 $2,365 $0 $0 $2,989 $262 $0 $488 $3,739 $6
11.7 Standby Equipment $215 $0 $218 $0 $0 $433 $37 $0 $71 $541 $1
11.8 Main Power Transformers $11,308 $0 $138 $0 $0 $11,446 $776 $0 $1,833 $14,056 $23
11.9 Electrical Foundations $0 $149 $394 $0 $0 $543 $46 $0 $177 $766 $1

SUBTOTAL 11. $22,608 $9,796 $19,825 $0 $0 $52,229 $4,054 $0 $10,733 $67,016 $108
12 INSTRUMENTATION & CONTROL

12.1 IGCC Control Equipment w/12.7 $0 w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.2 Combustion Turbine Control N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
12.3 Steam Turbine Control w/8.1 $0 w/8.1 $0 $0 $0 $0 $0 $0 $0 $0
12.4 Other Major Component Control $924 $0 $643 $0 $0 $1,566 $135 $78 $267 $2,047 $3
12.5 Signal Processing Equipment      W/12.7 $0      W/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.6 Control Boards,Panels & Racks $212 $0 $142 $0 $0 $354 $31 $18 $80 $483 $1
12.7 Computer & Accessories $4,928 $0 $164 $0 $0 $5,092 $432 $255 $578 $6,357 $10
12.8 Instrument Wiring & Tubing $0 $1,752 $3,666 $0 $0 $5,418 $412 $271 $1,525 $7,626 $12
12.9 Other I & C Equipment $3,294 $0 $1,666 $0 $0 $4,960 $426 $248 $845 $6,480 $10

SUBTOTAL 12. $9,358 $1,752 $6,282 $0 $0 $17,391 $1,436 $870 $3,296 $22,992 $37
13 Improvements to Site

13.1 Site Preparation $0 $99 $2,132 $0 $0 $2,231 $197 $0 $728 $3,156 $5
13.2 Site Improvements $0 $1,761 $2,357 $0 $0 $4,118 $362 $0 $1,344 $5,824 $9
13.3 Site Facilities $3,155 $0 $3,354 $0 $0 $6,509 $572 $0 $2,124 $9,206 $15

SUBTOTAL 13. $3,155 $1,860 $7,843 $0 $0 $12,858 $1,132 $0 $4,197 $18,186 $29
14 Buildings & Structures

14.1 Combustion Turbine Area $0 $221 $127 $0 $0 $348 $27 $0 $75 $451 $1
14.2 Steam Turbine Building $0 $2,309 $3,334 $0 $0 $5,643 $464 $0 $916 $7,024 $11
14.3 Administration Building $0 $793 $583 $0 $0 $1,375 $110 $0 $223 $1,708 $3
14.4 Circulation Water Pumphouse $0 $156 $84 $0 $0 $240 $19 $0 $39 $298 $0
14.5 Water Treatment Buildings $0 $399 $395 $0 $0 $794 $64 $0 $129 $987 $2
14.6 Machine Shop $0 $406 $281 $0 $0 $687 $55 $0 $111 $853 $1
14.7 Warehouse $0 $655 $428 $0 $0 $1,083 $86 $0 $175 $1,345 $2
14.8 Other Buildings & Structures $0 $392 $310 $0 $0 $702 $56 $0 $152 $910 $1
14.9 Waste Treating Building & Str. $0 $877 $1,698 $0 $0 $2,575 $214 $0 $558 $3,348 $5

SUBTOTAL 14. $0 $6,209 $7,240 $0 $0 $13,449 $1,095 $0 $2,378 $16,922 $27

TOTAL COST $559,240 $59,898 $219,767 $0 $0 $838,905 $70,010 $27,220 $144,031 $1,080,166 $1,733

TOTAL PLANT COST SUMMARY 

 



Cost and Performance Comparison of Fossil Energy Power Plants  

193 

Exhibit 3-64  Case 3 Initial and Annual Operating and Maintenance Costs 
INITIAL & ANNUAL O&M EXPENSES Cost Base (Dec) 2006

Case 03 - ConocoPhillips 600MW IGCC w/o CO2 Heat Rate-net(Btu/kWh): 8,681
 MWe-net: 623

           Capacity Factor: (%): 80
                                          OPERATING & MAINTENANCE LABOR

Operating Labor
  Operating Labor Rate(base): 33.00 $/hour
  Operating Labor Burden: 30.00 % of base
  Labor O-H Charge Rate: 25.00 % of labor

Total

       Skilled Operator 2.0 2.0
       Operator 9.0 9.0
       Foreman 1.0 1.0
       Lab Tech's, etc. 3.0 3.0
          TOTAL-O.J.'s 15.0 15.0

Annual Cost Annual Unit Cost
$ $/kW-net

Annual Operating Labor Cost $5,637,060 $9.043
Maintenance Labor Cost $11,924,540 $19.129
Administrative & Support Labor $4,390,400 $7.043
TOTAL FIXED OPERATING COSTS $21,951,999 $35.215
VARIABLE OPERATING COSTS

$/kWh-net
Maintenance Material Cost $22,346,706 $0.00512

Consumables Consumption Unit Initial
  Initial       /Day      Cost  Cost

  Water(/1000 gallons) 0 5,410.08 1.03 $0 $1,627,136 $0.00037

  Chemicals
    MU & WT Chem.(lb) 112,811 16,116 0.16 $18,591 $775,520 $0.00018
    Carbon (Mercury Removal) (lb) 84,449 116 1.00 $84,449 $33,872 $0.00001
    COS Catalyst (m3) 375 0.26 2,308.40 $865,651 $173,030 $0.00004
    Water Gas Shift Catalyst(ft3) 0 0 475.00 $0 $0 $0.00000
    Selexol Solution (gal.) 0 0 12.90 $0 $0 $0.00000
    MDEA  Solution (gal) 280 40 8.38 $2,345 $97,820 $0.00002
    Sulfinol  Solution (gal) 0 0 9.68 $0 $0 $0.00000
    SCR Catalyst (m3) 0 0 0.00 $0 $0 $0.00000
    Aqueous Ammonia (ton) 0 0 0.00 $0 $0 $0.00000
    Claus Catalyst(ft3) w/equip. 2.10 125.00 $0 $76,650 $0.00002

Subtotal Chemicals $971,037 $1,156,892 $0.00026

  Other
    Supplemental Fuel(MBtu) 0 0 0.00 $0 $0 $0.00000
    Gases,N2 etc.(/100scf) 0 0 0.00 $0 $0 $0.00000
    L.P. Steam(/1000 pounds) 0 0 0.00 $0 $0 $0.00000

Subtotal Other $0 $0 $0.00000

  Waste Disposal
    Spent Mercury Catalyst (lb) 0 116 0.40 $0 $13,603 $0.00000
    Flyash (ton) 0 0 0.00 $0 $0 $0.00000
    Bottom Ash(ton) 0 566 15.45 $0 $2,555,311 $0.00058

      Subtotal-Waste Disposal $0 $2,568,914 $0.00059

  By-products & Emissions 
     Sulfur(tons) 0 139 0.00 $0 $0 $0.00000

Subtotal By-Products $0 $0 $0.00000

TOTAL VARIABLE OPERATING COSTS $971,037 $27,699,648 $0.00634

 Fuel(ton) 166,992 5,566 42.11 $7,032,052 $68,445,302 $0.01567  
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3.3.8  CASE 4 - E-GAS™ IGCC POWER PLANT WITH CO2 CAPTURE 
This case is configured to produce electric power with CO2 capture.  The plant configuration is 
the same as Case 3, namely two gasifier trains, two advanced F class turbines, two HRSGs and 
one steam turbine.  The gross power output from the plant is constrained by the capacity of the 
two combustion turbines, and since the CO2 capture and compression process increases the 
auxiliary load on the plant, the net output is significantly reduced relative to Case 3. 

The process description for Case 4 is similar to Case 2 with several notable exceptions to 
accommodate CO2 capture.  A BFD and stream tables for Case 4 are shown in Exhibit 3-65 and 
Exhibit 3-66, respectively.  Instead of repeating the entire process description, only differences 
from Case 3 are reported here. 

Coal Preparation and Feed Systems 
No differences from Case 3. 

Gasification 
The gasification process is the same as Case 3 with the exception that total coal feed to the two 
gasifiers is 5,203 tonnes/day (5,735 TPD) (stream 6) and the ASU provides 4,000 tonnes/day 
(4,420 TPD) of 95 mole percent oxygen to the gasifier and Claus plant (streams 5 and 3). 

Raw Gas Cooling/Particulate Removal 
Raw gas cooling and particulate removal are the same as Case 3 with the exception that 
approximately 483,170 kg/h (1,065,206 lb/h) of saturated steam at 13.8 MPa (2,000 psia) is 
generated in the SGC. 

Syngas Scrubber/Sour Water Stripper 
No differences from Case 3. 

Sour Gas Shift (SGS) 
The SGS process was described in Section 3.1.3.  In Case 4 steam (stream 8) is added to the 
syngas exiting the scrubber to adjust the H2O:CO molar ratio to approximately 2:1 prior to the 
first WGS reactor.  The hot syngas exiting the first stage of SGS is used to generate a portion of 
the steam that is added in stream 8.  Two more stages of SGS (for a total of three) result in 97.6 
percent overall conversion of the CO to CO2.  The syngas exiting the final stage of SGS still 
contains 2.4 vol% CH4 which is subsequently oxidized to CO2 in the CT and limits overall 
carbon capture to 88.4 percent.  The warm syngas from the second stage of SGS is cooled to 
232°C (450°F) by producing IP steam that is sent to the reheater in the HRSG.  The SGS catalyst 
also serves to hydrolyze COS thus eliminating the need for a separate COS hydrolysis reactor.  
Following the third stage of SGS, the syngas is further cooled to 35°C (95°F) prior to the 
mercury removal beds. 

Mercury Removal and Acid Gas Removal 
Mercury removal is the same as in Case 3. 
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Exhibit 3-65  Case 4 Process Flow Diagram, E-Gas™ IGCC with CO2 Capture 
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Exhibit 3-66  Case 4 Stream Table, E-Gas™ IGCC with CO2 Capture 
1 2 3 4 5 6A 7 8 9 10 11

V-L Mole Fraction            
Ar 0.0092 0.0263 0.0360 0.0023 0.0320 0.0000 0.0000 0.0000 0.0051 0.0065 0.0065
CH4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0238 0.0302 0.0302

CO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0052 0.0067 0.0067
CO2 0.0003 0.0092 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.3214 0.4122 0.4122

COS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.4116 0.5275 0.5275

H2O 0.0099 0.2713 0.0000 0.0004 0.0000 1.0000 0.0000 1.0000 0.2185 0.0014 0.0014

H2S 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0051 0.0058 0.0058

N2 0.7732 0.4665 0.0140 0.9919 0.0180 0.0000 0.0000 0.0000 0.0073 0.0094 0.0094

NH3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0019 0.0004 0.0004

O2 0.2074 0.2266 0.9500 0.0054 0.9500 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 55,654 1,969 278 41,984 11,156 25,799 0 31,642 91,106 71,043 56,835

V-L Flowrate (lb/hr) 1,606,000 52,498 8,944 1,178,060 359,031 249,436 0 570,044 1,827,120 1,465,320 1,172,260
Solids Flowrate (lb/hr) 0 0 0 0 0 424,717 48,622 0 0 0 0

Temperature (°F) 242 70 90 385 191 140 1,850 615 457 93 93
Pressure (psia) 190.0 16.4 125.0 460.0 740.0 850.0 850.0 600.0 516.0 481.0 471.0
Enthalpy (BTU/lb)B 57.3 26.7 12.5 88.0 34.4 --- 1,120 1300.1 384.8 24.1 24.1
Density (lb/ft3) 0.729 0.103 0.683 1.424 3.412 --- --- 0.937 1.052 1.672 1.638
Molecular Weight 28.86 26.67 32.23 28.06 32.18 --- --- 18.02 20.05 20.63 20.63

A - Solids flowrate includes dry coal; V-L flowrate includes slurry water and water from coal
B - Reference conditions are 32.02 F & 0.089 PSIA  
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Exhibit 3-66 Case 4 Stream Table (Continued) 
12 13 14 15 16 17 18 19 20 21

V-L Mole Fraction           
Ar 0.0109 0.0093 0.0093 0.0000 0.0000 0.0000 0.0205 0.0094 0.0089 0.0089
CH4 0.0508 0.0436 0.0436 0.0000 0.0000 0.0000 0.0880 0.0000 0.0000 0.0000

CO 0.0112 0.0096 0.0096 0.0000 0.0000 0.0000 0.0003 0.0000 0.0000 0.0000
CO2 0.0243 0.0208 0.0208 1.0000 0.4321 0.0000 0.6024 0.0003 0.0097 0.0097

COS 0.0000 0.0000 0.0000 0.0000 0.0004 0.0000 0.0000 0.0000 0.0000 0.0000
H2 0.8888 0.7620 0.7620 0.0000 0.0000 0.0000 0.0215 0.0000 0.0000 0.0000

H2O 0.0001 0.1427 0.1427 0.0000 0.0554 0.0000 0.0006 0.0108 0.1350 0.1350

H2S 0.0000 0.0000 0.0000 0.0000 0.4035 0.0000 0.0180 0.0000 0.0000 0.0000

N2 0.0139 0.0119 0.0119 0.0000 0.0774 0.0000 0.2486 0.7719 0.7429 0.7429

NH3 0.0000 0.0000 0.0000 0.0000 0.0312 0.0000 0.0000 0.0000 0.0000 0.0000

O2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.2076 0.1035 0.1035
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 33,733 39,346 39,346 22,257 813 47 628 242,512 308,662 308,662

V-L Flowrate (lb/hr) 162,487 263,603 263,603 979,537 29,677 11,954 22,868 6,996,340 8,438,000 8,438,000
Solids Flowrate (lb/hr) 0 0 0 0 0 11,954 0 0 0 0

Temperature (°F) 99 299 385 156 120 375 95 59 1052 270
Pressure (psia) 468.5 458.5 453.5 2214.7 30.5 25.4 767.5 14.7 15.2 15.2
Enthalpy (BTU/lb)B 97.3 699.4 795.2 -46.0 48.7 -96.2 14.5 13.8 372.8 157.8
Density (lb/ft3) 0.376 0.378 0.335 30.793 0.179 --- 4.692 0.076 0.026 0.053
Molecular Weight 4.82 6.70 6.70 44.01 36.49 --- 36.39 28.85 27.34 27.34

B - Reference conditions are 32.02 F & 0.089 PSIA  
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The AGR process in Case 4 is a two stage Selexol process where H2S is removed in the first 
stage and CO2 in the second stage of absorption as previously described in Section 3.1.5.  The 
process results in three product streams, the clean syngas, a CO2-rich stream and an acid gas feed 
to the Claus plant.  The acid gas (stream 16) contains 40 percent H2S and 43 percent CO2 with 
the balance primarily N2.  The CO2-rich stream is discussed further in the CO2 compression 
section. 

CO2 Compression and Dehydration 
CO2 from the AGR process is generated at three pressure levels.  The LP stream is compressed 
from 0.15 MPa (22 psia) to 1.1 MPa (160 psia) and then combined with the MP stream.  The HP 
stream is combined between compressor stages at 2.1 MPa (300 psia).  The combined stream is 
compressed from 2.1 MPa (300 psia) to a supercritical condition at 15.3 MPa (2215 psia) using a 
multiple-stage, intercooled compressor.  During compression, the CO2 stream is dehydrated to a 
dewpoint of -40ºC (-40°F) with triethylene glycol.  The raw CO2 stream from the Selexol process 
contains over 93 percent CO2 with the balance primarily nitrogen.  For modeling purposes it was 
assumed that the impurities were separated from the CO2 and combined with the clean syngas 
stream from the Selexol process.  The pure CO2 (stream 15) is transported to the plant fence line 
and is sequestration ready.  CO2 TS&M costs were estimated using the methodology described in 
Section 2.7. 

Claus Unit 
The Claus plant is the same as Case 3 with the following exceptions: 

• 5,423 kg/h (11,955 lb/h) of sulfur (stream 17) are produced 

• The waste heat boiler generates 17,296 kg/h (38,131 lb/h) of 4.0 MPa (585 psia) steam, 
which provides all of the Claus plant process needs and provides some additional steam 
to the medium pressure steam header. 

Power Block 
Clean syngas from the AGR plant is combined with a small amount of clean gas from the CO2 
compression process (stream 12) and partially humidified because the nitrogen available from 
the ASU is insufficient to provide adequate dilution.  The moisturized syngas is reheated (stream 
14) to 196°C (385°F) using HP boiler feedwater, diltuted with nitrogen (stream 4), and then 
enters the CT burner.  There is no integration between the CT and the ASU in this case.  The 
exhaust gas (stream 20) exits the CT at 567°C (1052°F) and enters the HRSG where additional 
heat is recovered.  The flue gas exits the HRSG at 132°C (270°F) (stream 21) and is discharged 
through the plant stack.  The steam raised in the HRSG is used to power an advanced 
commercially available steam turbine using a 12.4 MPa/538°C/538°C (1800 
psig/1000°F/1000°F) steam cycle. 

Air Separation Unit 
The elevated pressure ASU is the same as in other cases and produces 4,000 tonnes/day (4,420 
TPD) of 95 mole percent oxygen and 12,830 tonnes/day (14,140 TPD) of nitrogen.  There is no 
integration between the ASU and the combustion turbine. 
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3.3.9 CASE 4 PERFORMANCE RESULTS 
The Case 4 modeling assumptions were presented previously in Section 3.3.3. 

The plant produces a net output of 518 MWe at a net plant efficiency of 31.7 percent (HHV 
basis).  Overall performance for the entire plant is summarized in Exhibit 3-67 which includes 
auxiliary power requirements.  The ASU accounts for nearly 62 percent of the auxiliary load 
between the main air compressor, the nitrogen compressor, the oxygen compressor and ASU 
auxiliaries.  The two-stage Selexol process and CO2 compression account for an additional 23 
percent of the auxiliary power load.  The BFW pumps and cooling water system (circulating 
water pumps and cooling tower fan) comprise nearly 6 percent of the load, leaving 9 percent of 
the auxiliary load for all other systems. 
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Exhibit 3-67  Case 4 Plant Performance Summary 

POWER SUMMARY (Gross Power at Generator Terminals, kWe) 
Gas Turbine Power 464,000 
Steam Turbine Power 229,840 

TOTAL POWER, kWe 693,840 
AUXILIARY LOAD SUMMARY, kWe  

Coal Handling 440 
Coal Milling 2,230 
Coal Slurry Pumps 580 
Slag Handling and Dewatering 1,140 
Air Separation Unit Auxiliaries 1,000 
Air Separation Unit Main Air Compressor 62,760 
Oxygen Compressor 8,490 
Nitrogen Compressor 36,330 
Syngas Recycle Blower 3,400 
Tail Gas Recycle Blower 1,090 
CO2 Compressor 25,970 
Boiler Feedwater Pumps 5,340 
Condensate Pump 270 
Flash Bottoms Pump 200 
Circulating Water Pumps 3,020 
Cooling Tower Fans 1,560 
Scrubber Pumps 70 
Double Stage Selexol Unit Auxiliaries 14,840 
Gas Turbine Auxiliaries 1,000 
Steam Turbine Auxiliaries 100 
Claus Plant/TGTU Auxiliaries 200 
Miscellaneous Balance of Plant (Note 1) 3,000 
Transformer Loss 2,570 

TOTAL AUXILIARIES, kWe 175,600 
NET POWER, kWe 518,240 

Net Plant Efficiency, % (HHV) 31.7 
Net Plant Heat Rate (Btu/kWh) 10,757 

CONDENSER COOLING DUTY 106 kJ/h (106 Btu/h) 1,224 (1,161) 
CONSUMABLES  

As-Received Coal Feed, kg/h (lb/h) 216,752 (477,855) 
Thermal Input, kWt 1,633,771 
Raw Water Usage, m3/min (gpm) 15.6 (4,135) 

Note 1: Includes plant control systems, lighting, HVAC and miscellaneous low voltage loads 
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Environmental Performance 
The environmental targets for emissions of Hg, NOX, SO2, CO2 and particulate matter were 
presented in Section 2.4.  A summary of the plant air emissions for Case 4 is presented in 
Exhibit 3-68.   

Exhibit 3-68  Case 4 Air Emissions 

 kg/GJ 
(lb/106 Btu) 

Tonne/year 
(tons/year)  

80% capacity factor 

kg/MWh 
(lb/MWh) 

SO2 0.004 (0.0085) 151 (167) 0.031 (0.069) 

NOX 0.021 (0.050) 882 (972) 0.181 (0.400) 

Particulates 0.003 (0.0071) 126 (139) 0.026 (0.057) 

Hg 0.25x10-6 
(0.57x10-6) 0.010 (0.011) 2.1x10-6 

(4.6x10-6) 

CO2 10.1 (23.6) 417,000 (460,000) 86 (189) 

CO2
1   115 (253) 

1 CO2 emissions based on net power instead of gross power 

The low level of SO2 emissions is achieved by capture of the sulfur in the gas by the two-stage 
Selexol AGR process.  The CO2 capture target results in the sulfur compounds being removed to 
a greater extent than required in the environmental targets of Section 2.4.  The clean syngas 
exiting the AGR process has a sulfur concentration of approximately 22 ppmv.  This results in a 
concentration in the flue gas of less than 3 ppmv.  The H2S-rich regeneration gas from the AGR 
system is fed to a Claus plant, producing elemental sulfur.  The Claus plant tail gas is 
hydrogenated to convert all sulfur species to H2S, and then recycled back to the gasifier, thereby 
eliminating the need for a tail gas treatment unit. 

NOX emissions are limited by the use of humidification and nitrogen dilution to 15 ppmvd (NO2 
@ 15 percent O2).  Ammonia in the syngas is removed with process condensate prior to the low-
temperature AGR process and ultimately destroyed in the Claus plant burner.  This helps lower 
NOX levels as well. 

Particulate discharge to the atmosphere is limited to extremely low values by the use of a cyclone 
and a barrier filter in addition to the syngas scrubber and the gas washing effect of the AGR 
absorber.  The particulate emissions represent filterable particulate only. 

Ninety five percent of mercury is captured from the syngas by an activated carbon bed.  Ninety 
five percent of the CO2 from the syngas is captured in the AGR system and compressed for 
sequestration.  Because of the relatively high CH4 content in the syngas, this results in an overall 
carbon removal of 88.4 percent. 

The carbon balance for the plant is shown in Exhibit 3-69.  The carbon input to the plant consists 
of carbon in the air in addition to carbon in the coal.  Carbon in the air is not neglected in the 
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carbon balance below since the Aspen model accounts for air components throughout.  Carbon 
leaves the plant as unburned carbon in the slag, as dissolved CO2 in the wastewater blowdown 
stream, and CO2 in the stack gas, ASU vent gas and the captured CO2 product.  Carbon in the 
wastewater blowdown stream is calculated by difference to close the material balance.  The 
carbon capture efficiency is defined as the amount of carbon in the CO2 product stream relative 
to the amount of carbon in the coal less carbon contained in the slag, represented by the 
following fraction:   

(Carbon in Product for Sequestration)/[(Carbon in the Coal)-(Carbon in Slag)] or 
267,147/(304,632-2,285) *100 or 

88.4 percent 

Exhibit 3-69  Case 4 Carbon Balance 

Carbon In, kg/hr (lb/hr) Carbon Out, kg/hr (lb/hr) 
Coal 138,180 (304,632) Slag 1,037 (2,285) 
Air (CO2) 488 (1,077) Stack Gas 16,246 (35,817) 
  CO2 Product 121,176 (267,147) 
  ASU Vent 99 (218) 
  Wastewater 110 (242) 

Total 138,668 (305,709) Total 138,668 (305,709) 

 

Exhibit 3-70 shows the sulfur balance for the plant.  Sulfur input comes solely from the sulfur in 
the coal.  Sulfur output includes the sulfur recovered in the Claus plant, dissolved SO2 in the 
wastewater blowdown stream, and sulfur emitted in the stack gas.  Sulfur in the slag is 
considered to be negligible, and the sulfur content of the blowdown stream is calculated by 
difference to close the material balance.  The total sulfur capture is represented by the following 
fraction: 

(Sulfur byproduct/Sulfur in the coal) or 
(11,954/11,994) or 

99.7 percent 

Exhibit 3-70  Case 4 Sulfur Balance 

Sulfur In, kg/hr (lb/hr) Sulfur Out, kg/hr (lb/hr) 
Coal 5,440 (11,994) Elemental Sulfur 5,422 (11,954) 
  Stack Gas 11 (24) 
  Wastewater 7 (16) 
Total 5,440 (11,994) Total 5,440 (11,994) 

 

Exhibit 3-71 shows the overall water balance for the plant.  Raw water is obtained from 
groundwater (50 percent) and from municipal sources (50 percent).  Water demand represents 
the total amount of water required for a particular process.  Some water is recovered within the 
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process, primarily as syngas condensate, and that water is re-used as internal recycle.  Raw water 
makeup is the difference between water demand and internal recycle. 

Exhibit 3-71  Case 4 Water Balance 

Water Use Water Demand, 
m3/min (gpm) 

Internal Recycle, 
m3/min (gpm) 

Raw Water Makeup, 
m3/min (gpm) 

Slurry 1.5 (392) 1.5 (392) 0 

Slag Handling 0.5 (126) 0.5 (126) 0 

Humidifier 0.8 (219) 0.8 (219) 0 

Shift Steam 4.3 (1,140) 0 4.3 (1,140) 

BFW Makeup 0.2 (46) 0 0.2 (46) 

Cooling Tower 
Makeup 11.7 (3,098) 0.6 (149) 11.1 (2,949) 

Total 19.0 (5,021) 3.4 (886) 15.6 (4,135) 

Heat and Mass Balance Diagrams 
Heat and mass balance diagrams are shown for the following subsystems in Exhibit 3-72 through 
Exhibit 3-76: 

• Coal gasification and air separation unit 

• Syngas cleanup 

• Sulfur recovery and tail gas recycle 

• Combined cycle power generation 

• Steam and feedwater 

An overall plant energy balance is provided in tabular form in Exhibit 3-77.  The power out is 
the combined combustion turbine and steam turbine power prior to generator losses.  The power 
at the generator terminals (shown in Exhibit 3-67) is calculated by multiplying the power out by 
a combined generator efficiency of 98.4 percent. 
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Exhibit 3-72  Case 4 Coal Gasification and Air Separation Unit Heat and Mass Balance Schematic 
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Exhibit 3-73  Case 4 Syngas Cleanup Heat and Mass Balance Schematic 
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Exhibit 3-74  Case 4 Sulfur Recover and Tail Gas Recycle Heat and Mass Balance Schematic 
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Exhibit 3-75  Case 4 Combined Cycle Power Generation Heat and Mass Balance Schematic 
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Exhibit 3-76  Case 4 Steam and Feedwater Heat and Mass Balance Schematic 

 



Cost and Performance Comparison of Fossil Energy Power Plants  

 210  

 

This page intentionally left blank 

 

 



Cost and Performance Comparison of Fossil Energy Power Plants  

 211  

Exhibit 3-77  Case 4 Overall Energy Balance (0°C [32°F] Reference) 

 HHV Sensible + Latent Power Total 

Heat In (MMBtu/hr) 
Coal 5,575.1 4.7  5,579.8 
ASU Air  21.1  21.1 
CT Air  96.3  96.3 
Water  16.9  16.9 
Auxiliary Power   599.2 599.2 
Totals 5,575.1 138.9 599.2 6,313.2 
Heat Out (MMBtu/hr) 
ASU Intercoolers  240.9  240.9 
ASU Vent  1.4  1.4 
Slag 32.2 22.2  54.4 
Sulfur 47.6 (1.1)  46.4 
Tail Gas Compressor 
Intercoolers  3.9  3.9 

CO2 Compressor 
Intercoolers  130.7  130.7 

CO2 Product  (45.1)  (45.1) 
HRSG Flue Gas  1,335.7  1,335.7 
Condenser  1,161.0  1,161.0 
Process Losses  980.4  980.4 
Power   2,403.5 2,403.5 
Totals 79.8 3,830.0 2,403.5 6,313.2 

(1) Process Losses are calculated by difference and reflect various gasification, turbine, 
HRSG and other heat and work losses.  Aspen flowsheet balance is within 0.5 percent. 
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3.3.10 CASE 4 - MAJOR EQUIPMENT LIST 
Major equipment items for the CoP gasifier with CO2 capture are shown in the following tables.  
The accounts used in the equipment list correspond to the account numbers used in the cost 
estimates in Section 3.3.11.  In general, the design conditions include a 10 percent contingency 
for flows and heat duties and a 21 percent contingency for heads on pumps and fans. 

ACCOUNT 1 COAL HANDLING 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Bottom Trestle Dumper and 
Receiving Hoppers N/A 2 0

2 Feeder Belt 2 0

3 Conveyor No. 1 Belt 1 0

4 Transfer Tower No. 1 Enclosed 1 0

5 Conveyor No. 2 Belt 1 0

6 As-Received Coal Sampling 
System Two-stage 1 0

7 Stacker/Reclaimer Traveling, linear 1 0

8 Reclaim Hopper N/A 2 1

9 Feeder Vibratory 2 1

10 Conveyor No. 3 Belt w/ tripper 1 0

11 Crusher Tower N/A 1 0

12 Coal Surge Bin w/ Vent Filter Dual outlet 2 0

13 Crusher Impactor 
reduction 2 0

14 As-Fired Coal Sampling 
System Swing hammer 1 1

15 Conveyor No. 4 Belt w/tripper 1 0

16 Transfer Tower No. 2 Enclosed 1 0

17 Conveyor No. 5 Belt w/ tripper 1 0

18 Coal Silo w/ Vent Filter and 
Slide Gates Field erected 3 0

N/A

354 tonne/h  (390 tph)

Design Condition

181 tonne  (200 ton)

N/A

1,134 tonne/h  (1,250 tph)

N/A

1,134 tonne/h  (1,250 tph)

572 tonne/h  (630 tph)

1,134 tonne/h  (1,250 tph)

45 tonne  (50 ton)

181 tonne/h  (200 tph)

8 cm x 0 - 3 cm x 0
(3" x 0 - 1-1/4" x 0)

354 tonne/h  (390 tph)

181 tonne  (200 ton)

N/A

N/A

354 tonne/h  (390 tph)

816 tonne  (900 ton)
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ACCOUNT 2 COAL PREPARATION AND FEED 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Feeder Vibratory 3 0

2 Conveyor No. 6 Belt w/tripper 1 0

3 Rod Mill Feed Hopper Dual Outlet 1 0

4 Weigh Feeder Belt 2 0

5 Rod Mill Rotary 2 0

6 Slurry Water Storage Tank 
with Agitator Field erected 2 0

7 Slurry Water Pumps Centrifugal 2 2

10 Trommel Screen Coarse 2 0

11 Rod Mill Discharge Tank with 
Agitator Field erected 2 0

12 Rod Mill Product Pumps Centrifugal 2 2

13 Slurry Storage Tank with 
Agitator Field erected 2 0

14 Slurry Recycle Pumps Centrifugal 2 2

15 Slurry Product Pumps Positive 
displacement 2 2

Design Condition

82 tonne/h  (90 tph)

236 tonne/h  (260 tph)

481 tonne  (530 ton)

118 tonne/h  (130 tph)

312,678 liters  (82,600 gal)

2,612 lpm  (690 gpm)

833 lpm  (220 gpm)

118 tonne/h  (130 tph)

295,264 liters  (78,000 gal)

172 tonne/h  (190 tph)

2,612 lpm  (690 gpm)

5,224 lpm  (1,380 gpm)

946,361 liters  (250,000 gal)
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ACCOUNT 3 FEEDWATER AND MISCELLANEOUS SYSTEMS AND 
EQUIPMENT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Demineralized Water 
Storage Tank

Vertical, cylindrical, 
outdoor 3 0

2 Condensate Pumps Vertical canned 2 1

3 Deaerator (integral w/ 
HRSG) Horizontal spray type 2 0

4 Intermediate Pressure 
Feedwater Pump

Horizontal centrifugal, 
single stage 2 1

6 High Pressure 
Feedwater Pump No. 2

Barrel type, multi-
stage, centrifugal 2 1

7 Auxiliary Boiler Shop fabricated, water 
tube 1 0

8 Service Air 
Compressors Flooded Screw 2 1

9 Instrument Air Dryers Duplex, regenerative 2 1

10 Closed Cylce Cooling 
Heat Exchangers Plate and frame 2 0

11 Closed Cycle Cooling 
Water Pumps Horizontal centrifugal 2 1

12 Engine-Driven Fire 
Pump

Vertical turbine, diesel 
engine 1 1

13 Fire Service Booster 
Pump

Two-stage horizontal 
centrifugal 1 1

14 Raw Water Pumps Stainless steel, single 
suction 2 1

15 Filtered Water Pumps Stainless steel, single 
suction 2 1

16 Filtered Water Tank Vertical, cylindrical 2 0

17 Makeup Water 
Demineralizer

Anion, cation, and 
mixed bed 2 0

18 Liquid Waste Treatment 
System 1 0

2 15 High Pressure 
Feedwater Pump No. 1

Barrel type, multi-
stage, centrifugal

1,968,429 liter (520,000 gal)

2,574 lpm (680 gpm)

10 years, 24-hour storm

4,088 lpm @ 49 m H2O
(1,080 gpm @ 160 ft H2O)

28 m3/min (1,000 scfm)

58 MMkJ/h  (55 MMBtu/h) each

20,820 lpm @ 21 m H2O
(5,500 gpm @ 70 ft H2O)

3,785 lpm @ 107 m H2O
(1,000 gpm @ 350 ft H2O)

2,650 lpm @ 76 m H2O
(700 gpm @ 250 ft H2O)
8,707 lpm @ 18 m H2O

(2,300 gpm @ 60 ft H2O)

2,006 lpm @ 283 m H2O
(530 gpm @ 930 ft H2O)

18,144 kg/h, 2.8 MPa, 343°C
(40,000 lb/h, 400 psig, 650°F)

28 m3/min @ 0.7 MPa
(1,000 scfm @ 100 psig)

Design Condition

2,237,196 liters (591,000 gal)

7,874 lpm @ 91 m H2O
(2,080 gpm @ 300 ft H2O)

577,877 kg/h (1,274,000 lb/h)

IP water: 1,476 lpm @ 223 m 
H2O  (390 gpm @ 730 ft H2O)

HP water: 6,587 lpm @ 1,890 m 
H2O  (1,740 gpm @ 6,200 ft 

H2O)
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ACCOUNT 4 GASIFIER, ASU AND ACCESSORIES INCLUDING LOW 
TEMPERATURE HEAT RECOVERY AND FUEL GAS SATURATION 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Gasifier
Pressurized two-stage, 
slurry-feed entrained 
bed

2 0

2 Synthesis Gas Cooler Fire-tube boiler 2 0

3 Synthesis Gas Cyclone High efficiency 2 0

4 Candle Filter Pressurized filter with 
pulse-jet cleaning 2 0

5
Syngas Scrubber 
Including Sour Water 
Stripper

Vertical upflow 2 0

6 Raw Gas Coolers Shell and tube with 
condensate drain 8 0

7 Raw Gas Knockout 
Drum

Vertical with mist 
eliminator 2 0

8 Saturation Water 
Economizers Shell and tube 2 0

9 Fuel Gas Saturator Vertical tray tower 2 0

10 Saturator Water Pump Centrifugal 2 2

11 Synthesis Gas Reheater Shell and tube 2 0

12 Flare Stack
Self-supporting, carbon 
steel, stainless steel 
top, pilot ignition

2 0

13 ASU Main Air 
Compressor

Centrifugal, multi-
stage 2 0

14 Cold Box Vendor design 2 0

15 Oxygen Compressor Centrifugal, multi-
stage 2 0

16 Nitrogen Compressor Centrifugal, multi-
stage 2 0

17 Nitrogen Boost 
Compressor

Centrifugal, multi-
stage 2 0

metallic filters

299,825 kg/h  (661,000 lb/h)

455,861 kg/h  (1,005,000 lb/h)

351,988 kg/h, 38°C, 5.1 MPa
(776,000 lb/h, 100°F, 737 psia)

Design Condition

2,903 tonne/day, 4.2 MPa  
(3,200 tpd, 615 psia)

326,133 kg/h  (719,000 lb/h)

313,433 kg/h  (691,000 lb/h)  
Design efficiency 90%

455,861 kg/h  (1,005,000 lb/h)

62,596 kg/h, 149°C, 3.2 MPa
(138,000 lb/h, 300°F, 458 psia)

3,785 lpm @ 15 m H2O
(1,000 gpm @ 50 ft H2O)

65,771 kg/h  (145,000 lb/h)

510 m3/min @ 2.3 MPa
(18,000 scfm @ 340 psia)

299,825 kg/h  (661,000 lb/h) 
syngas

5,493 m3/min @ 1.3 MPa
(194,000 scfm @ 190 psia)

2,177 tonne/day  (2,400 tpd)
of 95% purity oxygen

1,104 m3/min @ 5.1 MPa
(39,000 scfm @ 740 psia)

3,653 m3/min @ 3.4 MPa
(129,000 scfm @ 490 psia)
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ACCOUNT 5A SOUR GAS SHIFT AND SYNGAS CLEANUP 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Mercury Adsorber Sulfated carbon 
bed 2 0

2 Sulfur Plant Claus type 1 0

3 Water Gas Shift Reactors Fixed bed, 
catalytic 6 0

4 Shift Reactor Heat Recovery 
Exhchangers Shell and Tube 4 0

5 Acid Gas Removal Plant Two-stage 
Selexol 2 0

6 Hydrogenation Reactor Fixed bed, 
catalytic 1 0

7 Tail Gas Recycle 
Compressor Centrifugal 1 0

Design Condition

320,690 kg/h  (707,000 lb/h)  
34°C (93°F)  3.3 MPa (481 psia)

143 tonne/day  (158 tpd)

Exchanger 1: 148 MMkJ/h (140 
MMBtu/h)

Exchanger 2: 32 MMkJ/h (30 
MMBtu/h)

11,975 kg/h @ 6.4 MPa
(26,400 lb/h @ 930 psia)

455,861 kg/h  (1,005,000 lb/h) 
232°C (450°F) 3.9 MPa (562 psia)

292,567 kg/h  (645,000 lb/h)  
35°C (95°F)  3.2 MPa (471 psia)

17,100 kg/h  (37,700 lb/h)
232°C (450°F) 0.2 MPa (25 psia)

 
 

ACCOUNT 5B  CO2 COMPRESSION  

Equipment 
No. Description Type Operating 

Qty. Spares

1 CO2 Compressor Integrally geared, multi-
stage centrifugal 4 1

Design Condition

1,096 m3/min @ 15.3 MPa
(38,715 scfm @ 2,215 psia)  

 

ACCOUNT 6 COMBUSTION TURBINE AND AUXILIARIES 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Gas Turbine Advanced F class 2 0

2 Gas Turbine Generator TEWAC 2 0

Design Condition

232 MW 

260 MVA @ 0.9 p.f., 24 kV, 60 
Hz, 3-phase  
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ACCOUNT 7 HRSG, DUCTING, AND STACK 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Stack CS plate, type 409SS 
liner 1 0

2 02 Heat Recovery 
Steam Generator

Drum, multi-pressure 
with economizer 
section and integral 
deaerator

  Reheat steam - 304,874 kg/h, 
2.9 MPa/538°C  (672,132 lb/h, 

420 psig/1,000°F)

Design Condition

76 m (250 ft) high x
8.5 m (28 ft) diameter

Main steam - 372,086 kg/h, 12.4 
MPa/538°C  (820,307 lb/h, 1,800 

psig/1,000°F)

 
 

ACCOUNT 8 STEAM TURBINE GENERATOR AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Steam Turbine
Commercially 
available advanced 
steam turbine

1 0

2 Steam Turbine Generator Hydrogen cooled, 
static excitiation 1 0

3 Steam Bypass One per HRSG 2 0

4 Surface Condenser
Single pass, divided 
waterbox including 
vacuum pumps

1 0

280 MVA @ 0.9 p.f.,   24 
kV, 60 Hz, 3-phase

50% steam flow @ design 
steam conditions

Design Condition

251 MW               
12.4 MPa/538°C/538°C 

(1800 psig/ 
1000°F/1000°F)

1,392 MMkJ/h (1,320 
MMBtu/h), Inlet water 

temperature 16°C (60°F), 
Water temperature rise 

11°C (20°F)
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ACCOUNT 9 COOLING WATER SYSTEM 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Circulating 
Water Pumps Vertical, wet pit 2 1

2 Cooling Tower
Evaporative, 
mechanical draft, multi-
cell

1 0

Design Condition

302,835 lpm @ 30 m
(80,000 gpm @ 100 ft)

11°C  (51.5°F) wet bulb / 16°C  
(60°F) CWT / 27°C  (80°F) HWT, 
1,687 MMkJ/h  (1,600 MMBtu/h) 

heat duty
 

 

ACCOUNT 10 SLAG RECOVERY AND HANDLING 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Slag Quench Tank Water bath 2 0

2 Slag Crusher Roll 2 0

3 Slag Depressurizer Proprietary 2 0

4 Slag Receiving Tank Horizontal, weir 2 0

5 Black Water Overflow Tank Shop fabricated 2

6 Slag Conveyor Drag chain 2 0

7 Slag Separation Screen Vibrating 2 0

8 Coarse Slag Conveyor Belt/bucket 2 0

9 Fine Ash Settling Tank Vertical, gravity 2 0

10 Fine Ash Recycle Pumps Horizontal 
centrifugal 2 2

11 Grey Water Storage Tank Field erected 2 0

12 Grey Water Pumps Centrifugal 2 2

13 Grey Water Recycle Heat 
Exchanger Shell and tube 2 0

14 Slag Storage Bin Vertical, field 
erected 2 0

15 Unloading Equipment Telescoping chute 1 0

Design Condition

230,912 liters  (61,000 gal)

12 tonne/h  (13 tph)

12 tonne/h  (13 tph)

151,418 liters  (40,000 gal)

12 tonne/h  (13 tph)

12 tonne/h  (13 tph)

12 tonne/h  (13 tph)

71,923 liters  (19,000 gal)

227,126 liters  (60,000 gal)

38 lpm @ 14 m H2O
(10 gpm @ 46 ft H2O)

907 tonne  (1,000 tons)

100 tonne/h  (110 tph)

71,923 liters  (19,000 gal)

265 lpm @ 433 m H2O
(70 gpm @ 1,420 ft H2O)

15,876 kg/h  (35,000 lb/h)
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ACCOUNT 11 ACCESSORY ELECTRIC PLANT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 CTG Transformer Oil-filled 2 0

3 Auxiliary 
Transformer Oil-filled 1 1

4 Low Voltage 
Transformer Dry ventilated 1 1

5
CTG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 2 0

6
STG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 1 0

7 Medium Voltage 
Switchgear Metal clad 1 1

8 Low Voltage 
Switchgear Metal enclosed 1 1

9 Emergency Diesel 
Generator

Sized for emergency 
shutdown 1 0750 kW, 480 V, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

4.16 kV, 3-ph, 60 Hz

480 V, 3-ph, 60 Hz

1 0

24 kV/4.16 kV, 191 MVA,     
3-ph, 60 Hz

4.16 kV/480 V, 29 MVA,      
3-ph, 60 Hz

Design Condition

24 kV/345 kV, 260 MVA,      
3-ph, 60 Hz

2 STG Transformer Oil-filled 24 kV/345 kV, 80 MVA,       
3-ph, 60 Hz

 
 

ACCOUNT 12 INSTRUMENTATION AND CONTROLS 
Equipment 

No. Description Type Operating 
Qty. Spares

1 DCS - Main 
Control

Monitor/keyboard; 
Operator printer (laser 
color); Engineering 
printer (laser B&W)

1 0

3 DCS - Data 
Highway Fiber optic 1 0

Design Condition

Operator stations/printers and 
engineering stations/printers

2 DCS - Processor
Microprocessor with 
redundant 
input/output

N/A 1 0

Fully redundant, 25% spare
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3.3.11 CASE 4 - COST ESTIMATING RESULTS 
The cost estimating methodology was described previously in Section 2.6.  Exhibit 3-78 shows 
the total plant capital cost summary organized by cost account and Exhibit 3-79 shows a more 
detailed breakdown of the capital costs.  Exhibit 3-80 shows the initial and annual O&M costs.   

The estimated TPC of the CoP gasifier with CO2 capture is $2,431/kW.  Process contingency 
represents 4.3 percent of the TPC and project contingency represents 13.7 percent.  The 20-year 
LCOE, including CO2 TS&M costs of 4.1 mills/kWh, is 105.7 mills/kWh. 
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Exhibit 3-78  Case 4 Total Plant Cost Summary 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 04 - ConocoPhillips IGCC w/ CO2
Plant Size: 518.2 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING $13,303 $2,480 $10,424 $0 $0 $26,207 $2,127 $0 $5,667 $34,000 $66

 2 COAL & SORBENT PREP & FEED $22,651 $4,146 $13,827 $0 $0 $40,624 $3,263 $0 $8,777 $52,665 $102

 3 FEEDWATER & MISC. BOP SYSTEMS $9,371 $7,975 $8,947 $0 $0 $26,292 $2,201 $0 $6,451 $34,944 $67

 4 GASIFIER & ACCESSORIES
4.1 Gasifier, Syngas Cooler & Auxiliaries $93,113 $0 $57,142 $0 $0 $150,256 $12,324 $22,538 $27,768 $212,885 $411
4.2 Syngas Cooling ( w/ 4.1) w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $142,779 $0 w/equip. $0 $0 $142,779 $12,175 $0 $15,495 $170,449 $329

4.4-4.9 Other Gasification Equipment $24,864 $8,707 $14,165 $0 $0 $47,736 $4,057 $0 $11,002 $62,795 $121
SUBTOTAL  4 $260,756 $8,707 $71,307 $0 $0 $340,771 $28,555 $22,538 $54,265 $446,129 $861

 5A Gas Cleanup & Piping $81,314 $4,446 $69,562 $0 $0 $155,321 $13,338 $21,481 $38,231 $228,370 $441

 5B CO2 REMOVAL & COMPRESSION $17,010 $0 $10,435 $0 $0 $27,445 $2,351 $0 $5,959 $35,754 $69

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator $88,000 $0 $5,325 $0 $0 $93,325 $7,865 $9,333 $11,052 $121,575 $235

6.2-6.9 Combustion Turbine Other $0 $684 $762 $0 $0 $1,446 $121 $0 $470 $2,037 $4
SUBTOTAL  6 $88,000 $684 $6,087 $0 $0 $94,771 $7,986 $9,333 $11,522 $123,611 $239

 7 HRSG, DUCTING & STACK
7.1 Heat Recovery Steam Generator $32,356 $0 $4,604 $0 $0 $36,960 $3,125 $0 $4,009 $44,094 $85

7.2-7.9 Ductwork and Stack $3,222 $2,268 $3,011 $0 $0 $8,501 $703 $0 $1,496 $10,700 $21
SUBTOTAL  7 $35,577 $2,268 $7,615 $0 $0 $45,461 $3,829 $0 $5,505 $54,794 $106

 8 STEAM TURBINE GENERATOR 
8.1 Steam TG & Accessories $25,224 $0 $4,105 $0 $0 $29,328 $2,518 $0 $3,185 $35,030 $68

8.2-8.9 Turbine Plant Auxiliaries and Steam Piping $9,243 $828 $6,527 $0 $0 $16,598 $1,338 $0 $3,645 $21,581 $42
SUBTOTAL  8 $34,466 $828 $10,632 $0 $0 $45,926 $3,856 $0 $6,829 $56,611 $109

 9 COOLING WATER SYSTEM $6,318 $6,821 $5,729 $0 $0 $18,867 $1,553 $0 $4,194 $24,614 $47

10 ASH/SPENT SORBENT HANDLING SYS $18,516 $1,396 $9,191 $0 $0 $29,103 $2,482 $0 $3,445 $35,031 $68

11 ACCESSORY ELECTRIC PLANT $23,064 $11,396 $22,575 $0 $0 $57,035 $4,450 $0 $11,923 $73,409 $142

12 INSTRUMENTATION & CONTROL $10,183 $1,906 $6,836 $0 $0 $18,925 $1,562 $946 $3,586 $25,021 $48

13 IMPROVEMENTS TO SITE $3,208 $1,891 $7,974 $0 $0 $13,073 $1,151 $0 $4,267 $18,490 $36

14 BUILDINGS & STRUCTURES $0 $6,066 $6,992 $0 $0 $13,057 $1,063 $0 $2,319 $16,439 $32

TOTAL COST $623,738 $61,009 $268,131 $0 $0 $952,878 $79,766 $54,298 $172,940 $1,259,883 $2,431

TOTAL PLANT COST SUMMARY 
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Exhibit 3-79  Case 4 Total Plant Cost Details 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 04 - ConocoPhillips IGCC w/ CO2
Plant Size: 518.2 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING
1.1 Coal Receive & Unload $3,493 $0 $1,725 $0 $0 $5,218 $418 $0 $1,127 $6,764 $13
1.2 Coal Stackout & Reclaim $4,514 $0 $1,106 $0 $0 $5,620 $441 $0 $1,212 $7,274 $14
1.3 Coal Conveyors $4,197 $0 $1,094 $0 $0 $5,291 $416 $0 $1,141 $6,849 $13
1.4 Other Coal Handling $1,098 $0 $253 $0 $0 $1,351 $106 $0 $291 $1,749 $3
1.5 Sorbent Receive & Unload $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.6 Sorbent Stackout & Reclaim $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.7 Sorbent Conveyors $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.8 Other Sorbent Handling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.9 Coal & Sorbent Hnd.Foundations $0 $2,480 $6,246 $0 $0 $8,726 $745 $0 $1,894 $11,365 $22

SUBTOTAL  1. $13,303 $2,480 $10,424 $0 $0 $26,207 $2,127 $0 $5,667 $34,000 $66
 2 COAL & SORBENT PREP & FEED

2.1 Coal Crushing & Drying incl w/2.3 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.2 Prepared Coal Storage & Feed $1,491 $355 $236 $0 $0 $2,082 $160 $0 $448 $2,690 $5
2.3 Slurry Prep & Feed $20,340 $0 $9,140 $0 $0 $29,480 $2,356 $0 $6,367 $38,204 $74
2.4 Misc.Coal Prep & Feed $820 $593 $1,807 $0 $0 $3,221 $265 $0 $697 $4,182 $8
2.5 Sorbent Prep Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.6 Sorbent Storage & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.7 Sorbent Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.8 Booster Air Supply System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.9 Coal & Sorbent Feed Foundation $0 $3,197 $2,644 $0 $0 $5,841 $483 $0 $1,265 $7,588 $15

SUBTOTAL  2. $22,651 $4,146 $13,827 $0 $0 $40,624 $3,263 $0 $8,777 $52,665 $102
 3 FEEDWATER & MISC. BOP SYSTEMS

3.1 FeedwaterSystem $3,088 $5,369 $2,836 $0 $0 $11,293 $934 $0 $2,445 $14,672 $28
3.2 Water Makeup & Pretreating $537 $56 $300 $0 $0 $893 $76 $0 $290 $1,259 $2
3.3 Other Feedwater Subsystems $1,705 $578 $521 $0 $0 $2,804 $225 $0 $606 $3,634 $7
3.4 Service Water Systems $309 $632 $2,194 $0 $0 $3,135 $272 $0 $1,022 $4,428 $9
3.5 Other Boiler Plant Systems $1,662 $638 $1,582 $0 $0 $3,882 $326 $0 $842 $5,050 $10
3.6 FO Supply Sys & Nat Gas $299 $565 $527 $0 $0 $1,391 $119 $0 $302 $1,812 $3
3.7 Waste Treatment Equipment $746 $0 $457 $0 $0 $1,203 $104 $0 $392 $1,700 $3
3.8 Misc. Equip.(cranes,AirComp.,Comm.) $1,024 $138 $531 $0 $0 $1,693 $146 $0 $552 $2,390 $5

SUBTOTAL  3. $9,371 $7,975 $8,947 $0 $0 $26,292 $2,201 $0 $6,451 $34,944 $67
 4 GASIFIER & ACCESSORIES

4.1 Gasifier, Syngas Cooler & Auxiliaries (E-GAS) $93,113 $0 $57,142 $0 $0 $150,256 $12,324 $22,538 $27,768 $212,885 $411
4.2 Syngas  Cooling ( w/ 4.1 w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $142,779 $0 w/equip. $0 $0 $142,779 $12,175 $0 $15,495 $170,449 $329
4.4 LT Heat Recovery & FG Saturation $24,864 $0 $9,355 $0 $0 $34,219 $2,946 $0 $7,433 $44,598 $86
4.5 Misc. Gasification Equipment w/4.1 & 4.2 w/4.1&4.2 $0 w/4.1&4.2 $0 $0 $0 $0 $0 $0 $0 $0
4.6 Other Gasification Equipment $0 $1,157 $471 $0 $0 $1,629 $139 $0 $354 $2,121 $4
4.8 Major Component Rigging w/4.1&4.2 $0 w/4.1&4.2 $0 $0 $0 $0 $0 $0 $0 $0
4.9 Gasification Foundations $0 $7,550 $4,339 $0 $0 $11,889 $972 $0 $3,215 $16,075 $31

SUBTOTAL  4. $260,756 $8,707 $71,307 $0 $0 $340,771 $28,555 $22,538 $54,265 $446,129 $861

TOTAL PLANT COST SUMMARY 
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Exhibit 3-79  Case 4 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 04 - ConocoPhillips IGCC w/ CO2
Plant Size: 518.2 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 5A GAS CLEANUP & PIPING
5A.1 Double Stage Selexol $57,451 $0 $49,279 $0 $0 $106,730 $9,179 $21,346 $27,451 $164,707 $318
5A.2 Elemental Sulfur Plant $9,709 $1,927 $12,535 $0 $0 $24,170 $2,088 $0 $5,252 $31,510 $61
5A.3 Mercury Removal $1,531 $0 $1,166 $0 $0 $2,697 $232 $135 $613 $3,676 $7
5A.4 Shift Reactors $12,213 $0 $4,919 $0 $0 $17,133 $1,461 $0 $3,719 $22,312 $43
5A.5 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.6 Blowback Gas Systems $410 $230 $130 $0 $0 $770 $65 $0 $167 $1,002 $2
5A.7 Fuel Gas Piping $0 $1,150 $793 $0 $0 $1,943 $159 $0 $420 $2,522 $5
5A.9 HGCU Foundations $0 $1,138 $739 $0 $0 $1,878 $154 $0 $609 $2,641 $5

SUBTOTAL  5A. $81,314 $4,446 $69,562 $0 $0 $155,321 $13,338 $21,481 $38,231 $228,370 $441
 5B CO2 REMOVAL & COMPRESSION

5B.1 CO2 Removal System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5B.2 CO2 Compression & Drying $17,010 $0 $10,435 $0 $0 $27,445 $2,351 $0 $5,959 $35,754 $69

SUBTOTAL  5B. $17,010 $0 $10,435 $0 $0 $27,445 $2,351 $0 $5,959 $35,754 $69
 6 COMBUSTION TURBINE/ACCESSORIES

6.1 Combustion Turbine Generator $88,000 $0 $5,325 $0 $0 $93,325 $7,865 $9,333 $11,052 $121,575 $235
6.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.3 Compressed Air Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.9 Combustion Turbine Foundations $0 $684 $762 $0 $0 $1,446 $121 $0 $470 $2,037 $4

SUBTOTAL  6. $88,000 $684 $6,087 $0 $0 $94,771 $7,986 $9,333 $11,522 $123,611 $239
 7 HRSG, DUCTING & STACK

7.1 Heat Recovery Steam Generator $32,356 $0 $4,604 $0 $0 $36,960 $3,125 $0 $4,009 $44,094 $85
7.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.3 Ductwork $0 $1,627 $1,179 $0 $0 $2,806 $221 $0 $605 $3,632 $7
7.4 Stack $3,222 $0 $1,211 $0 $0 $4,433 $378 $0 $481 $5,292 $10
7.9 HRSG,Duct & Stack Foundations $0 $641 $620 $0 $0 $1,262 $105 $0 $410 $1,777 $3

SUBTOTAL  7. $35,577 $2,268 $7,615 $0 $0 $45,461 $3,829 $0 $5,505 $54,794 $106
 8 STEAM TURBINE GENERATOR 

8.1 Steam TG & Accessories $25,224 $0 $4,105 $0 $0 $29,328 $2,518 $0 $3,185 $35,030 $68
8.2 Turbine Plant Auxiliaries $168 $0 $385 $0 $0 $553 $48 $0 $60 $662 $1
8.3 Condenser & Auxiliaries $4,112 $0 $1,235 $0 $0 $5,348 $455 $0 $580 $6,382 $12
8.4 Steam Piping $4,962 $0 $3,497 $0 $0 $8,459 $647 $0 $2,276 $11,382 $22
8.9 TG Foundations $0 $828 $1,409 $0 $0 $2,237 $189 $0 $728 $3,154 $6

SUBTOTAL  8. $34,466 $828 $10,632 $0 $0 $45,926 $3,856 $0 $6,829 $56,611 $109
 9 COOLING WATER SYSTEM

9.1 Cooling Towers $4,081 $0 $897 $0 $0 $4,978 $422 $0 $810 $6,210 $12
9.2 Circulating Water Pumps $1,284 $0 $77 $0 $0 $1,361 $104 $0 $220 $1,685 $3
9.3 Circ.Water System Auxiliaries $108 $0 $15 $0 $0 $123 $10 $0 $20 $154 $0
9.4 Circ.Water Piping $0 $4,606 $1,175 $0 $0 $5,781 $459 $0 $1,248 $7,488 $14
9.5 Make-up Water System $301 $0 $427 $0 $0 $729 $62 $0 $158 $949 $2
9.6 Component Cooling Water Sys $544 $650 $459 $0 $0 $1,653 $137 $0 $358 $2,148 $4
9.9 Circ.Water System Foundations& Structures $0 $1,564 $2,678 $0 $0 $4,242 $358 $0 $1,380 $5,981 $12

SUBTOTAL  9. $6,318 $6,821 $5,729 $0 $0 $18,867 $1,553 $0 $4,194 $24,614 $47
10 ASH/SPENT SORBENT HANDLING SYS

10.1 Slag Dewatering & Cooling $16,165 $0 $7,978 $0 $0 $24,143 $2,063 $0 $2,621 $28,826 $56
10.2 Gasifier Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.3 Cleanup Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.4 High Temperature Ash Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.5 Other Ash Rrecovery Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.6 Ash Storage Silos $532 $0 $579 $0 $0 $1,111 $96 $0 $181 $1,387 $3
10.7 Ash Transport & Feed Equipment $718 $0 $172 $0 $0 $890 $73 $0 $145 $1,108 $2
10.8 Misc. Ash Handling Equipment $1,101 $1,350 $403 $0 $0 $2,854 $242 $0 $464 $3,560 $7
10.9 Ash/Spent Sorbent Foundation $0 $47 $59 $0 $0 $106 $9 $0 $34 $149 $0

SUBTOTAL 10. $18,516 $1,396 $9,191 $0 $0 $29,103 $2,482 $0 $3,445 $35,031 $68

TOTAL PLANT COST SUMMARY 
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Exhibit 3-79  Case 4 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 04 - ConocoPhillips IGCC w/ CO2
Plant Size: 518.2 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

11 ACCESSORY ELECTRIC PLANT
11.1 Generator Equipment $866 $0 $864 $0 $0 $1,730 $147 $0 $188 $2,065 $4
11.2 Station Service Equipment $4,122 $0 $387 $0 $0 $4,509 $384 $0 $489 $5,381 $10
11.3 Switchgear & Motor Control $7,876 $0 $1,444 $0 $0 $9,320 $773 $0 $1,514 $11,608 $22
11.4 Conduit & Cable Tray $0 $3,748 $12,166 $0 $0 $15,914 $1,363 $0 $4,319 $21,596 $42
11.5 Wire & Cable $0 $6,883 $4,630 $0 $0 $11,512 $754 $0 $3,067 $15,333 $30
11.6 Protective Equipment $0 $624 $2,365 $0 $0 $2,989 $262 $0 $488 $3,739 $7
11.7 Standby Equipment $208 $0 $211 $0 $0 $419 $36 $0 $68 $524 $1
11.8 Main Power Transformers $9,992 $0 $132 $0 $0 $10,124 $687 $0 $1,622 $12,432 $24
11.9 Electrical Foundations $0 $142 $376 $0 $0 $518 $44 $0 $169 $730 $1

SUBTOTAL 11. $23,064 $11,396 $22,575 $0 $0 $57,035 $4,450 $0 $11,923 $73,409 $142
12 INSTRUMENTATION & CONTROL

12.1 IGCC Control Equipment w/12.7 $0 w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.2 Combustion Turbine Control N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
12.3 Steam Turbine Control w/8.1 $0 w/8.1 $0 $0 $0 $0 $0 $0 $0 $0
12.4 Other Major Component Control $1,005 $0 $699 $0 $0 $1,705 $147 $85 $291 $2,227 $4
12.5 Signal Processing Equipment      W/12.7 $0      W/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.6 Control Boards,Panels & Racks $231 $0 $154 $0 $0 $385 $33 $19 $88 $525 $1
12.7 Computer & Accessories $5,362 $0 $179 $0 $0 $5,541 $470 $277 $629 $6,918 $13
12.8 Instrument Wiring & Tubing $0 $1,906 $3,990 $0 $0 $5,896 $448 $295 $1,660 $8,299 $16
12.9 Other I & C Equipment $3,584 $0 $1,813 $0 $0 $5,398 $464 $270 $920 $7,052 $14

SUBTOTAL 12. $10,183 $1,906 $6,836 $0 $0 $18,925 $1,562 $946 $3,586 $25,021 $48
13 Improvements to Site

13.1 Site Preparation $0 $101 $2,167 $0 $0 $2,268 $200 $0 $740 $3,209 $6
13.2 Site Improvements $0 $1,790 $2,397 $0 $0 $4,187 $368 $0 $1,367 $5,922 $11
13.3 Site Facilities $3,208 $0 $3,410 $0 $0 $6,618 $582 $0 $2,160 $9,360 $18

SUBTOTAL 13. $3,208 $1,891 $7,974 $0 $0 $13,073 $1,151 $0 $4,267 $18,490 $36
14 Buildings & Structures

14.1 Combustion Turbine Area $0 $221 $127 $0 $0 $348 $27 $0 $75 $451 $1
14.2 Steam Turbine Building $0 $2,058 $2,971 $0 $0 $5,030 $414 $0 $816 $6,260 $12
14.3 Administration Building $0 $814 $598 $0 $0 $1,412 $113 $0 $229 $1,753 $3
14.4 Circulation Water Pumphouse $0 $153 $82 $0 $0 $235 $18 $0 $38 $291 $1
14.5 Water Treatment Buildings $0 $427 $423 $0 $0 $850 $69 $0 $138 $1,057 $2
14.6 Machine Shop $0 $417 $289 $0 $0 $705 $56 $0 $114 $876 $2
14.7 Warehouse $0 $672 $440 $0 $0 $1,112 $88 $0 $180 $1,381 $3
14.8 Other Buildings & Structures $0 $403 $318 $0 $0 $721 $58 $0 $156 $934 $2
14.9 Waste Treating Building & Str. $0 $900 $1,744 $0 $0 $2,644 $220 $0 $573 $3,437 $7

SUBTOTAL 14. $0 $6,066 $6,992 $0 $0 $13,057 $1,063 $0 $2,319 $16,439 $32

TOTAL COST $623,738 $61,009 $268,131 $0 $0 $952,878 $79,766 $54,298 $172,940 $1,259,883 $2,431

TOTAL PLANT COST SUMMARY 
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Exhibit 3-80  Case 4 Initial and Annual Operating and Maintenance Costs 
INITIAL & ANNUAL O&M EXPENSES Cost Base (Dec) 2006

Case 04 - ConocoPhillips IGCC w/ CO2 Heat Rate-net(Btu/kWh): 10,757
 MWe-net: 518

           Capacity Factor: (%): 80
                                               OPERATING & MAINTENANCE LABOR
Operating Labor

  Operating Labor Rate(base): 33.00 $/hour
  Operating Labor Burden: 30.00 % of base
  Labor O-H Charge Rate: 25.00 % of labor

Total

       Skilled Operator 2.0 2.0
       Operator 10.0 10.0
       Foreman 1.0 1.0
       Lab Tech's, etc. 3.0 3.0
          TOTAL-O.J.'s 16.0 16.0

Annual Cost Annual Unit Cost
$ $/kW-net

Annual Operating Labor Cost $6,012,864 $11.602
Maintenance Labor Cost $13,171,520 $25.416
Administrative & Support Labor $4,796,096 $9.255
TOTAL FIXED OPERATING COSTS $23,980,481 $46.273
VARIABLE OPERATING COSTS

$/kWh-net
Maintenance Material Cost $24,211,567 $0.00667

Consumables Consumption Unit Initial
  Initial       /Day      Cost  Cost

  Water(/1000 gallons) 0 5,954 1.03 $0 $1,790,845 $0.00049

  Chemicals
    MU & WT Chem.(lb) 124,161 17,737 0.16 $20,462 $853,547 $0.00024
    Carbon (Mercury Removal) (lb) 128,090 175 1.00 $128,090 $51,100 $0.00001
    COS Catalyst (m3) 0 0 2,308.40 $0 $0 $0.00000
    Water Gas Shift Catalyst(ft3) 11,053 7.57 475.00 $5,250,175 $1,049,363 $0.00029
    Selexol Solution (gal.) 462 66 12.90 $5,960 $248,630 $0.00007
    MDEA  Solution (gal) 0 0 0.96 $0 $0 $0.00000
    Sulfinol  Solution (gal) 0 0 9.68 $0 $0 $0.00000
    SCR Catalyst (m3) 0 0 0.00 $0 $0 $0.00000
    Aqueous Ammonia (ton) 0 0 0.00 $0 $0 $0.00000
    Claus Catalyst(ft3) w/equip. 2.16 125.00 $0 $78,840 $0.00002

Subtotal Chemicals $5,404,687 $2,281,480 $0.00063

  Other
    Supplemental Fuel(MBtu) 0 0 0.00 $0 $0 $0.00000
    Gases,N2 etc.(/100scf) 0 0 0.00 $0 $0 $0.00000
    L.P. Steam(/1000 pounds) 0 0 0.00 $0 $0 $0.00000

Subtotal Other $0 $0 $0.00000

  Waste Disposal
    Spent Mercury Catalyst (lb) 0 175 0.40 $0 $20,522 $0.00001
    Flyash (ton) 0 0 0.00 $0 $0 $0.00000
    Bottom Ash(ton) 0 583 15.45 $0 $2,632,348 $0.00072

      Subtotal-Waste Disposal $0 $2,652,870 $0.00073

  By-products & Emissions 
     Sulfur(tons) 0 143 0.00 $0 $0 $0.00000

Subtotal By-Products $0 $0 $0.00000

TOTAL VARIABLE OPERATING COSTS $5,404,687 $30,936,762 $0.00852

 Fuel(ton) 172,030 5,734 42.11 $7,244,210 $70,510,306 $0.01941  
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3.4 SHELL GLOBAL SOLUTIONS IGCC CASES 
This section contains an evaluation of plant designs for Cases 5 and 6, which are based on the 
Shell Global Solutions (Shell) gasifier.  Cases 5 and 6 are very similar in terms of process, 
equipment, scope and arrangement, except that Case 6 employs a syngas quench and includes 
sour gas shift reactors, CO2 absorption/regeneration and compression/transport systems.  There 
are no provisions for CO2 removal in Case 5. 

The balance of this section is organized in an analogous manner to Sections 3.2 and 3.3: 

• Gasifier Background 

• Process System Decscription for Case 5 

• Key Assumptions for Cases 5 and 6 

• Sparing Philosophy for Cases 5 and 6 

• Performance Results for Case 5 

• Equipment List for Case 5 

• Cost Estimates For Case 5 

• Process and System Description, Performance Results, Equipment List and Cost Estimate 
for Case 6 

3.4.1 GASIFIER BACKGROUND 
Development and Current Status – Development of the Shell gasification process for partial 
oxidation of oil and gas began in the early 1950s.  More than 75 commercial Shell partial-
oxidation plants have been built worldwide to convert a variety of hydrocarbon liquids and gases 
to carbon monoxide and hydrogen. 

Shell Internationale Petroleum Maatschappij B.V. began work on coal gasification in 1972.  The 
coal gasifier is significantly different than the oil and gas gasifiers developed earlier.  A 
pressurized, entrained-flow, slagging coal gasifier was built at Shell’s Amsterdam laboratories.  
This 5 tonnes/day (6 TPD) process development unit has operated for approximately 
12,000 hours since 1976.  A larger 150 tonnes/day (165 TPD) pilot plant was built at Shell’s 
Hamburg refinery in Hamburg, Germany.  This larger unit operated for approximately 
6,000 hours from 1978 to 1983, and successfully gasified over 27,216 tonnes (30,000 tons) of 
coal. 

From 1974 until mid-1981, Heinrich Koppers GmbH (now Krupp Koppers) cooperated with 
Shell in the development work for the coal gasification technology at the 150 tonnes/day 
(165 TPD) pilot plant in Hamburg.  Krupp Koppers is the licensor of the commercially proven 
Koppers-Totzek coal gasification technology, an entrained-flow slagging gasification system 
operated at atmospheric pressure. 

In June 1981, the partnership between Shell and Krupp Koppers was terminated.  Since that time, 
this gasification technology has been developed solely by Shell as the Shell Coal Gasification 
Process.  Krupp Koppers continued its own development of a similar pressurized, dry feed, 
entrained-flow gasification technology called PRENFLO.  Krupp Koppers has built and 
successfully operated a small 45 tonnes/day (50 TPD) PRENFLO pilot plant at Fuerstenhausen, 
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Germany.  In 2000 Shell and Krupp Uhde agreed to join forces again in gasification and jointly 
offer the Shell coal gasification process. 

Based on the experience it gained with the Hamburg unit, Shell built a demonstration unit at its 
oil refinery and chemical complex in Deer Park, Texas, near Houston.  This new unit, commonly 
called SCGP-1 (for Shell Coal Gasification Plant-1), was designed to gasify bituminous coal at 
the rate of 227 tonnes/day (250 TPD) and to gasify high-moisture, high-ash lignite at the rate of 
363 tonnes/day (400 TPD).  The relatively small difference in size between the Hamburg and 
Deer Park units reflects design changes and improvements. 

The Deer Park demonstration plant operated successfully after startup in July 1987.  Before the 
end of the program in 1991, after 15,000 hours of operation, 18 different feedstocks were 
gasified at the plant, including domestic coals ranging from lignite to high-sulfur bituminous, 
three widely traded foreign coals, and petroleum coke.  The Deer Park unit produced superheated 
high-pressure steam in the waste heat recovery boiler.  The plant also had facilities for extensive 
environmental monitoring and for sidestream testing of several AGR processes, including 
Sulfinol-D, Sulfinol-M, highly loaded MDEA, and various wastewater treatment schemes. 

In spring 1989, Shell announced that its technology had been selected for the large commercial-
scale Demkolec B.V. IGCC plant at Buggenum, near Roermond, in The Netherlands.  This plant 
generates 250 MW of IGCC electricity with a single Shell gasifier consuming 1,814 tonnes/day 
(2,000 TPD) (dry basis) of coal.  The plant was originally owned and operated by 
Samenwerkende Electriciteits-Productiebedrijven NV (SEP), a consortium of Dutch utilities, and 
began operation in 1994.  In 2000 the plant was purchased by Nuon.  Shell was extensively 
involved in the design, startup, and initial operation of this plant.  A key feature of this design is 
the use of extraction air from the combustion turbine air compressor to feed the oxygen plant. 

Gasifier Capacity – The large gasifier operating in The Netherlands has a bituminous coal-
handling capacity of 1,633 tonnes/day (1,800 TPD) and produces dry gas at a rate of 158,575 
Nm3/h (5.6 million scf/h) with an energy content of about 1,792 MMkJ/h (1,700 MMBtu/h) 
(HHV).  This gasifier was sized to match the fuel gas requirements for the Siemens/Kraftwerk 
Union V-94.2 combustion turbine and could easily be scaled up to match advanced F Class 
turbine requirements. 

Distinguishing Characteristics – The key advantage of the Shell coal gasification technology is 
its lack of feed coal limitations.  One of the major achievements of the Shell development 
program has been the successful gasification of a wide variety of coals ranging from anthracite to 
brown coal.  The dry pulverized feed system developed by Shell uses all coal types with 
essentially no operating and design modifications (provided the drying pulverizers are 
appropriately sized).  The dry fed Shell gasifier also has the advantage of lower oxygen 
requirement than comparable slurry fed entrained flow gasifiers. 

Entrained-flow slagging gasifiers have fundamental environmental advantages over fluidized-
bed and moving-bed gasifiers.  They produce no hydrocarbon liquids, and the only solid waste is 
an inert slag.  The dry feed entrained-flow gasifiers also have minor environmental advantages 
over the slurry feed entrained-flow gasifiers.  They produce a higher H2S/CO2 ratio acid gas, 
which improves sulfur recovery and lessens some of the gray water processing and the fixed-
salts blowdown problems associated with slurry feeding. 
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A disadvantage of the Shell coal gasification technology is the high waste heat recovery 
(synthesis gas cooler) duty.  As with the other slagging gasifiers, the Shell process has this 
disadvantage due to its high operating temperature.  The ability to feed dry solids minimizes the 
oxygen requirement and makes the Shell gasifier somewhat more efficient than entrained flow 
gasifiers employing slurry feed systems.  The penalty paid for this increase in efficiency is a coal 
feed system that is more costly and operationally more complex.  Demonstration of the reliability 
and safety of the dry coal feeding system was essential for the successful development of the 
Shell technology.  The high operating temperature required by all entrained-flow slagging 
processes can result in relatively high capital and maintenance costs.  However, the Shell gasifier 
employs a cooled refractory, which requires fewer changeouts than an uncooled refractory.  Life 
of a water wall is determined by metallurgy and temperature and can provide a significant O&M 
cost benefit over refractory lined gasifiers. 

Important Coal Characteristics – Characteristics desirable for coal considered for use in the 
Shell gasifier include moderate ash fusion temperature and relatively low ash content.  The Shell 
gasifier is extremely flexible; it can handle a wide variety of different coals, including lignite.  
High-ash fusion-temperature coals may require flux addition for optimal gasifier operation.  The 
ash content, fusion temperature, and composition affect the required gasifier operating 
temperature level, oxygen requirements, heat removal, slag management, and maintenance.  
However, dry feeding reduces the negative effects of high ash content relative to slurry feed 
gasifiers. 

3.4.2 PROCESS DESCRIPTION 
In this section the overall Shell gasification process for Case 5 is described.  The system 
description follows the BFD in Exhibit 3-81 and stream numbers reference the same Exhibit.  
The tables in Exhibit 3-82 provide process data for the numbered streams in the BFD. 

Coal Preparation and Feed Systems 
Coal receiving and handling is common to all cases and was covered in Section 3.1.1.  The 
receiving and handling subsystem ends at the coal silo.  The Shell process uses a dry feed system 
which is sensitive to the coal moisture content.  Coal moisture consists of two parts, surface 
moisture and inherent moisture.  For coal to flow smoothly through the lock hoppers, the surface 
moisture must be removed.  The Illinois No. 6 coal used in this study contains 11.12 percent total 
moisture on an as-received basis (stream 9).  It was assumed that the coal must be dried to 
5 percent moisture to allow for smooth flow through the dry feed system (stream 10). 

The coal is simultaneously crushed and dried in the coal mill then delivered to a surge hopper 
with an approximate 2-hour capacity.  The drying medium is provided by combining the off-gas 
from the Claus plant TGTU and a slipstream of clean syngas (stream 8) and passing them 
through an incinerator.  The incinerator flue gas, with an oxygen content of 6 vol%, is then used 
to dry the coal in the mill. 

The coal is drawn from the surge hoppers and fed through a pressurization lock hopper system to 
a dense phase pneumatic conveyor, which uses nitrogen from the ASU to convey the coal to the 
gasifiers. 
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Exhibit 3-81  Case 5 Process Flow Diagram, Shell IGCC without CO2 Capture 
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Exhibit 3-82  Case 5 Stream Table, Shell IGCC without CO2 Capture 
1 2 3 4 5 6 7 8 9A 10A 11 12 13

V-L Mole Fraction              
Ar 0.0094 0.0263 0.0360 0.0024 0.0360 0.0000 0.0000 0.0105 0.0000 0.0000 0.0000 0.0097 0.0097
CH4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0004 0.0000 0.0000 0.0000 0.0004 0.0004

CO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.6151 0.0000 0.0000 0.0000 0.5716 0.5716
CO2 0.0003 0.0091 0.0000 0.0000 0.0000 0.0000 0.0000 0.0006 0.0000 0.0000 0.0000 0.0211 0.0211

COS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0007 0.0007
H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.3122 0.0000 0.0000 0.0000 0.2901 0.2901

H2O 0.0104 0.2820 0.0000 0.0004 0.0000 1.0000 0.0000 0.0014 1.0000 1.0000 0.0000 0.0364 0.0364

H2S 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0081 0.0081

N2 0.7722 0.4591 0.0140 0.9918 0.0140 0.0000 1.0000 0.0599 0.0000 0.0000 0.0000 0.0585 0.0585

NH3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0033 0.0033

O2 0.2077 0.2235 0.9500 0.0054 0.9500 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 37,250 1,938 225 38,900 10,865 2,424 2,019 447 2,796 1,165 0 75,202 40,232

V-L Flowrate (lb/hr) 1,074,830 51,432 7,250 1,091,540 350,168 43,673 56,553 8,949 50,331 20,982 0 1,548,350 828,347
Solids Flowrate (lb/hr) 0 0 0 0 0 0 0 0 402,289 402,289 45,315 0 0

Temperature (°F) 232 70 90 385 518 650 560 124 59 215 2,600 1,635 398
Pressure (psia) 190.6 16.4 125.0 460.0 740.0 740.0 815.0 516.7 14.7 14.7 614.7 614.7 574.7
Enthalpy (BTU/lb)B 55.3 26.8 12.5 88.0 107.7 1311.5 132.2 33.1 11,676 --- 1,167 619.8 160.2
Density (lb/ft3) 0.741 0.104 0.683 1.424 2.272 1.119 2.086 1.651 --- --- --- 0.563 1.286
Molecular Weight 28.854 26.545 32.229 28.060 32.229 18.015 28.013 20.011 --- --- --- 20.589 20.589

A - Solids flowrate includes dry coal; V-L flowrate includes slurry water and water from coal
B - Reference conditions are 32.02 F & 0.089 PSIA  
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Exhibit 3-82  Case 5 Stream Table, Shell IGCC without CO2 Capture (continued) 
14 15 16 17 18 19 20 21 22 23 24 25 26

V-L Mole Fraction              
Ar 0.0097 0.0101 0.0101 0.0105 0.0086 0.0086 0.0003 0.0000 0.0041 0.0094 0.0094 0.0088 0.0088
CH4 0.0004 0.0004 0.0004 0.0004 0.0003 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
CO 0.5699 0.5940 0.5940 0.6151 0.5080 0.5080 0.0112 0.0000 0.0674 0.0000 0.0000 0.0000 0.0000
CO2 0.0217 0.0226 0.0226 0.0006 0.0005 0.0005 0.6315 0.0000 0.4947 0.0003 0.0003 0.0755 0.0755

COS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000 0.0000
H2 0.2893 0.3015 0.3015 0.3122 0.2579 0.2579 0.0062 0.0000 0.0179 0.0000 0.0000 0.0000 0.0000

H2O 0.0387 0.0015 0.0015 0.0014 0.1752 0.1752 0.0042 0.0000 0.3199 0.0108 0.0108 0.0847 0.0847

H2S 0.0088 0.0091 0.0091 0.0000 0.0000 0.0000 0.2596 0.0000 0.0015 0.0000 0.0000 0.0000 0.0000

N2 0.0583 0.0608 0.0608 0.0599 0.0494 0.0494 0.0870 0.0000 0.0898 0.7719 0.7719 0.7277 0.7277

NH3 0.0032 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

O2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.2076 0.2076 0.1033 0.1033
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0045 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 40,353 38,715 38,715 36,914 44,695 44,695 1,353 0 2,088 248,660 16,712 302,092 302,092

V-L Flowrate (lb/hr) 830,529 801,076 801,076 738,696 878,868 878,868 53,431 0 67,836 7,173,720 482,146 8,728,000 8,728,000
Solids Flowrate (lb/hr) 0 0 0 0 0 0 0 11,307 0 0 0 0 0

Temperature (°F) 351 95 95 124 312 385 124 344 280 59 811 1,105 270
Pressure (psia) 549.7 529.7 519.7 516.7 465.0 460.0 60.0 23.6 23.6 14.7 234.9 15.2 15.2
Enthalpy (BTU/lb)B 146.2 22.6 22.6 33.1 269.4 301.3 21.9 -102.1 255.2 13.8 200.3 340.0 116.4
Density (lb/ft3) 1.300 1.841 1.807 1.651 1.111 0.998 0.378 --- 0.097 0.076 0.497 0.026 0.056
Molecular Weight 20.581 20.692 20.692 20.011 19.664 19.664 39.490 --- 32.491 28.849 28.849 28.892 28.892

B - Reference conditions are 32.02 F & 0.089 PSIA  
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Gasifier 
There are two Shell dry feed, pressurized, upflow, entrained, slagging gasifiers, operating at 4.2 
MPa (615 psia) and processing a total of 4,927 tonnes/day (5,431 TPD) of as-received coal.  
Coal reacts with oxygen and steam at a temperature of 1427°C (2600°F) to produce principally 
hydrogen and carbon monoxide with little carbon dioxide formed.   

The gasifier includes a refractory-lined water wall that is also protected by molten slag that 
solidifies on the cooled walls.   

Raw Gas Cooling/Particulate Removal 
High-temperature heat recovery in each gasifier train is accomplished in three steps, including 
the gasifier jacket, which cools the syngas by maintaining the reaction temperature at 1427°C 
(2600°F).  The product gas from the gasifier is cooled to 891°C (1635°F) by adding cooled 
recycled fuel gas to lower the temperature below the ash melting point.  Gas (stream 12) then 
goes through a raw gas cooler, which lowers the gas temperature from 891°C (1635°F) to 316°C 
(600°F), and produces high-pressure steam for use in the steam cycle.  The syngas is further 
cooled to 203°C (398°F) (stream 13) by heating water that is used to humidify the sweet syngas 
prior to the combustion turbine. 

After passing through the raw gas cooler, the syngas passes through a cyclone and a raw gas 
candle filter where a majority of the fine particles are removed and returned to the gasifier with 
the coal fuel.  The filter consists of an array of ceramic candle elements in a pressure vessel.  
Fines produced by the gasification system are recirculated to extinction.  The ash that is not 
carried out with the gas forms slag and runs down the interior walls, exiting the gasifier in liquid 
form.  The slag is solidified in a quench tank for disposal (stream 11).  Lockhoppers are used to 
reduce the pressure of the solids from 4.2 to 0.1 MPa (615 to 15 psia).  The syngas scrubber 
removes additional particulate matter further downstream. 

Quench Gas Compressor 
About 45 percent of the raw gas from the filter is recycled back to the gasifier as quench gas.  A 
single-stage compressor is utilized to boost the pressure of a cooled fuel gas stream from 4.0 
MPa (575 psia) to 4.2 MPa (615 psia) to provide quench gas to cool the gas stream from the 
gasifier. 

Syngas Scrubber/Sour Water Stripper 

The raw synthesis gas exiting the ceramic particulate filter at 203°C (398°F) (stream 13) then 
enters the scrubber for removal of chlorides and remaining particulate.  The quench scrubber 
washes the syngas in a counter-current flow in two packed beds.  The syngas leaves the scrubber 
saturated at a temperature of 110°C (230ºF).  The quench scrubber removes essentially all traces 
of entrained particles, principally unconverted carbon, slag, and metals.  The bottoms from the 
scrubber are sent to the slag removal and handling system for processing. 

The sour water stripper removes NH3, SO2, and other impurities from the waste stream of the 
scrubber.  The sour gas stripper consists of a sour drum that accumulates sour water from the gas 
scrubber and condensate from synthesis gas coolers.  Sour water from the drum flows to the sour 
stripper, which consists of a packed column with a steam-heated reboiler.  Sour gas is stripped 
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from the liquid and sent to the sulfur recovery unit.  Remaining water is sent to wastewater 
treatment. 

COS Hydrolysis, Mercury Removal and Acid Gas Removal 
H2S and COS are at significant concentrations, requiring removal for the power plant to achieve 
the low design level of SO2 emissions.  H2S is removed in an acid gas removal process; however, 
because COS is not readily removable, it is first catalytically converted to H2S in a COS 
hydrolysis unit. 

Following the water scrubber, the gas is reheated to 177°C (350°F) and fed to the COS 
hydrolysis reactor.  The COS in the sour gas is hydrolyzed with steam over a catalyst bed to H2S, 
which is more easily removed by the AGR solvent.  Before the raw fuel gas can be treated in the 
AGR process (stream 14), it must be cooled to about 35°C (95°F).  During this cooling through a 
series of heat exchangers, part of the water vapor condenses.  This water, which contains some 
NH3, is sent to the sour water stripper.  The cooled syngas (stream 15) then passes through a 
carbon bed to remove 95 percent of the Hg (Section 3.1.4). 

The Sulfinol process, developed by Shell in the early 1960s, is a combination process that uses a 
mixture of amines and a physical solvent.  The solvent consists of an aqueous amine and 
sulfolane.  Sulfinol-D uses diisopropanolamine (DIPA), while Sulfinol-M uses MDEA.  The 
mixed solvents allow for better solvent loadings at high acid gas partial pressures and higher 
solubility of COS and organic sulfur compounds than straight aqueous amines.  Sulfinol-M was 
selected for this application.  

The sour syngas is fed directly into an HP contactor.  The HP contactor is an absorption column 
in which the H2S, COS, CO2, and small amounts of H2 and CO are removed from the gas by the 
Sulfinol solvent.  The overhead gas stream from the HP contactor is then washed with water in 
the sweet gas scrubber before leaving the unit as the feed gas to the sulfur polishing unit. 

The rich solvent from the bottom of the HP contactor flows through a hydraulic turbine and is 
flashed in the rich solvent flash vessel.  The flashed gas is then scrubbed in the LP contactor with 
lean solvent to remove H2S and COS.  The overhead from the LP contactor is flashed in the LP 
KO drum.  This gas can be used as a utility fuel gas, consisting primarily of H2 and CO, at 
0.8 MPa (118 psia) and 38°C (101°F).  The solvent from the bottom of the LP contactor is 
returned to the rich solvent flash vessel. 

Hot, lean solvent in the lean/rich solvent exchanger then heats the flashed rich solvent before 
entering the stripper.  The stripper strips the H2S, COS, and CO2 from the solvent at low pressure 
with heat supplied through the stripper reboiler.  The acid gas stream to sulfur recovery/tail gas 
cleanup is recovered as the flash gas from the stripper accumulator.  The lean solvent from the 
bottom of the stripper is cooled in the lean/rich solvent exchanger and the lean solvent cooler.  
Most of the lean solvent is pumped to the HP contactor.  A small amount goes to the LP 
contactor. 

The Sulfinol process removes essentially all of the CO2 along with the H2S and COS.  The acid 
gas fed to the SRU contains 26 vol% H2S and 63 vol% CO2.  The CO2 passes through the SRU, 
the TGTU and ultimately is vented through the coal dryer.  Since the amount of CO2 in the 
syngas is small initially, this does not have a significant effect on the mass flow reaching the gas 
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turbine.  However, the costs of the sulfur recovery/tail gas cleanup are higher than for a sulfur 
removal process producing an acid gas stream with a higher sulfur concentration. 

Claus Unit 
The sulfur recovery unit is a Claus bypass type sulfur recovery unit utilizing oxygen (stream 3) 
instead of air and followed by an amine-based SCOT tail gas unit.  The Claus plant produces 
molten sulfur (stream 21) by reacting approximately one third of the H2S in the feed to SO2, then 
reacting the H2S and SO2 to sulfur and water.  The combination of Claus technology and SCOT 
tail gas technology results in an overall sulfur recovery exceeding 99 percent.   

Utilizing oxygen instead of air in the Claus plant reduces the overall cost of the sulfur recovery 
plant.  The sulfur plant produces approximately 123 tonnes/day (136 TPD) of elemental sulfur.  
Feed for this case consists of acid gas from both the acid gas cleanup unit (stream 20) and a vent 
stream from the sour water stripper in the gasifier section.  Vent gas from the tail gas treatment 
unit is combined with a slipstream of clean syngas (stream 8), passed through an incinerator, and 
the hot, nearly inert incinerator off gas is used to dry coal before being vented to the atmosphere. 

In the furnace waste heat boiler, 12,283 kg/h (27,080 lb/h) of 3.6 MPa (525 psia) steam are 
generated.  This steam is used to satisfy all Claus process preheating and reheating requirements 
as well as to provide some steam to the medium-pressure steam header.  The sulfur condensers 
produce 0.34 MPa (50 psig) steam for the low-pressure steam header. 

Power Block 
Clean syngas exiting the Sulfinol absorber (stream 17) is humidified because there is not 
sufficient nitrogen from the ASU to provide the level of dilution required.  The moisturized 
syngas (stream 18) is reheated (stream 19), further diluted with nitrogen from the ASU (stream 
4) and steam, and enters the advanced F Class combustion turbine (CT) burner.  The CT 
compressor provides combustion air to the burner and also 31 percent of the air requirements in 
the ASU (stream 24).  The exhaust gas exits the CT at 596°C (1,105°F) (stream 25) and enters 
the HRSG where additional heat is recovered until the flue gas exits the HRSG at 132°C (270°F) 
(stream 26) and is discharged through the plant stack.  The steam raised in the HRSG is used to 
power an advanced, commercially available steam turbine using a 12.4 MPa/566°C/566°C (1800 
psig/1050°F/1050°F) steam cycle. 

Air Separation Unit (ASU) 
The ASU is designed to produce a nominal output of 3,900 tonnes/day (4,290 TPD) of 95 mole 
percent O2 for use in the gasifier (stream 5) and sulfur recovery unit (stream 3).  The plant is 
designed with two production trains.  The air compressor is powered by an electric motor.  
Approximately 11,900 tonnes/day (13,100 TPD) of nitrogen are also recovered, compressed, and 
used as dilution in the gas turbine combustor.  About 6.7 percent of the gas turbine air is used to 
supply approximately 31 percent of the ASU air requirements. 

Balance of Plant 
Balance of plant items were covered in Sections 3.1.9, 3.1.10 and 3.1.11. 
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3.4.3 KEY SYSTEM ASSUMPTIONS 
System assumptions for Cases 5 and 6, Shell IGCC with and without CO2 capture, are compiled 
in Exhibit 3-83. 

Balance of Plant – Cases 5 and 6 
The balance of plant assumptions are common to all cases and were presented previously in 
Exhibit 3-17. 
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Exhibit 3-83  Shell IGCC Plant Study Configuration Matrix 

Case 5 6 

Gasifier Pressure, MPa (psia) 4.2 (615) 4.2 (615) 
O2:Coal Ratio, kg O2/kg dry coal 0.827 0.827 
Carbon Conversion, % 99.5 99.5 
Syngas HHV at Gasifier Outlet, 
kJ/Nm3 (Btu/scf) 10,610 (285) 10,610 (285) 

Steam Cycle, MPa/°C/°C 
(psig/°F/°F) 

12.4/566/566 
(1800/1050/1050) 

12.4/538/538 
(1800/1000/1000) 

Condenser Pressure, mm Hg 
 (in Hg) 51 (2.0) 51 (2.0) 

Combustion Turbine 2x Advanced F Class  
(232 MW output each) 

2x Advanced F Class 
(232 MW output each) 

Gasifier Technology Shell Shell 
Oxidant 95 vol% Oxygen 95 vol% Oxygen 
Coal Illinois No. 6 Illinois No. 6 
Coal Feed Moisture Content, % 5 5 
COS Hydrolysis Yes Occurs in SGS 
Sour Gas Shift No Yes 
H2S Separation Sulfinol-M Selexol 1st Stage 
Sulfur Removal, % 99.5 99.7 

Sulfur Recovery 
Claus Plant with Tail Gas 

Treatment / Elemental 
Sulfur 

Claus Plant with Tail Gas 
Treatment / Elemental 

Sulfur 

Particulate Control 
Cyclone, Candle Filter, 

Scrubber, and AGR 
Absorber 

Cyclone, Candle Filter, 
Scrubber, and AGR 

Absorber 
Mercury Control Carbon Bed Carbon Bed 

NOx Control 
MNQC (LNB), N2 

Dilution, Humidification 
and steam dilution 

MNQC (LNB), N2 Dilution 
and Humidification 

CO2 Separation N/A Selexol 2nd Stage 
CO2 Capture N/A 90.8%  from Syngas 
CO2 Sequestration N/A Off-site Saline Formation 
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3.4.4 SPARING PHILOSOPHY 
The sparing philosophy for Cases 5 and 6 is provided below.  Single trains are utilized 
throughout with exceptions where equipment capacity requires an additional train.  There is no 
redundancy other than normal sparing of rotating equipment. 

The plant design consists of the following major subsystems: 

• Two air separation units (2 x 50%) 

• Two trains of coal drying and dry feed systems (2 x 50%) 

• Two trains of gasification, including gasifier, synthesis gas cooler, cyclone, and barrier 
filter (2 x 50%).  

• Two trains of syngas clean-up process (2 x 50%). 

• Two trains of Sulfinol-M acid gas gas removal in Case 5 and two-stage Selexol in Case 6 
(2 x 50%), 

• One train of Claus-based sulfur recovery (1 x 100%).   

• Two combustion turbine/HRSG tandems (2 x 50%). 

• One steam turbine (1 x 100%). 

3.4.5 CASE 5 PERFORMANCE RESULTS 
The plant produces a net output of 636 MWe at a net plant efficiency of 41.1 percent (HHV 
basis).  Shell has reported expected efficiencies using bituminous coal of around 44-45 percent 
(HHV basis), although this value excluded the net power impact of coal drying. [52]  Accounting 
for coal drying would reduce the efficiency by only about 0.5-1 percentage points so the 
efficency results for the Shell case are still lower in this study than reported by the vendor. 

Overall performance for the entire plant is summarized in Exhibit 3-84 which includes auxiliary 
power requirements.  The ASU accounts for over 76 percent of the total auxiliary load 
distributed between the main air compressor, the oxygen compressor, the nitrogen compressor, 
and ASU auxiliaries.  The cooling water system, including the circulating water pumps and 
cooling tower fan, accounts for over 4 percent of the auxiliary load, and the BFW pumps account 
for an additional 3.6 percent.  All other individual auxiliary loads are less than 3 percent of the 
total. 
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Exhibit 3-84  Case 5 Plant Performance Summary 

POWER SUMMARY (Gross Power at Generator Terminals, kWe) 
Gas Turbine Power 464,030 
Steam Turbine Power 283,990 

TOTAL POWER, kWe 748,020 
AUXILIARY LOAD SUMMARY, kWe  

Coal Handling 430 
Coal Milling 2,110 
Slag Handling 540 
Air Separation Unit Auxiliaries 1,000 
Air Separation Unit Main Air Compressor 41,630 
Oxygen Compressor 10,080 
Nitrogen Compressor 37,010 
Syngas Recycle Compressor 1,650 
Incinerator Air Blower 160 
Boiler Feedwater Pumps 4,670 
Condensate Pump 230 
Flash Bottoms Pump 200 
Circulating Water Pumps 3,150 
Cooling Tower Fans 1,630 
Scrubber Pumps 120 
Sulfinol Unit Auxiliaries 660 
Gas Turbine Auxiliaries 1,000 
Steam Turbine Auxiliaries 100 
Claus Plant/TGTU Auxiliaries 250 
Miscellaneous Balance of Plant (Note 1) 3,000 
Transformer Loss 2,550 

TOTAL AUXILIARIES, kWe 112,170 
NET POWER, kWe 635,850 

Net Plant Efficiency, % (HHV) 41.1 
Net Plant Heat Rate (Btu/kWh) 8,306 

CONDENSER COOLING DUTY 106 kJ/h (106 Btu/h) 1,401 (1,329) 
CONSUMABLES  

As-Received Coal Feed, kg/h (lb/h) 205,305 (452,620) 
Thermal Input, kWt 1,547,493 
Raw Water Usage, m3/min (gpm) 14.4 (3,792) 

Note 1: Includes plant control systems, lighting, HVAC and miscellaneous low voltage loads 

 



Cost and Performance Comparison of Fossil Energy Power Plants  

239 

Environmental Performance 
The environmental targets for emissions of emissions of Hg, NOx, SO2 and particulate matter 
were presented in Section 2.4.  A summary of the plant air emissions for Case 5 is presented in 
Exhibit 3-85.   

Exhibit 3-85  Case 5 Air Emissions 

 kg/GJ 
(lb/106 Btu) 

Tonne/year 
(ton/year)  

80% capacity factor 

kg/MWh 
(lb/MWh) 

SO2 0.0053 (0.0124) 209 (230) 0.040 (0.088) 
NOX 0.025 (0.058) 982 (1,082) 0.187 (0.413) 
Particulates 0.003 (0.0071) 119 (131) 0.023 (0.050) 
Hg 0.25x10-6 

(0.57x10-6) 
0.010 (0.011) 1.8x10-6  (4.0x10-6) 

CO2 85.9 (200) 3,351,000 (3,694,000) 639 (1,409) 

CO2
1   752 (1,658) 

1 CO2 emissions based on net power instead of gross power 

The low level of SO2 emissions is achieved by capture of the sulfur in the gas by the Sulfinol-M 
AGR process.  The AGR process removes over 99 percent of the sulfur compounds in the fuel 
gas down to a level of less than 30 ppmv.  This results in a concentration in the flue gas of less 
than 4 ppmv.  The H2S-rich regeneration gas from the AGR system is fed to a Claus plant, 
producing elemental sulfur.  The Claus plant tail gas is treated using an amine based system to 
capture most of the remaining sulfur.  The cleaned gas from the tail gas treatment unit is 
combined with a slipstream of clean syngas, passed through an incinerator, and the hot, inert 
incinerator offgas is used to dry coal prior to being vented to atmosphere.  The SO2 emissions in 
Exhibit 3-85 include both the stack emissions and the coal dryer emissions. 

NOX emissions are limited by the use of nitrogen dilution, humidification and steam dilution to 
15 ppmvd (as NO2 @ 15 percent O2).  Ammonia in the syngas is removed with process 
condensate prior to the low-temperature AGR process and destroyed in the Claus plant burner.  
This helps lower NOX levels as well. 

Particulate discharge to the atmosphere is limited to extremely low values by the use of a cyclone 
and a barrier filter in addition to the syngas scrubber and the gas washing effect of the AGR 
absorber.  The particulate emissions represent filterable particulate only. 

Ninety five percent of the mercury is captured from the syngas by an activated carbon bed.  CO2 
emissions represent the uncontrolled discharge from the process. 

The carbon balance for the plant is shown in Exhibit 3-86.  The carbon input to the plant consists 
of carbon in the air in addition to carbon in the coal.  Carbon in the air is not neglected here since 
the Aspen model accounts for air components throughout.  Carbon leaves the plant as unburned 
carbon in the slag, as dissolved CO2 in the wastewater blowdown stream, and as CO2 in the stack 
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gas, ASU vent gas and coal dryer vent gas.  Carbon in the wastewater blowdown stream is 
calculated by difference to close the material balance. 

Exhibit 3-86  Case 5 Carbon Balance 

Carbon In, kg/hr (lb/hr) Carbon Out, kg/hr (lb/hr) 
Coal 130,882 (288,545) Slag 656 (1,446) 
Air (CO2) 471 (1,039) Stack Gas 124,162 (273,731) 
  ASU Vent 96 (212) 
  Coal Dryer 6,252 (13,783) 
  Wastewater 187 (412) 
Total 131,353 (289,584) Total 131,353 (289,584) 

 

Exhibit 3-87 shows the sulfur balance for the plant.  Sulfur input comes solely from the sulfur in 
the coal.  Sulfur output includes the sulfur recovered in the Claus plant, dissolved SO2 in the 
wastewater blowdown stream, sulfur in the coal drying gas, and sulfur emitted in the stack gas.  
Sulfur in the slag is considered to be negligible, and the sulfur content of the blowdown stream is 
calculated by difference to close the material balance.  The total sulfur capture is represented by 
the following fraction: 

(Sulfur byproduct/Sulfur in the coal) or 
(11,307/11,361) or 

99.5 percent 

Exhibit 3-87  Case 5 Sulfur Balance 

Sulfur In, kg/hr (lb/hr) Sulfur Out, kg/hr (lb/hr) 
Coal 5,153 (11,361) Elemental Sulfur 5,129 (11,307) 
  Stack Gas 14 (30) 
  Coal Dryer Vent 1 (3) 
  Wastewater 9 (21) 
Total 5,153 (11,361) Total 5,153 (11,361) 

 

Exhibit 3-88 shows the overall water balance for the plant.  Raw water is obtained from 
groundwater (50 percent) and from municipal sources (50 percent).  Water demand represents 
the total amount of water required for a particular process.  Some water is recovered within the 
process, primarily as syngas condensate, and that water is re-used as internal recycle.  Raw water 
makeup is the difference between water demand and internal recycle. 
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Exhibit 3-88  Case 5 Water Balance 

Water Use Water Demand, 
m3/min (gpm) 

Internal Recycle, 
m3/min (gpm) 

Raw Water Makeup, 
m3/min (gpm) 

Gasifier Steam 0.3 (87) 0 0.3 (87) 

Humidifier 1.1 (293) 0 1.1 (293) 

Slag Handling 0.5 (118) 0.5 (118) 0 

Scrubber 0.2 (61) 0 0.2 (61) 

CT Steam Dilution 0.5 (132) 0 0.5 (132) 

BFW Makeup 0.2 (39) 0 0.2 (39) 

Cooling Tower 
Makeup 12.2 (3,233) 0.2 (54) 12.0 (3,180) 

Total 15.0 (3,963) 0.7 (171) 14.3 (3,792) 

Heat and Mass Balance Diagrams 
Heat and mass balance diagrams are shown for the following subsystems in Exhibit 3-89 through 
Exhibit 3-93: 

• Coal gasification and air separation unit 

• Syngas cleanup 

• Sulfur recovery and tail gas recycle 

• Combined cycle power generation 

• Steam and feedwater 

An overall plant energy balance is provided in tabular form in Exhibit 3-61.  The power out is 
the combined combustion turbine and steam turbine power prior to generator losses.  The power 
at the generator terminals (shown in Exhibit 3-84) is calculated by multiplying the power out by 
a combined generator efficiency of 98.3 percent. 
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Exhibit 3-89  Case 5 Coal Gasification and Air Separation Unit Heat and Mass Balance Schematic 
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Exhibit 3-90  Case 5 Syngas Cleanup Heat and Mass Balance Schematic 
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Exhibit 3-91  Case 5 Sulfur Recovery and Tail Gas Recycle Heat and Mass Balance Schematic 

 



Cost and Performance Comparison of Fossil Energy Power Plants  

 246  

Exhibit 3-92  Case 5 Combined Cycle Power Generation Heat and Mass Balance Schematic 
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Exhibit 3-93  Case 5 Steam and Feedwater Heat and Mass Balance Schematic 

 



Cost and Performance Comparison of Fossil Energy Power Plants  

 248  

 

This page intentionally left blank 

 

 



Cost and Performance Comparison of Fossil Energy Power Plants  

 249  

Exhibit 3-94  Case 5 Overall Energy Balance (0°C [32°F] Reference) 

 HHV Sensible + Latent Power Total 

Heat In (MMBtu/hr) 
Coal 5,280.2 4.4  5,284.6 
ASU Air  14.5  14.5 
CT Air  98.8  98.8 
Incinerator Air  1.2  1.2 
Water  9.4  9.4 
Auxiliary Power   382.7 382.7 
Totals 5,280.2 128.4 382.7 5,791.3 
Heat Out (MMBtu/hr) 
ASU Intercoolers  171.4  171.4 
ASU Vent  1.4  1.4 
Slag 20.4 32.5  52.9 
Sulfur 45.0 (1.2)  43.8 
Dryer Stack Gas  53.1  53.1 
HRSG Flue Gas  1015.9  1,015.9 
Condenser  1,329.0  1,329.0 
Process Losses  526.1  520.2 
Power   2,597.6 2,597.6 
Totals 65.4 3,128.3 2,597.6 5,791.3 

(1) Process Losses are calculated by difference and reflect various gasification, turbine, 
HRSG and other heat and work losses.  Aspen flowsheet balance is within 0.5 percent. 
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3.4.6 CASE 5 - MAJOR EQUIPMENT LIST 
Major equipment items for the Shell gasifier with no CO2 capture are shown in the following 
tables.  The accounts used in the equipment list correspond to the account numbers used in the 
cost estimates in Section 3.4.7.  In general, the design conditions include a 10 percent 
contingency for flows and heat duties and a 21 percent contingency for heads on pumps and fans. 

ACCOUNT 1 COAL HANDLING 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Bottom Trestle Dumper and 
Receiving Hoppers N/A 2 0

2 Feeder Belt 2 0

3 Conveyor No. 1 Belt 1 0

4 Transfer Tower No. 1 Enclosed 1 0

5 Conveyor No. 2 Belt 1 0

6 As-Received Coal Sampling 
System Two-stage 1 0

7 Stacker/Reclaimer Traveling, linear 1 0

8 Reclaim Hopper N/A 2 1

9 Feeder Vibratory 2 1

10 Conveyor No. 3 Belt w/ tripper 1 0

11 Crusher Tower N/A 1 0

12 Coal Surge Bin w/ Vent Filter Dual outlet 2 0

13 Crusher Impactor 
reduction 2 0

14 As-Fired Coal Sampling 
System Swing hammer 1 1

15 Conveyor No. 4 Belt w/tripper 1 0

16 Transfer Tower No. 2 Enclosed 1 0

17 Conveyor No. 5 Belt w/ tripper 1 0

18 Coal Silo w/ Vent Filter and 
Slide Gates Field erected 3 0

N/A

336 tonne/h  (370 tph)

726 tonne  (800 ton)

45 tonne  (50 ton)

172 tonne/h  (190 tph)

8 cm x 0 - 3 cm x 0
(3" x 0 - 1-1/4" x 0)

336 tonne/h  (370 tph)

172 tonne  (190 ton)

N/A

N/A

336 tonne/h  (370 tph)

Design Condition

181 tonne  (200 ton)

N/A

1,134 tonne/h  (1,250 tph)

N/A

1,134 tonne/h  (1,250 tph)

572 tonne/h  (630 tph)

1,134 tonne/h  (1,250 tph)
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ACCOUNT 2 COAL PREPARATION AND FEED 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Feeder Vibratory 3 0

2 Conveyor No. 6 Belt w/tripper 1 0

3 Roller Mill Feed Hopper Dual Outlet 1 0

4 Weigh Feeder Belt 2 0

5 Coal Drying and Pulverization Rotary 2 0

109 tonne/h  (120 tph)

109 tonne/h  (120 tph)

Design Condition

73 tonne/h  (80 tph)

227 tonne/h  (250 tph)

454 tonne  (500 ton)
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ACCOUNT 3 FEEDWATER AND MISCELLANEOUS SYSTEMS AND 
EQUIPMENT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Demineralized Water 
Storage Tank

Vertical, cylindrical, 
outdoor 2 0

2 Condensate Pumps Vertical canned 2 1

3 Deaerator (integral w/ 
HRSG) Horizontal spray type 2 0

4 Intermediate Pressure 
Feedwater Pump

Horizontal centrifugal, 
single stage 2 1

6 High Pressure 
Feedwater Pump No. 2

Barrel type, multi-
stage, centrifugal 2 1

7 Auxiliary Boiler Shop fabricated, water 
tube 1 0

8 Service Air 
Compressors Flooded Screw 2 1

9 Instrument Air Dryers Duplex, regenerative 2 1

10 Closed Cylce Cooling 
Heat Exchangers Plate and frame 2 0

11 Closed Cycle Cooling 
Water Pumps Horizontal centrifugal 2 1

12 Engine-Driven Fire 
Pump

Vertical turbine, diesel 
engine 1 1

13 Fire Service Booster 
Pump

Two-stage horizontal 
centrifugal 1 1

14 Raw Water Pumps Stainless steel, single 
suction 2 1

15 Filtered Water Pumps Stainless steel, single 
suction 2 1

16 Filtered Water Tank Vertical, cylindrical 2 0

17 Makeup Water 
Demineralizer

Anion, cation, and 
mixed bed 2 0

18 Liquid Waste Treatment 
System 1 0

151 lpm @ 302 m H2O
(40 gpm @ 990 ft H2O)

18,144 kg/h, 2.8 MPa, 343°C
(40,000 lb/h, 400 psig, 650°F)

28 m3/min @ 0.7 MPa
(1,000 scfm @ 100 psig)

Design Condition

590,529 liters (156,000 gal)

6,360 lpm @ 91 m H2O
(1,680 gpm @ 300 ft H2O)

443,160 kg/h (977,000 lb/h)

IP water: 1,060 lpm @ 223 m 
H2O  (280 gpm @ 730 ft H2O)

HP water: 7,344 lpm @ 1,890 m 
H2O  (1,940 gpm @ 6,200 ft 

H2O)

1,590 lpm @ 49 m H2O
(420 gpm @ 160 ft H2O)

28 m3/min (1,000 scfm)

58 MMkJ/h  (55 MMBtu/h) each

20,820 lpm @ 21 m H2O
(5,500 gpm @ 70 ft H2O)

3,785 lpm @ 107 m H2O
(1,000 gpm @ 350 ft H2O)

2,650 lpm @ 76 m H2O
(700 gpm @ 250 ft H2O)

7,987 lpm @ 18 m H2O
(2,110 gpm @ 60 ft H2O)

768,445 liter (203,000 gal)

151 lpm (40 gpm)

10 years, 24-hour storm

2 15 High Pressure 
Feedwater Pump No. 1

Barrel type, multi-
stage, centrifugal
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ACCOUNT 4 GASIFIER, ASU AND ACCESSORIES INCLUDING LOW 
TEMPERATURE HEAT RECOVERY AND FUEL GAS SATURATION 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Gasifier Pressurized dry-feed, 
entrained bed 2 0

2 Synthesis Gas Cooler Convective spiral-
wound tube boiler 2 0

3 Synthesis Gas Cyclone High efficiency 2 0

4 Candle Filter Pressurized filter with 
pulse-jet cleaning 2 0

5
Syngas Scrubber 
Including Sour Water 
Stripper

Vertical upflow 2 0

6 Raw Gas Coolers Shell and tube with 
condensate drain 6 0

7 Raw Gas Knockout 
Drum

Vertical with mist 
eliminator 2 0

8 Saturation Water 
Economizers Shell and tube 2 0

9 Fuel Gas Saturator Vertical tray tower 2 0

10 Saturator Water Pump Centrifugal 2 2

11 Synthesis Gas Reheater Shell and tube 2 0

12 Flare Stack
Self-supporting, carbon 
steel, stainless steel 
top, pilot ignition

2 0

13 ASU Main Air 
Compressor

Centrifugal, multi-
stage 2 0

14 Cold Box Vendor design 2 0

15 Oxygen Compressor Centrifugal, multi-
stage 2 0

16 Nitrogen Compressor Centrifugal, multi-
stage 2 0

17 Nitrogen Boost 
Compressor

Centrifugal, multi-
stage 2 0

18 Extraction Air Heat 
Exchanger

Gas-to-gas, vendor 
design 2 0

481 m3/min @ 2.3 MPa
(17,000 scfm @ 340 psia)

120,202 kg/h, 433°C, 1.6 MPa
(265,000 lb/h, 811°F, 232 psia)

206,838 kg/h  (456,000 lb/h) 
syngas

3,681 m3/min @ 1.3 MPa
(130,000 scfm @ 190 psia)

2,177 tonne/day  (2,400 tpd)   of 
95% purity oxygen

1,076 m3/min @ 5.1 MPa
(38,000 scfm @ 740 psia)

3,540 m3/min @ 3.4 MPa
(125,000 scfm @ 490 psia)

207,292 kg/h  (457,000 lb/h)

219,085 kg/h, 154°C, 3.2 MPa
(483,000 lb/h, 309°F, 465 psia)

2,650 lpm @ 12 m H2O
(700 gpm @ 40 ft H2O)

219,085 kg/h  (483,000 lb/h)

Design Condition

2,722 tonne/day, 4.2 MPa
(3,000 tpd, 615 psia)

386,461 kg/h  (852,000 lb/h)

207,292 kg/h  (457,000 lb/h)  
Design efficiency 90%

metallic filters

206,838 kg/h  (456,000 lb/h)

276,238 kg/h  (609,000 lb/h)

200,488 kg/h, 35°C, 3.7 MPa
(442,000 lb/h, 95°F, 530 psia)
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ACCOUNT 5 SYNGAS CLEANUP 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Mercury Adsorber Sulfated carbon 
bed 2 0

2 Sulfur Plant Claus type 1 0

3 COS Hydrolysis Reactor Fixed bed, 
catalytic 2 0

4 Acid Gas Removal Plant Sulfinol 2 0

5 Tail Gas Treatment Unit Proprietary amine, 
absorber/stripper 1 0

6 Tail Gas Treatment 
Incinerator N/A 1 0

30,255 kg/h  (66,700 lb/h)
49°C (120°F) 0.1 MPa (16.4 psia)

200,034 kg/h  (441,000 lb/h) 51°C 
(124°F) 3.6 MPa (520 psia)

64 MMkJ/h  (61 MMBtu/h)

Design Condition

200,034 kg/h  (441,000 lb/h)  35°C 
(95°F)  3.7 MPa (530 psia)

135 tonne/day  (149 tpd)

207,292 kg/h  (457,000 lb/h) 
177°C (350°F) 3.9 MPa (560 psia)

 
 

ACCOUNT 6 COMBUSTION TURBINE AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty.

1 Gas Turbine Advanced F class 2

2 Gas Turbine Generator TEWAC 2

Design Condition

232 MW 

260 MVA @ 0.9 p.f., 24 kV, 60 
Hz, 3-phase  

 

ACCOUNT 7 HRSG, DUCTING AND STACK 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Stack CS plate, type 409SS 
liner 1 0

Design Condition

76 m (250 ft) high x
8.4 m (28 ft) diameter

Main steam - 414,742 kg/h, 12.4 
MPa/566°C  (914,348 lb/h, 1,800 

psig/1,050°F) 2 02 Heat Recovery 
Steam Generator

Drum, multi-pressure 
with economizer 
section and integral 
deaerator

  Reheat steam - 384,205 kg/h, 
3.1 MPa/566°C  (847,027 lb/h, 

452 psig/1,050°F)  
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ACCOUNT 8 STEAM TURBINE GENERATOR AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Steam Turbine
Commercially 
available advanced 
steam turbine

1 0

2 Steam Turbine Generator Hydrogen cooled, 
static excitiation 1 0

3 Steam Bypass One per HRSG 2 0

4 Surface Condenser
Single pass, divided 
waterbox including 
vacuum pumps

1 0

Design Condition

299 MW               
12.4 MPa/566°C/566°C 

(1800 psig/ 
1050°F/1050°F)

1,539 MMkJ/h (1,460 
MMBtu/h), Inlet water 

temperature 16°C (60°F), 
Water temperature rise 

11°C (20°F)

330 MVA @ 0.9 p.f.,   24 
kV, 60 Hz, 3-phase

50% steam flow @ design 
steam conditions

 
 

ACCOUNT 9 COOLING WATER SYSTEM 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Circulating 
Water Pumps Vertical, wet pit 2 1

2 Cooling Tower
Evaporative, 
mechanical draft, multi-
cell

1 0

Design Condition

314,192 lpm @ 30 m
(83,000 gpm @ 100 ft)

11°C  (51.5°F) wet bulb / 16°C  
(60°F) CWT / 27°C  (80°F) HWT 
/ 1760 MMkJ/h  (1670 MMBtu/h) 

heat duty  
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ACCOUNT 10 SLAG RECOVERY AND HANDLING 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Slag Quench Tank Water bath 2 0

2 Slag Crusher Roll 2 0

3 Slag Depressurizer Lock Hopper 2 0

4 Slag Receiving Tank Horizontal, weir 2 0

5 Black Water Overflow Tank Shop fabricated 2

6 Slag Conveyor Drag chain 2 0

7 Slag Separation Screen Vibrating 2 0

8 Coarse Slag Conveyor Belt/bucket 2 0

9 Fine Ash Settling Tank Vertical, gravity 2 0

10 Fine Ash Recycle Pumps Horizontal 
centrifugal 2 2

11 Grey Water Storage Tank Field erected 2 0

12 Grey Water Pumps Centrifugal 2 2

13 Slag Storage Bin Vertical, field 
erected 2 0

14 Unloading Equipment Telescoping chute 1 0

211,985 liters  (56,000 gal)

38 lpm @ 14 m H2O
(10 gpm @ 46 ft H2O)

816 tonne  (900 tons)

91 tonne/h  (100 tph)

68,138 liters  (18,000 gal)

227 lpm @ 433 m H2O
(60 gpm @ 1,420 ft H2O)

140,061 liters  (37,000 gal)

11 tonne/h  (12 tph)

11 tonne/h  (12 tph)

11 tonne/h  (12 tph)

68,138 liters  (18,000 gal)

Design Condition

215,770 liters  (57,000 gal)

11 tonne/h  (12 tph)

11 tonne/h  (12 tph)
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ACCOUNT 11 ACCESSORY ELECTRIC PLANT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 CTG Transformer Oil-filled 2 0

3 Auxiliary 
Transformer Oil-filled 1 1

4 Low Voltage 
Transformer Dry ventilated 1 1

5
CTG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 2 0

6
STG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 1 0

7 Medium Voltage 
Switchgear Metal clad 1 1

8 Low Voltage 
Switchgear Metal enclosed 1 1

9 Emergency Diesel 
Generator

Sized for emergency 
shutdown 1 0

Design Condition

24 kV/345 kV, 260 MVA,      
3-ph, 60 Hz

2 STG Transformer Oil-filled 24 kV/345 kV, 200 MVA,      
3-ph, 60 Hz 1 0

24 kV/4.16 kV, 124 MVA,     
3-ph, 60 Hz

4.16 kV/480 V, 19 MVA,      
3-ph, 60 Hz

750 kW, 480 V, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

4.16 kV, 3-ph, 60 Hz

480 V, 3-ph, 60 Hz

 
 

ACCOUNT 12 INSTRUMENTATION AND CONTROLS 
Equipment 

No. Description Type Operating 
Qty. Spares

1 DCS - Main 
Control

Monitor/keyboard; 
Operator printer (laser 
color); Engineering 
printer (laser B&W)

1 0

3 DCS - Data 
Highway Fiber optic 1 0

Design Condition

Operator stations/printers and 
engineering stations/printers

2 DCS - Processor
Microprocessor with 
redundant 
input/output

N/A 1 0

Fully redundant, 25% spare
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3.4.7 CASE 5 - COST ESTIMATING 

Costs Results 
The cost estimating methodology was described previously in Section 2.6.  Exhibit 3-95 shows 
the total plant capital cost summary organized by cost account and Exhibit 3-96 shows a more 
detailed breakdown of the capital costs.  Exhibit 3-97 shows the initial and annual O&M costs. 

The estimated TPC of the Shell gasifier with no CO2 capture is $1,977/kW.  Process contingency 
represents 2.6 percent of the TPC and project contingency represents 13.7 percent.  The 20-year 
LCOE is 80.5 mills/kWh. 
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Exhibit 3-95  Case 5 Total Plant Cost Summary 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 05 - Shell IGCC w/o CO2
Plant Size: 635.9 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING $12,864 $2,398 $10,080 $0 $0 $25,343 $2,296 $0 $5,528 $33,166 $52

 2 COAL & SORBENT PREP & FEED $101,770 $8,108 $17,105 $0 $0 $126,983 $11,023 $0 $27,601 $165,607 $260

 3 FEEDWATER & MISC. BOP SYSTEMS $9,612 $8,441 $8,983 $0 $0 $27,035 $2,523 $0 $6,636 $36,194 $57

 4 GASIFIER & ACCESSORIES
4.1 Gasifier, Syngas Cooler & Auxiliaries $133,051 $0 $58,510 $0 $0 $191,560 $17,125 $26,889 $36,009 $271,583 $427
4.2 Syngas  Cooling (w/4.1) w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $135,222 $0 w/equip. $0 $0 $135,222 $12,870 $0 $14,809 $162,901 $256

4.4-4.9 Other Gasification Equipment $15,596 $8,787 $10,765 $0 $0 $35,147 $3,316 $0 $8,369 $46,833 $74
SUBTOTAL  4 $283,868 $8,787 $69,274 $0 $0 $361,929 $33,312 $26,889 $59,188 $481,317 $757

 5A Gas Cleanup & Piping $52,340 $6,552 $37,224 $0 $0 $96,117 $9,164 $82 $21,477 $126,839 $199

 5B CO2 REMOVAL & COMPRESSION $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator $82,000 $0 $5,071 $0 $0 $87,071 $8,191 $4,354 $9,962 $109,578 $172

6.2-6.9 Combustion Turbine Other $0 $684 $762 $0 $0 $1,446 $135 $0 $474 $2,055 $3
SUBTOTAL  6 $82,000 $684 $5,833 $0 $0 $88,517 $8,326 $4,354 $10,436 $111,632 $176

 7 HRSG, DUCTING & STACK
7.1 Heat Recovery Steam Generator $34,073 $0 $4,848 $0 $0 $38,921 $3,674 $0 $4,260 $46,855 $74

7.2-7.9 Ductwork and Stack $3,174 $2,235 $2,996 $0 $0 $8,405 $776 $0 $1,494 $10,675 $17
SUBTOTAL  7 $37,247 $2,235 $7,844 $0 $0 $47,326 $4,450 $0 $5,753 $57,529 $90

 8 STEAM TURBINE GENERATOR 
8.1 Steam TG & Accessories $28,510 $0 $4,862 $0 $0 $33,372 $3,198 $0 $3,657 $40,227 $63

8.2-8.9 Turbine Plant Auxiliaries and Steam Piping $10,015 $966 $7,277 $0 $0 $18,258 $1,646 $0 $4,035 $23,939 $38
SUBTOTAL  8 $38,525 $966 $12,138 $0 $0 $51,630 $4,844 $0 $7,692 $64,166 $101

 9 COOLING WATER SYSTEM $6,512 $7,397 $6,140 $0 $0 $20,049 $1,841 $0 $4,525 $26,415 $42

10 ASH/SPENT SORBENT HANDLING SYS $17,384 $1,343 $8,631 $0 $0 $27,357 $2,605 $0 $3,274 $33,236 $52

11 ACCESSORY ELECTRIC PLANT $21,331 $6,784 $19,452 $0 $0 $47,567 $4,373 $0 $9,764 $61,704 $97

12 INSTRUMENTATION & CONTROL $9,443 $1,768 $6,339 $0 $0 $17,551 $1,617 $878 $3,354 $23,399 $37

13 IMPROVEMENTS TO SITE $3,166 $1,866 $7,871 $0 $0 $12,903 $1,268 $0 $4,251 $18,422 $29

14 BUILDINGS & STRUCTURES $0 $6,247 $7,291 $0 $0 $13,537 $1,231 $0 $2,414 $17,182 $27

TOTAL COST $676,062 $63,575 $224,205 $0 $0 $963,842 $88,874 $32,202 $171,892 $1,256,810 $1,977

TOTAL PLANT COST SUMMARY
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Exhibit 3-96  Case 5 Total Plant Cost Details 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 05 - Shell IGCC w/o CO2
Plant Size: 635.9 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING
1.1 Coal Receive & Unload $3,378 $0 $1,668 $0 $0 $5,046 $452 $0 $1,100 $6,598 $10
1.2 Coal Stackout & Reclaim $4,365 $0 $1,069 $0 $0 $5,435 $477 $0 $1,182 $7,094 $11
1.3 Coal Conveyors $4,059 $0 $1,058 $0 $0 $5,117 $449 $0 $1,113 $6,679 $11
1.4 Other Coal Handling $1,062 $0 $245 $0 $0 $1,307 $114 $0 $284 $1,705 $3
1.5 Sorbent Receive & Unload $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.6 Sorbent Stackout & Reclaim $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.7 Sorbent Conveyors $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.8 Other Sorbent Handling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.9 Coal & Sorbent Hnd.Foundations $0 $2,398 $6,040 $0 $0 $8,438 $804 $0 $1,848 $11,091 $17

SUBTOTAL  1. $12,864 $2,398 $10,080 $0 $0 $25,343 $2,296 $0 $5,528 $33,166 $52
 2 COAL & SORBENT PREP & FEED

2.1 Coal Crushing & Drying $38,663 $2,310 $5,692 $0 $0 $46,666 $4,033 $0 $10,140 $60,838 $96
2.2 Prepared Coal Storage & Feed $1,831 $436 $290 $0 $0 $2,557 $219 $0 $555 $3,332 $5
2.3 Dry Coal Injection System $60,268 $706 $5,655 $0 $0 $66,630 $5,747 $0 $14,475 $86,852 $137
2.4 Misc.Coal Prep & Feed $1,007 $729 $2,220 $0 $0 $3,956 $363 $0 $864 $5,182 $8
2.5 Sorbent Prep Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.6 Sorbent Storage & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.7 Sorbent Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.8 Booster Air Supply System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.9 Coal & Sorbent Feed Foundation $0 $3,927 $3,247 $0 $0 $7,174 $662 $0 $1,567 $9,403 $15

SUBTOTAL  2. $101,770 $8,108 $17,105 $0 $0 $126,983 $11,023 $0 $27,601 $165,607 $260
 3 FEEDWATER & MISC. BOP SYSTEMS

3.1 FeedwaterSystem $3,370 $5,859 $3,095 $0 $0 $12,325 $1,137 $0 $2,692 $16,154 $25
3.2 Water Makeup & Pretreating $505 $53 $282 $0 $0 $839 $79 $0 $276 $1,194 $2
3.3 Other Feedwater Subsystems $1,861 $631 $568 $0 $0 $3,060 $274 $0 $667 $4,000 $6
3.4 Service Water Systems $291 $594 $2,063 $0 $0 $2,948 $285 $0 $970 $4,203 $7
3.5 Other Boiler Plant Systems $1,563 $600 $1,487 $0 $0 $3,650 $342 $0 $799 $4,791 $8
3.6 FO Supply Sys & Nat Gas $300 $567 $529 $0 $0 $1,397 $134 $0 $306 $1,836 $3
3.7 Waste Treatment Equipment $702 $0 $430 $0 $0 $1,132 $110 $0 $372 $1,614 $3
3.8 Misc. Equip.(cranes,AirComp.,Comm.) $1,020 $137 $528 $0 $0 $1,685 $162 $0 $554 $2,402 $4

SUBTOTAL  3. $9,612 $8,441 $8,983 $0 $0 $27,035 $2,523 $0 $6,636 $36,194 $57
 4 GASIFIER & ACCESSORIES

4.1 Gasifier, Syngas Cooler & Auxiliaries $133,051 $0 $58,510 $0 $0 $191,560 $17,125 $26,889 $36,009 $271,583 $427
4.2 Syngas  Cooling (w/4.1) w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $135,222 $0 w/equip. $0 $0 $135,222 $12,870 $0 $14,809 $162,901 $256
4.4 LT Heat Recovery & FG Saturation $15,596 $0 $5,868 $0 $0 $21,464 $2,063 $0 $4,705 $28,232 $44
4.5 Misc. Gasification Equipment w/4.1 & 4.2 w/4.1&4.2 $0 w/4.1&4.2 $0 $0 $0 $0 $0 $0 $0 $0
4.6 Other Gasification Equipment $0 $910 $371 $0 $0 $1,281 $122 $0 $281 $1,684 $3
4.8 Major Component Rigging w/4.1&4.2 $0 w/4.1&4.2 $0 $0 $0 $0 $0 $0 $0 $0
4.9 Gasification Foundations $0 $7,876 $4,526 $0 $0 $12,402 $1,131 $0 $3,383 $16,917 $27

SUBTOTAL  4. $283,868 $8,787 $69,274 $0 $0 $361,929 $33,312 $26,889 $59,188 $481,317 $757

TOTAL PLANT COST SUMMARY
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Exhibit 3-96  Case 5 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 05 - Shell IGCC w/o CO2
Plant Size: 635.9 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 5A GAS CLEANUP & PIPING
5A.1 Sulfinol Sustem $38,450 $0 $17,968 $0 $0 $56,417 $5,378 $0 $12,359 $74,154 $117
5A.2 Elemental Sulfur Plant $9,353 $1,856 $12,076 $0 $0 $23,285 $2,246 $0 $5,106 $30,636 $48
5A.3 Mercury Removal $926 $0 $705 $0 $0 $1,631 $156 $82 $374 $2,243 $4
5A.4 COS Hydrolysis $2,564 $0 $3,351 $0 $0 $5,916 $571 $0 $1,297 $7,784 $12
5A.5 Particulate Removal w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
5A.5 Blowback Gas Systems $1,047 $176 $99 $0 $0 $1,323 $125 $0 $289 $1,737 $3
5A.6 Fuel Gas Piping $0 $2,272 $1,566 $0 $0 $3,838 $350 $0 $837 $5,025 $8
5A.9 HGCU Foundations $0 $2,248 $1,460 $0 $0 $3,708 $339 $0 $1,214 $5,261 $8

SUBTOTAL  5A. $52,340 $6,552 $37,224 $0 $0 $96,117 $9,164 $82 $21,477 $126,839 $199
 5B CO2 REMOVAL & COMPRESSION

5B.1 CO2 Removal System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5B.2 CO2 Compression & Drying $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  5B. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 6 COMBUSTION TURBINE/ACCESSORIES

6.1 Combustion Turbine Generator $82,000 $0 $5,071 $0 $0 $87,071 $8,191 $4,354 $9,962 $109,578 $172
6.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.3 Compressed Air Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.9 Combustion Turbine Foundations $0 $684 $762 $0 $0 $1,446 $135 $0 $474 $2,055 $3

SUBTOTAL  6. $82,000 $684 $5,833 $0 $0 $88,517 $8,326 $4,354 $10,436 $111,632 $176
 7 HRSG, DUCTING & STACK

7.1 Heat Recovery Steam Generator $34,073 $0 $4,848 $0 $0 $38,921 $3,674 $0 $4,260 $46,855 $74
7.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.3 Ductwork $0 $1,603 $1,191 $0 $0 $2,794 $246 $0 $608 $3,648 $6
7.4 Stack $3,174 $0 $1,193 $0 $0 $4,367 $415 $0 $478 $5,261 $8
7.9 HRSG,Duct & Stack Foundations $0 $632 $611 $0 $0 $1,243 $115 $0 $408 $1,766 $3

SUBTOTAL  7. $37,247 $2,235 $7,844 $0 $0 $47,326 $4,450 $0 $5,753 $57,529 $90
 8 STEAM TURBINE GENERATOR 

8.1 Steam TG & Accessories $28,510 $0 $4,862 $0 $0 $33,372 $3,198 $0 $3,657 $40,227 $63
8.2 Turbine Plant Auxiliaries $196 $0 $450 $0 $0 $646 $63 $0 $71 $779 $1
8.3 Condenser & Auxiliaries $4,511 $0 $1,442 $0 $0 $5,952 $565 $0 $652 $7,169 $11
8.4 Steam Piping $5,308 $0 $3,741 $0 $0 $9,048 $772 $0 $2,455 $12,276 $19
8.9 TG Foundations $0 $966 $1,645 $0 $0 $2,611 $246 $0 $857 $3,714 $6

SUBTOTAL  8. $38,525 $966 $12,138 $0 $0 $51,630 $4,844 $0 $7,692 $64,166 $101
 9 COOLING WATER SYSTEM

9.1 Cooling Towers $4,206 $0 $924 $0 $0 $5,130 $486 $0 $842 $6,458 $10
9.2 Circulating Water Pumps $1,317 $0 $79 $0 $0 $1,397 $119 $0 $227 $1,743 $3
9.3 Circ.Water System Auxiliaries $117 $0 $17 $0 $0 $134 $13 $0 $22 $169 $0
9.4 Circ.Water Piping $0 $4,978 $1,270 $0 $0 $6,248 $553 $0 $1,360 $8,162 $13
9.5 Make-up Water System $288 $0 $409 $0 $0 $697 $66 $0 $153 $916 $1
9.6 Component Cooling Water Sys $582 $697 $492 $0 $0 $1,771 $164 $0 $387 $2,322 $4
9.9 Circ.Water System Foundations& Structures $0 $1,723 $2,949 $0 $0 $4,672 $441 $0 $1,534 $6,646 $10

SUBTOTAL  9. $6,512 $7,397 $6,140 $0 $0 $20,049 $1,841 $0 $4,525 $26,415 $42
10 ASH/SPENT SORBENT HANDLING SYS

10.1 Slag Dewatering & Cooling $15,123 $0 $7,464 $0 $0 $22,587 $2,154 $0 $2,474 $27,215 $43
10.2 Gasifier Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.3 Cleanup Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.4 High Temperature Ash Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.5 Other Ash Rrecovery Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.6 Ash Storage Silos $511 $0 $557 $0 $0 $1,068 $103 $0 $176 $1,346 $2
10.7 Ash Transport & Feed Equipment $691 $0 $166 $0 $0 $856 $79 $0 $140 $1,075 $2
10.8 Misc. Ash Handling Equipment $1,059 $1,298 $388 $0 $0 $2,745 $259 $0 $451 $3,454 $5
10.9 Ash/Spent Sorbent Foundation $0 $45 $57 $0 $0 $102 $10 $0 $33 $145 $0

SUBTOTAL 10. $17,384 $1,343 $8,631 $0 $0 $27,357 $2,605 $0 $3,274 $33,236 $52

TOTAL PLANT COST SUMMARY
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Exhibit 3-96  Case 5 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 05 - Shell IGCC w/o CO2
Plant Size: 635.9 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

11 ACCESSORY ELECTRIC PLANT
11.1 Generator Equipment $905 $0 $902 $0 $0 $1,808 $172 $0 $198 $2,177 $3
11.2 Station Service Equipment $3,411 $0 $320 $0 $0 $3,732 $354 $0 $409 $4,495 $7
11.3 Switchgear & Motor Control $6,519 $0 $1,195 $0 $0 $7,714 $715 $0 $1,264 $9,693 $15
11.4 Conduit & Cable Tray $0 $310 $10,070 $0 $0 $10,380 $1,259 $0 $2,910 $14,549 $23
11.5 Wire & Cable $0 $5,697 $3,832 $0 $0 $9,529 $697 $0 $2,556 $12,782 $20
11.6 Protective Equipment $0 $627 $2,378 $0 $0 $3,005 $294 $0 $495 $3,793 $6
11.7 Standby Equipment $215 $0 $219 $0 $0 $434 $42 $0 $71 $548 $1
11.8 Main Power Transformers $10,280 $0 $139 $0 $0 $10,419 $789 $0 $1,681 $12,889 $20
11.9 Electrical Foundations $0 $150 $396 $0 $0 $546 $52 $0 $179 $777 $1

SUBTOTAL 11. $21,331 $6,784 $19,452 $0 $0 $47,567 $4,373 $0 $9,764 $61,704 $97
12 INSTRUMENTATION & CONTROL

12.1 IGCC Control Equipment w/12.7 $0 w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.2 Combustion Turbine Control N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
12.3 Steam Turbine Control w/8.1 $0 w/8.1 $0 $0 $0 $0 $0 $0 $0 $0
12.4 Other Major Component Control $932 $0 $649 $0 $0 $1,581 $152 $79 $272 $2,084 $3
12.5 Signal Processing Equipment      W/12.7 $0      W/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.6 Control Boards,Panels & Racks $214 $0 $143 $0 $0 $357 $34 $18 $82 $492 $1
12.7 Computer & Accessories $4,973 $0 $166 $0 $0 $5,139 $487 $257 $588 $6,471 $10
12.8 Instrument Wiring & Tubing $0 $1,768 $3,700 $0 $0 $5,468 $464 $273 $1,551 $7,756 $12
12.9 Other I & C Equipment $3,324 $0 $1,682 $0 $0 $5,006 $480 $250 $860 $6,597 $10

SUBTOTAL 12. $9,443 $1,768 $6,339 $0 $0 $17,551 $1,617 $878 $3,354 $23,399 $37
13 Improvements to Site

13.1 Site Preparation $0 $99 $2,139 $0 $0 $2,238 $221 $0 $738 $3,197 $5
13.2 Site Improvements $0 $1,767 $2,366 $0 $0 $4,132 $406 $0 $1,361 $5,900 $9
13.3 Site Facilities $3,166 $0 $3,366 $0 $0 $6,532 $641 $0 $2,152 $9,325 $15

SUBTOTAL 13. $3,166 $1,866 $7,871 $0 $0 $12,903 $1,268 $0 $4,251 $18,422 $29
14 Buildings & Structures

14.1 Combustion Turbine Area $0 $221 $127 $0 $0 $348 $31 $0 $76 $454 $1
14.2 Steam Turbine Building $0 $2,337 $3,373 $0 $0 $5,710 $524 $0 $935 $7,169 $11
14.3 Administration Building $0 $794 $584 $0 $0 $1,379 $123 $0 $225 $1,727 $3
14.4 Circulation Water Pumphouse $0 $157 $84 $0 $0 $241 $21 $0 $39 $301 $0
14.5 Water Treatment Buildings $0 $402 $398 $0 $0 $800 $72 $0 $131 $1,003 $2
14.6 Machine Shop $0 $407 $282 $0 $0 $689 $61 $0 $112 $862 $1
14.7 Warehouse $0 $657 $430 $0 $0 $1,086 $96 $0 $177 $1,360 $2
14.8 Other Buildings & Structures $0 $393 $310 $0 $0 $704 $63 $0 $153 $920 $1
14.9 Waste Treating Building & Str. $0 $879 $1,703 $0 $0 $2,582 $240 $0 $564 $3,386 $5

SUBTOTAL 14. $0 $6,247 $7,291 $0 $0 $13,537 $1,231 $0 $2,414 $17,182 $27

TOTAL COST $676,062 $63,575 $224,205 $0 $0 $963,842 $88,874 $32,202 $171,892 $1,256,810 $1,977

TOTAL PLANT COST SUMMARY
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Exhibit 3-97  Case 5 Initial and Annual Operating and Maintenance Costs 
INITIAL & ANNUAL O&M EXPENSES Cost Base (Dec) 2006

Case 05 - Shell IGCC w/o CO2 Heat Rate-net(Btu/kWh): 8,306
 MWe-net: 636

           Capacity Factor: (%): 80
                                                OPERATING & MAINTENANCE LABOR

Operating Labor
  Operating Labor Rate(base): 33.00 $/hour
  Operating Labor Burden: 30.00 % of base
  Labor O-H Charge Rate: 25.00 % of labor

Total

       Skilled Operator 2.0 2.0
       Operator 9.0 9.0
       Foreman 1.0 1.0
       Lab Tech's, etc. 3.0 3.0
          TOTAL-O.J.'s 15.0 15.0

Annual Cost Annual Unit Cost
$ $/kW-net

Annual Operating Labor Cost $5,637,060 $8.865
Maintenance Labor Cost $12,260,125 $19.281
Administrative & Support Labor $4,474,296 $7.037
TOTAL FIXED OPERATING COSTS $22,371,481 $35.184
VARIABLE OPERATING COSTS

$/kWh-net
Maintenance Material Cost $22,850,084 $0.00513

Consumables Consumption Unit Initial
  Initial       /Day      Cost  Cost

  Water(/1000 gallons) 0 5,460 1.03 $0 $1,642,294 $0.00037

  Chemicals
    MU & WT Chem.(lb) 113,862 16,266 0.16 $18,764 $782,745 $0.00018
    Carbon (Mercury Removal) (lb) 72,509 99 1.00 $72,509 $28,908 $0.00001
    COS Catalyst (m3) 1 0.19 2,308.40 $3,042 $126,875 $0.00003
    Water Gas Shift Catalyst(ft3) 0 0 475.00 $0 $0 $0.00000
    Selexol Solution (gal.) 0 0 12.90 $0 $0 $0.00000
    MDEA  Solution (gal) 0 0 0.96 $0 $0 $0.00000
    Sulfinol  Solution (gal) 525 75 9.68 $5,080 $211,900 $0.00005
    SCR Catalyst (m3) 0 0 0.00 $0 $0 $0.00000
    Aqueous Ammonia (ton) 0 0 0.00 $0 $0 $0.00000
    Claus Catalyst(ft3) w/equip. 2.05 125.00 $0 $74,825 $0.00002

Subtotal Chemicals $99,395 $1,225,254 $0.00027

  Other
    Supplemental Fuel(MBtu) 0 0 0.00 $0 $0 $0.00000
    Gases,N2 etc.(/100scf) 0 0 0.00 $0 $0 $0.00000
    L.P. Steam(/1000 pounds) 0 0 0.00 $0 $0 $0.00000

Subtotal Other $0 $0 $0.00000

  Waste Disposal
    Spent Mercury Catalyst (lb) 0 99 0.40 $0 $11,609 $0.00000
    Flyash (ton) 0 0 0.00 $0 $0 $0.00000
    Bottom Ash(ton) 0 544 15.45 $0 $2,453,209 $0.00055

      Subtotal-Waste Disposal $0 $2,464,819 $0.00055

  By-products & Emissions 
     Sulfur(tons) 0 136 0.00 $0 $0 $0.00000

Subtotal By-Products $0 $0 $0.00000

TOTAL VARIABLE OPERATING COSTS $99,395 $28,182,450 $0.00632

 Fuel(ton) 162,977 5,433 42.11 $6,862,984 $66,799,712 $0.01499  
 



Cost and Performance Comparison of Fossil Energy Power Plants  

264 

3.4.8  CASE 6 - SHELL IGCC POWER PLANT WITH CO2 CAPTURE 
This case is configured to produce electric power with CO2 capture.  The plant configuration is 
the same as Case 5, namely two Shell gasifier trains, two advanced F class turbines, two HRSGs 
and one steam turbine.  The gross power output is constrained by the capacity of the two 
combustion turbines, and since the CO2 capture and compression process increases the auxiliary 
load on the plant, the net output is significantly reduced relative to Case 5 (517 MW versus 636 
MW). 

The process description for Case 6 is similar to Case 5 with several notable exceptions to 
accommodate CO2 capture.  A BFD and stream tables for Case 6 are shown in Exhibit 3-98 and 
Exhibit 3-99, respectively.  Instead of repeating the entire process description, only differences 
from Case 5 are reported here. 

Coal Preparation and Feed Systems 
No differences from Case 5. 

Gasification 
The gasification process is the same as Case 5 with the following exceptions: 

• The syngas exiting the gasifier (stream 12) is quenched to 399°C (750°F) with water 
rather than recycled syngas to provide a portion of the water required for water gas shift 

• Total coal feed (as-received) to the two gasifiers is 5,151 tonnes/day (5,678 TPD) 
(stream 9) 

• The ASU provides 4,070 tonnes/day (4,480 TPD) of 95 mole percent oxygen to the 
gasifier and Claus plant (streams 5 and 3) 

Raw Gas Cooling/Particulate Removal 
Following the water quench and particulate removal the syngas is cooled to 260°C (500°F) prior 
to the syngas scrubber (stream 13) by vaporizing HP BFW and pre-heating IP BFW. 

Syngas Scrubber/Sour Water Stripper 

Syngas exits the scrubber at 204°C (400°F). 

Sour Gas Shift (SGS) 
The SGS process was described in Section 3.1.3.  In Case 6 the syngas after the scrubber is 
reheated to 285°C (545°F) and then steam (stream 14) is added to adjust the H2O:CO molar ratio 
to approximately 2:1 prior to the first SGS reactor.  The hot syngas exiting the first stage of SGS 
is used to generate the steam that is added in stream 14.  One more stage of SGS (for a total of 
two) results in 95.6 percent overall conversion of the CO to CO2.  The warm syngas from the 
second stage of SGS is cooled to 241°C (465°F) by preheating the syngas prior to the first stage 
of SGS.  The SGS catalylst also serves to hydrolyze COS thus eliminating the need for a separate 
COS hydrolysis reactor.  Following the second stage of SGS, the syngas is further cooled to 
35°C (95°F) prior to the mercury removal beds. 

Mercury Removal and Acid Gas Removal 

Mercury removal is the same as in Case 5 
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Exhibit 3-98  Case 6 Process Flow Diagram, Shell IGCC with CO2 Capture 
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Exhibit 3-99  Case 6 Stream Table, Shell IGCC with CO2 Capture 
1 2 3 4 5 6 7 8 9A 10A 11 12 13 14

V-L Mole Fraction               
Ar 0.0094 0.0263 0.0360 0.0024 0.0360 0.0000 0.0000 0.0102 0.0000 0.0000 0.0000 0.0097 0.0052 0.0000
CH4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0004 0.0000 0.0000 0.0000 0.0004 0.0002 0.0000

CO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0265 0.0000 0.0000 0.0000 0.5716 0.3070 0.0000
CO2 0.0003 0.0091 0.0000 0.0000 0.0000 0.0000 0.0000 0.0211 0.0000 0.0000 0.0000 0.0211 0.0113 0.0000
COS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0007 0.0004 0.0000
H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.8874 0.0000 0.0000 0.0000 0.2901 0.1558 0.0000

H2O 0.0104 0.2820 0.0000 0.0004 0.0000 1.0000 0.0000 0.0001 1.0000 1.0000 0.0000 0.0364 0.4826 1.0000

H2S 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0081 0.0043 0.0000

N2 0.7722 0.4591 0.0140 0.9918 0.0140 0.0000 1.0000 0.0543 0.0000 0.0000 0.0000 0.0585 0.0314 0.0000

NH3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0033 0.0018 0.0000

O2 0.2077 0.2235 0.9500 0.0054 0.9500 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 56,388 2,025 230 40,650 11,358 2,534 2,110 491 2,923 1,218 0 42,059 78,325 11,679
V-L Flowrate (lb/hr) 1,627,030 53,746 7,428 1,140,640 366,070 45,657 59,121 2,651 52,617 21,935 0 865,967 1,519,300 210,400
Solids Flowrate (lb/hr) 0 0 0 0 0 0 0 0 420,559 420,559 47,374 0 0 0

Temperature (°F) 238 70 90 385 518 750 560 121 59 215 2,595 2,595 500 750
Pressure (psia) 190.0 16.4 125.0 460.0 740.0 740.0 815.0 469.6 14.7 14.7 614.7 604.7 564.7 825.0
Enthalpy (BTU/lb)B 56.9 26.8 11.4 88.0 107.7 1409.5 132.2 113.8 --- --- --- 1012.8 665.9 1,368.5
Density (lb/ft3) 0.732 0.104 0.688 1.424 2.272 1.027 2.086 0.407 --- --- --- 0.378 1.064 1.145
Molecular Weight 28.854 26.545 32.229 28.060 32.229 18.015 28.013 5.399 --- --- --- 20.589 19.397 18.015

A - Solids flowrate includes dry coal; V-L flowrate includes water from coal
B - Reference conditions are 32.02 F & 0.089 PSIA  
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Exhibit 3-99  Case 6 Stream Table (Continued) 
15 16 17 18 19 20 21 22 23 24 25 26 27

V-L Mole Fraction              
Ar 0.0046 0.0064 0.0064 0.0102 0.0099 0.0099 0.0000 0.0000 0.0000 0.0074 0.0094 0.0091 0.0091
CH4 0.0002 0.0002 0.0002 0.0004 0.0004 0.0004 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

CO 0.2697 0.0166 0.0166 0.0265 0.0256 0.0256 0.0000 0.0000 0.0000 0.0792 0.0000 0.0000 0.0000
CO2 0.0100 0.3771 0.3771 0.0211 0.0204 0.0204 1.0000 0.3526 0.0000 0.2293 0.0003 0.0063 0.0063

COS 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0006 0.0000 0.0003 0.0000 0.0000 0.0000
H2 0.1369 0.5547 0.5547 0.8874 0.8584 0.8584 0.0000 0.0000 0.0000 0.0417 0.0000 0.0000 0.0000

H2O 0.5455 0.0014 0.0014 0.0001 0.0327 0.0327 0.0000 0.0502 0.0000 0.4003 0.0108 0.1258 0.1258

H2S 0.0038 0.0050 0.0050 0.0000 0.0000 0.0000 0.0000 0.3122 0.0000 0.0013 0.0000 0.0000 0.0000

N2 0.0276 0.0385 0.0385 0.0543 0.0526 0.0526 0.0000 0.2845 0.0000 0.2379 0.7719 0.7513 0.7513

NH3 0.0016 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

O2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.2076 0.1075 0.1075
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0026 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 89,158 63,376 63,376 39,127 40,448 40,448 22,707 1,017 0 1,603 244,799 308,019 308,019
V-L Flowrate (lb/hr) 1,714,460 1,249,470 1,249,470 211,226 235,031 235,031 999,309 35,657 0 42,962 7,062,330 8,438,000 8,438,000
Solids Flowrate (lb/hr) 0 0 0 0 0 0 0 0 11,825 0 0 0 0

Temperature (°F) 574 95 95 121 213 385 156 124 352 280 59 1,051 270
Pressure (psia) 544.7 482.6 472.6 469.6 453.9 448.9 2,214.7 60.0 23.6 23.6 14.7 15.2 15.2
Enthalpy (BTU/lb)B 767.7 25.6 25.6 113.8 327.0 535.7 -46.4 37.9 -100.6 362.5 13.8 364.1 150.8
Density (lb/ft3) 0.944 1.598 1.565 0.407 0.365 0.288 30.929 0.343 329.618 0.080 0.076 0.026 0.053
Molecular Weight 19.229 19.715 19.715 5.399 5.811 5.811 44.010 35.063 256.528 26.798 28.849 27.394 27.394

B - Reference conditions are 32.02 F & 0.089 PSIA  
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The AGR process in Case 6 is a two stage Selexol process where H2S is removed in the first 
stage and CO2 in the second stage of absorption.  The process results in three product streams,  
the clean syngas (stream 18), a CO2-rich stream and an acid gas feed to the Claus plant (stream 
22).  The acid gas contains 31 percent H2S and 35 percent CO2 with the balance primarily N2.  
The CO2-rich stream is discussed further in the CO2 compression section.   

CO2 Compression and Dehydration 
CO2 from the AGR process is generated at three pressure levels.  The LP stream is compressed 
from 0.15 MPa (22 psia) to 1.1 MPa (160 psia) and then combined with the MP stream.  The HP 
stream is combined between compressor stages at 2.1 MPa (300 psia).  The combined stream is 
compressed from 2.1 MPa (300 psia) to a supercritical condition at 15.3 MPa (2215 psia) using a 
multiple-stage, intercooled compressor.  During compression, the CO2 stream is dehydrated to a 
dewpoint of -40ºC (-40°F) with triethylene glycol.  The raw CO2 stream from the Selexol process 
contains over 93 percent CO2 with the balance primarily nitrogen.  For modeling purposes it was 
assumed that the impurities were separated from the CO2 and combined with the clean syngas 
stream from the Selexol process.  The pure CO2 (stream 21) is transported to the plant fence line 
and is sequestration ready.  CO2 TS&M costs were estimated using the methodology described in 
Section 2.7. 

Claus Unit 
The Claus plant is the same as Case 5 with the following exceptions: 

• 5,364 kg/h (11,825 lb/h) of sulfur (stream 23) are produced 

• The waste heat boiler generates 14,099 kg/h (31,082 lb/h) of 4.7 MPa (679 psia) steam, 
which provides all of the Claus plant process needs and provides some additional steam 
to the medium pressure steam header. 

Power Block 
Clean syngas from the AGR plant is combined with a small amount of clean gas from the CO2 
compression process (stream 18) and partially humidified because the nitrogen available from 
the ASU is insufficient to provide adequate dilution.  The moisturized syngas is reheated to 
196°C (385°F) using HP boiler feedwater, diluted with nitrogen (stream 4), and then enters the 
CT burner.  The exhaust gas (stream 26) exits the CT at 566°C (1051°F) and enters the HRSG 
where additional heat is recovered.  The flue gas exits the HRSG at 132°C (270°F) (stream 27) 
and is discharged through the plant stack.  The steam raised in the HRSG is used to power an 
advanced commercially available steam turbine using a 12.4 MPa/538°C/538°C (1800 
psig/1000°F/1000°F) steam cycle.  There is no integration between the CT and the ASU in this 
case. 

Air Separation Unit 
The same elevated pressure ASU is used as in Case 5 and produces 4,070 tonnes/day (4,480 
TPD) of 95 mole percent oxygen and 12,420 tonnes/day (13,690 TPD) of nitrogen.  There is no 
integration between the ASU and the combustion turbine. 
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Balance of Plant 
Balance of plant items were covered in Sections 3.1.9, 3.1.10 and 3.1.11. 

 

3.4.9 CASE 6 PERFORMANCE RESULTS 
The Case 6 modeling assumptions were presented previously in Section 3.4.3. 

The plant produces a net output of 517 MWe at a net plant efficiency of 32.0 percent (HHV 
basis).  Overall performance for the plant is summarized in Exhibit 3-100 which includes 
auxiliary power requirements.  The ASU accounts for approximately 64 percent of the auxiliary 
load between the main air compressor, the nitrogen compressor, the oxygen compressor and 
ASU auxiliaries.  The two-stage Selexol process and CO2 compression account for an additional 
25 percent of the auxiliary power load.  The BFW and circulating water system (circulating 
water pumps and cooling tower fan) comprise about 5 percent of the load, leaving 6 percent of 
the auxiliary load for all other systems. 
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Exhibit 3-100  Case 6 Plant Performance Summary 

POWER SUMMARY (Gross Power at Generator Terminals, kWe) 
Gas Turbine Power 463,630 
Steam Turbine Power 229,925 

TOTAL POWER, kWe 693,555 
AUXILIARY LOAD SUMMARY, kWe  

Coal Handling 440 
Coal Milling 2,210 
Slag Handling 570 
Air Separation Unit Auxiliaries 1,000 
Air Separation Unit Main Air Compressor 62,970 
Oxygen Compressor 10,540 
Nitrogen Compressor 38,670 
Syngas Recycle Compressor 0 
Incinerator Air Blower 160 
CO2 Compressor 28,050 
Boiler Feedwater Pumps 3,290 
Condensate Pump 310 
Flash Bottoms Pump 200 
Circulating Water Pumps 3,440 
Cooling Tower Fans 1,780 
Scrubber Pumps 390 
Double Stage Selexol Unit Auxiliaries 15,500 
Gas Turbine Auxiliaries 1,000 
Steam Turbine Auxiliaries 100 
Claus Plant/TGTU Auxiliaries 250 
Miscellaneous Balance of Plant (Note 1) 3,000 
Transformer Loss 2,550 

TOTAL AUXILIARIES, kWe 176,420 
NET POWER, kWe 517,135 

Net Plant Efficiency, % (HHV) 32.0 
Net Plant Heat Rate (Btu/kWh) 10,674 

CONDENSER COOLING DUTY 106 kJ/h (106 Btu/h) 1,465 (1,390) 
CONSUMABLES  

As-Received Coal Feed, kg/h (lb/h) 214,629 (473,176) 
Thermal Input, kWt 1,617,772 
Raw Water Usage, m3/min (gpm) 17.3 (4,563) 

Note 1: Includes plant control systems, lighting, HVAC and miscellaneous low voltage loads 
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Environmental Performance 
The environmental targets for emissions of Hg, NOX, SO2, CO2 and particulate matter were 
presented in Section 2.4.  A summary of the plant air emissions for Case 6 is presented in 
Exhibit 3-101.   

Exhibit 3-101  Case 6 Air Emissions 

 kg/GJ 
(lb/106 Btu) 

Tonne/year 
(ton/year)  

80% capacity factor 

kg/MWh 
(lb/MWh) 

SO2 0.0045 (0.0105) 185 (204) 0.038 (0.084) 
NOX 0.021 (0.049) 856 (944) 0.176 (0.388) 
Particulates 0.003 (0.0071) 125 (137) 0.026 (0.057) 
Hg 0.25x10-6 

(0.57x10-6) 
0.010 (0.011) 2.1x10-6 

(4.5x10-6) 
CO2 8.0 (18.7) 328,000 (361,000) 67.4 (149) 

CO2
1   90.4 (199) 

1 CO2 emissions based on net power instead of gross power 

The low level of SO2 emissions is achieved by capture of the sulfur in the gas by the two-stage 
Selexol AGR process.  The CO2 capture target results in the sulfur compounds being removed to 
a greater extent than required in the environmental targets of Section 2.4.  The clean syngas 
exiting the AGR process has a sulfur concentration of approximately 22 ppmv.  This results in a 
concentration in the flue gas of about 3 ppmv.  The H2S-rich regeneration gas from the AGR 
system is fed to a Claus plant, producing elemental sulfur.  The tail gas treatment unit removes 
most of the sulfur from the Claus tail gas, which is recycled to the Claus unit inlet.  The clean gas 
from the tail gas treatment unit is sent to the coal dryer prior to being vented to atmosphere. 

NOX emissions are limited by the use of nitrogen dilution and humidification to 15 ppmvd (as 
NO2 @ 15 percent O2).  Ammonia in the syngas is removed with process condensate prior to the 
low-temperature AGR process and subsequently destroyed in the Claus plant burner.  This helps 
lower NOX levels as well. 

Particulate discharge to the atmosphere is limited to extremely low values by the use of a cyclone 
and a barrier filter in addition to the syngas scrubber and the gas washing effect of the AGR 
absorber.  The particulate emissions represent filterable particulate only. 

Ninety five percent of mercury is captured from the syngas by an activated carbon bed.  Ninety 
five percent of the CO2 from the syngas is captured in the AGR system and compressed for 
sequestration.  Because not all of the CO is converted to CO2 in the shift reactors, the overall 
CO2 removal is 90.2 percent. 

The carbon balance for the plant is shown in Exhibit 3-102. The carbon input to the plant 
consists of carbon in the air in addition to carbon in the coal.  Carbon in the air is not used in the 
carbon capture equation below, but it is not neglected in the balance since the Aspen model 
accounts for air components throughout.  Carbon leaves the plant as unburned carbon in the slag, 
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as dissolved CO2 in the wastewater blowdown stream, and CO2 in the stack gas, coal dryer vent 
gas, ASU vent gas and the captured CO2 product.  Carbon in the wastewater blowdown stream is 
calculated by difference to close the material balance.  The carbon capture efficiency is defined 
as the amount of carbon in the CO2 product stream relative to the amount of carbon in the coal 
less carbon contained in the slag, represented by the following fraction:   

(Carbon in Product for Sequestration)/[(Carbon in the Coal)-(Carbon in Slag)] or 
272,478/(301,649-1,511) *100 or 

90.8 percent 

Exhibit 3-102  Case 6 Carbon Balance 

Carbon In, kg/hr (lb/hr) Carbon Out, kg/hr (lb/hr) 
Coal 136,826 (301,649) Slag 685 (1,511) 
Air (CO2) 500 (1,102) Stack Gas 10,610 (23,390) 
  CO2 Product 123,595 (272,478) 
  ASU Vent 101 (222) 
  Coal Dryer 2,137 (4,712) 
  Wastewater 198 (438) 
Total 137,326 (302,751) Total 137,326 (302,751) 

 

Exhibit 3-103 shows the sulfur balance for the plant.  Sulfur input comes solely from the sulfur 
in the coal.  Sulfur output includes the sulfur recovered in the Claus plant, dissolved SO2 in the 
wastewater blowdown stream, sulfur emitted in the stack gas and sulfur from the tail gas unit that 
is vented through the coal dryer.  Sulfur in the slag is considered negligible, and the sulfur 
content of the blowdown stream is calculated by difference to close the material balance.  The 
total sulfur capture is represented by the following fraction: 

(Sulfur byproduct/Sulfur in the coal) or 
(11,825/11,877) or 

99.6 percent 

Exhibit 3-103  Case 6 Sulfur Balance 

Sulfur In, kg/hr (lb/hr) Sulfur Out, kg/hr (lb/hr) 
Coal 5,387 (11,877) Elemental 

Sulfur 
5,364 (11,825) 

  Stack Gas 12 (27) 
  Dryer Gas 1 (2) 
  Wastewater 10 (23) 
Total 5,387 (11,877) Total 5,387 (11,877) 

 

Exhibit 3-104 shows the overall water balance for the plant.  Raw water is obtained from 
groundwater (50 percent) and from municipal sources (50 percent).  Water demand represents 
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the total amount of water required for a particular process.  Some water is recovered within the 
process, primarily as syngas condensate, and that water is re-used as internal recycle.  Raw water 
makeup is the difference between water demand and internal recycle. 

Exhibit 3-104  Case 6 Water Balance 

Water Use Water Demand, 
m3/min (gpm) 

Internal Recycle, 
m3/min (gpm) 

Raw Water Makeup, 
m3/min (gpm) 

Gasifier Steam 0.3 (91) 0 0.3 (91) 

Shift Steam 1.6 (420) 0 1.6 (420) 

Humidifier 0.3 (67) 0.3 (67) 0 

Slag Handling 0.4 (123) 0.4 (123) 0 

Quench/Scrubber 4.9 (1,306) 2.6 (693) 2.3 (612) 

BFW Makeup 0.2 (45) 0 0.2 (45) 

Cooling Tower 
Makeup 13.4 (3,528) 0.5 (133) 12.9 (3,395) 

Total 21.1 (5,581) 3.8 (1,017) 17.3 (4,564) 

Heat and Mass Balance Diagrams 
Heat and mass balance diagrams are shown for the following subsystems in Exhibit 3-105 
through Exhibit 3-109: 

• Coal gasification and air separation unit 

• Syngas cleanup 

• Sulfur recovery and tail gas recycle 

• Combined cycle power generation 

• Steam and feedwater 

An overall plant energy balance is provided in tabular form in Exhibit 3-110.  The power out is 
the combined combustion turbine and steam turbine power prior to generator losses.  The power 
at the generator terminals (shown in Exhibit 3-100) is calculated by multiplying the power out by 
a combined generator efficiency of 98.4 percent. 
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Exhibit 3-105  Case 6 Coal Gasification and Air Separation Unit Heat and Mass Balance Schematic 

 



Cost and Performance Comparison of Fossil Energy Power Plants  

 276  

Exhibit 3-106  Case 6 Syngas Cleanup Heat and Mass Balance Schematic 
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Exhibit 3-107  Case 6 Sulfur Recovery and Tail Gas Recycle Heat and Mass Balance Schematic 

 



Cost and Performance Comparison of Fossil Energy Power Plants  

 278  

Exhibit 3-108  Case 6 Combined Cycle Power Generation Heat and Mass Balance Schematic 
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Exhibit 3-109  Case 6 Steam and Feedwater Heat and Mass Balance Schematic 
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Exhibit 3-110  Case 6 Overall Energy Balance (0°C [32°F] Reference) 

 HHV Sensible + Latent Power Total 

Heat In (MMBtu/hr) 
Coal 5,520.2 4.6  5,524.8 
ASU Air  22.0  22.0 
CT Air  97.2  97.2 
Incinerator Air  1.3  1.3 
Water  23.2  23.2 
Auxiliary Power   602.0 602.0 
Totals 5,520.2 148.4 602.0 6,270.5 
Heat Out (MMBtu/hr) 
ASU Intercoolers  222.8  222.8 
ASU Vent  1.4  1.4 
Slag 21.3 33.9  55.2 
Sulfur 47.1 (1.2)  45.9 
Dryer Stack Gas  59.5  59.5 
CO2 Compressor 
Intercoolers  115.4  115.4 

CO2 Product  (46.4)  (46.4) 
HRSG Flue Gas  1,273.3  1,273.3 
Condenser  1,390.0  1,390.0 
Process Losses  748.8  748.8 
Power   2,404.6 2,404.6 
Totals 68.4 3,797.5 2,404.6 6,270.5 

(1) Process Losses are calculated by difference and reflect various gasification, turbine, 
HRSG and other heat and work losses.  Aspen flowsheet balance is within 0.5 percent. 
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3.4.10 CASE 6 - MAJOR EQUIPMENT LIST 
Major equipment items for the Shell gasifier with CO2 capture are shown in the following tables.  
The accounts used in the equipment list correspond to the account numbers used in the cost 
estimates in Section 3.4.11.  In general, the design conditions include a 10 percent contingency 
for flows and heat duties and a 21 percent contingency for heads on pumps and fans. 

ACCOUNT 1 COAL HANDLING 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Bottom Trestle Dumper and 
Receiving Hoppers N/A 2 0

2 Feeder Belt 2 0

3 Conveyor No. 1 Belt 1 0

4 Transfer Tower No. 1 Enclosed 1 0

5 Conveyor No. 2 Belt 1 0

6 As-Received Coal Sampling 
System Two-stage 1 0

7 Stacker/Reclaimer Traveling, linear 1 0

8 Reclaim Hopper N/A 2 1

9 Feeder Vibratory 2 1

10 Conveyor No. 3 Belt w/ tripper 1 0

11 Crusher Tower N/A 1 0

12 Coal Surge Bin w/ Vent Filter Dual outlet 2 0

13 Crusher Impactor 
reduction 2 0

14 As-Fired Coal Sampling 
System Swing hammer 1 1

15 Conveyor No. 4 Belt w/tripper 1 0

16 Transfer Tower No. 2 Enclosed 1 0

17 Conveyor No. 5 Belt w/ tripper 1 0

18 Coal Silo w/ Vent Filter and 
Slide Gates Field erected 3 0

N/A

354 tonne/h  (390 tph)

Design Condition

181 tonne  (200 ton)

N/A

1,134 tonne/h  (1,250 tph)

N/A

1,134 tonne/h  (1,250 tph)

572 tonne/h  (630 tph)

1,134 tonne/h  (1,250 tph)

45 tonne  (50 ton)

181 tonne/h  (200 tph)

8 cm x 0 - 3 cm x 0
(3" x 0 - 1-1/4" x 0)

354 tonne/h  (390 tph)

181 tonne  (200 ton)

N/A

N/A

354 tonne/h  (390 tph)

816 tonne  (900 ton)
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ACCOUNT 2 COAL PREPARATION AND FEED 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Feeder Vibratory 3 0

2 Conveyor No. 6 Belt w/tripper 1 0

3 Roller Mill Feed Hopper Dual Outlet 1 0

4 Weigh Feeder Belt 2 0

5 Coal Drying and Pulverization Rotary 2 0

118 tonne/h  (130 tph)

118 tonne/h  (130 tph)

Design Condition

82 tonne/h  (90 tph)

236 tonne/h  (260 tph)

472 tonne  (520 ton)
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ACCOUNT 3 FEEDWATER AND MISCELLANEOUS SYSTEMS AND 
EQUIPMENT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Demineralized Water 
Storage Tank

Vertical, cylindrical, 
outdoor 3 0

2 Condensate Pumps Vertical canned 2 1

3 Deaerator (integral w/ 
HRSG) Horizontal spray type 2 0

4 Intermediate Pressure 
Feedwater Pump

Horizontal centrifugal, 
single stage 2 1

6 High Pressure 
Feedwater Pump No. 2

Barrel type, multi-
stage, centrifugal 2 1

7 Auxiliary Boiler Shop fabricated, water 
tube 1 0

8 Service Air 
Compressors Flooded Screw 2 1

9 Instrument Air Dryers Duplex, regenerative 2 1

10 Closed Cylce Cooling 
Heat Exchangers Plate and frame 2 0

11 Closed Cycle Cooling 
Water Pumps Horizontal centrifugal 2 1

12 Engine-Driven Fire 
Pump

Vertical turbine, diesel 
engine 1 1

13 Fire Service Booster 
Pump

Two-stage horizontal 
centrifugal 1 1

14 Raw Water Pumps Stainless steel, single 
suction 2 1

15 Filtered Water Pumps Stainless steel, single 
suction 2 1

16 Filtered Water Tank Vertical, cylindrical 2 0

17 Makeup Water 
Demineralizer

Anion, cation, and 
mixed bed 2 0

18 Liquid Waste Treatment 
System 1 0

2 15 High Pressure 
Feedwater Pump No. 1

Barrel type, multi-
stage, centrifugal

1,048,567 liter (277,000 gal)

1,060 lpm (280 gpm)

10 years, 24-hour storm

4,353 lpm @ 49 m H2O
(1,150 gpm @ 160 ft H2O)

28 m3/min (1,000 scfm)

58 MMkJ/h (55 MMBtu/h) each

20,820 lpm @ 21 m H2O
(5,500 gpm @ 70 ft H2O)

3,785 lpm @ 107 m H2O
(1,000 gpm @ 350 ft H2O)

2,650 lpm @ 76 m H2O
(700 gpm @ 250 ft H2O)

9,577 lpm @ 18 m H2O
(2,530 gpm @ 60 ft H2O)

3,975 lpm @ 283 m H2O
(1,050 gpm @ 930 ft H2O)

18,144 kg/h, 2.8 MPa, 343°C
(40,000 lb/h, 400 psig, 650°F)

28 m3/min @ 0.7 MPa
(1,000 scfm @ 100 psig)

Design Condition

927,433 liters (245,000 gal)

8,631 lpm @ 91 m H2O
(2,280 gpm @ 300 ft H2O)

603,732 kg/h (1,331,000 lb/h)

IP water: 1,173 lpm @ 223 m 
H2O  (310 gpm @ 730 ft H2O)

HP water: 4,580 lpm @ 1,890 m 
H2O  (1,210 gpm @ 6,200 ft 

H2O)
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ACCOUNT 4 GASIFIER, ASU AND ACCESSORIES INCLUDING LOW 
TEMPERATURE HEAT RECOVERY AND FUEL GAS SATURATION 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Gasifier Pressurized dry-feed, 
entrained bed 2 0

2 Synthesis Gas Cooler Convective spiral-
wound tube boiler 2 0

3 Synthesis Gas Cyclone High efficiency 2 0

4 Candle Filter Pressurized filter with 
pulse-jet cleaning 2 0

5
Syngas Scrubber 
Including Sour Water 
Stripper

Vertical upflow 2 0

6 Raw Gas Coolers Shell and tube with 
condensate drain 6 0

7 Raw Gas Knockout 
Drum

Vertical with mist 
eliminator 2 0

8 Saturation Water 
Economizers Shell and tube 2 0

9 Fuel Gas Saturator Vertical tray tower 2 0

10 Saturator Water Pump Centrifugal 2 2

11 Synthesis Gas Reheater Shell and tube 2 0

12 Flare Stack
Self-supporting, carbon 
steel, stainless steel 
top, pilot ignition

2 0

13 ASU Main Air 
Compressor

Centrifugal, multi-
stage 2 0

14 Cold Box Vendor design 2 0

15 Oxygen Compressor Centrifugal, multi-
stage 2 0

16 Nitrogen Compressor Centrifugal, multi-
stage 2 0

17 Nitrogen Boost 
Compressor

Centrifugal, multi-
stage 2 0

metallic filters

375,121 kg/h  (827,000 lb/h)

713,048 kg/h  (1,572,000 lb/h)

312,072 kg/h, 35°C, 3.4 MPa
(688,000 lb/h, 95°F, 488 psia)

Design Condition

2,812 tonne/day, 4.2 MPa
(3,100 tpd, 615 psia)

379,204 kg/h  (836,000 lb/h)

375,121 kg/h  (827,000 lb/h)  
Design efficiency 90%

427,738 kg/h  (943,000 lb/h)

58,513 kg/h, 101°C, 3.2 MPa
(129,000 lb/h, 213°F, 470 psia)

4,164 lpm @ 21 m H2O
(1,100 gpm @ 70 ft H2O)

58,513 kg/h  (129,000 lb/h)

510 m3/min @ 2.3 MPa
(18,000 scfm @ 340 psia)

375,121 kg/h  (827,000 lb/h) 
syngas

5,550 m3/min @ 1.3 MPa
(196,000 scfm @ 190 psia)

2,268 tonne/day  (2,500 tpd)   of 
95% purity oxygen

1,133 m3/min @ 5.1 MPa
(40,000 scfm @ 740 psia)

3,710 m3/min @ 3.4 MPa
(131,000 scfm @ 490 psia)
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ACCOUNT 5 SYNGAS CLEANUP 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Mercury Adsorber Sulfated carbon 
bed 2 0

2 Sulfur Plant Claus type 1 0

3 Water Gas Shift Reactors Fixed bed, 
catalytic 4 0

4 Shift Reactor Heat Recovery 
Exhchangers Shell and Tube 4 0

5 Acid Gas Removal Plant Two-stage 
Selexol 2 0

6 Tail Gas Treatment Unit Proprietary amine, 
absorber/stripper 1 0

7 Tail Gas Treatment 
Incinerator N/A 1 0

Design Condition

311,618 kg/h  (687,000 lb/h)
35°C (95°F)  3.3 MPa (483 psia)

142 tonne/day  (156 tpd)

Exchanger 1: 211 MMkJ/h  (200 
MMBtu/h)

Exchanger 2: 63 MMkJ/h (60 
MMBtu/h)

17,645 kg/h  (38,900 lb/h)
49°C (120°F) 0.1 MPa (16.4 psia)

427,738 kg/h  (943,000 lb/h) 
302°C (575°F) 3.8 MPa (545 psia)

311,618 kg/h  (687,000 lb/h)  
51°C (124°F) 3.3 MPa (473 psia)

67 MMkJ/h  (64 MMBtu/h)
 

 

ACCOUNT 5B  CO2 COMPRESSION  

Equipment 
No. Description Type Operating 

Qty. Spares

1 CO2 
Compression

Integrally geared, multi-
stage centrifugal 4 1

Design Condition

1,119 m3/min @ 15.3 MPa
(39,500 scfm @ 2,215 psia)  

 

ACCOUNT 6 COMBUSTION TURBINE AND AUXILIARIES 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Gas Turbine Advanced F class 2 0

2 Gas Turbine Generator TEWAC 2 0

Design Condition

232 MW 

260 MVA @ 0.9 p.f., 24 kV, 60 
Hz, 3-phase  
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ACCOUNT 7 HRSG, DUCTING, AND STACK 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Stack CS plate, type 409SS 
liner 1 0

2 02 Heat Recovery 
Steam Generator

Drum, multi-pressure 
with economizer 
section and integral 
deaerator

  Reheat steam - 289,050 kg/h, 
2.9 MPa/538°C  (637,245 lb/h, 

420 psig/1,000°F)

Design Condition

76 m (250 ft) high x
8.5 m (28 ft) diameter

Main steam - 258,851 kg/h, 12.4 
MPa/538°C  (570,667 lb/h, 1,800 

psig/1,000°F)

 
 

ACCOUNT 8 STEAM TURBINE GENERATOR AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Steam Turbine
Commercially 
available advanced 
steam turbine

1 0

2 Steam Turbine Generator Hydrogen cooled, 
static excitiation 1 0

3 Steam Bypass One per HRSG 2 0

4 Surface Condenser
Single pass, divided 
waterbox including 
vacuum pumps

1 0

270 MVA @ 0.9 p.f.,   24 
kV, 60 Hz, 3-phase

50% steam flow @ design 
steam conditions

Design Condition

242 MW               
12.4 MPa/538°C/538°C 

(1800 psig/ 
1000°F/1000°F)

1,613 MMkJ/h (1,530 
MMBtu/h), Inlet water 

temperature 16°C (60°F), 
Water temperature rise 

11°C (20°F)
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ACCOUNT 9 COOLING WATER SYSTEM 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Circulating 
Water Pumps Vertical, wet pit 2 1

2 Cooling Tower
Evaporative, 
mechanical draft, multi-
cell

1 0

Design Condition

344,475 lpm @ 30 m
(91,000 gpm @ 100 ft)

11°C  (51.5°F) wet bulb / 16°C  
(60°F) CWT / 27°C  (80°F) HWT 

/ 1,919 MMkJ/h  (1,820 
MMBtu/h) heat duty

 
 

ACCOUNT 10 SLAG RECOVERY AND HANDLING 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Slag Quench Tank Water bath 2 0

2 Slag Crusher Roll 2 0

3 Slag Depressurizer Lock Hopper 2 0

4 Slag Receiving Tank Horizontal, weir 2 0

5 Black Water Overflow Tank Shop fabricated 2

6 Slag Conveyor Drag chain 2 0

7 Slag Separation Screen Vibrating 2 0

8 Coarse Slag Conveyor Belt/bucket 2 0

9 Fine Ash Settling Tank Vertical, gravity 2 0

10 Fine Ash Recycle Pumps Horizontal 
centrifugal 2 2

11 Grey Water Storage Tank Field erected 2 0

12 Grey Water Pumps Centrifugal 2 2

13 Slag Storage Bin Vertical, field 
erected 2 0

14 Unloading Equipment Telescoping chute 1 0

Design Condition

227,126 liters  (60,000 gal)

12 tonne/h  (13 tph)

12 tonne/h  (13 tph)

147,632 liters  (39,000 gal)

12 tonne/h  (13 tph)

12 tonne/h  (13 tph)

12 tonne/h  (13 tph)

68,138 liters  (18,000 gal)

219,556 liters  (58,000 gal)

38 lpm @ 14 m H2O
(10 gpm @ 46 ft H2O)

816 tonne  (900 tons)

100 tonne/h  (110 tph)

71,923 liters  (19,000 gal)

265 lpm @ 433 m H2O
(70 gpm @ 1,420 ft H2O)
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ACCOUNT 11 ACCESSORY ELECTRIC PLANT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 CTG Transformer Oil-filled 2 0

3 Auxiliary 
Transformer Oil-filled 1 1

4 Low Voltage 
Transformer Dry ventilated 1 1

5
CTG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 2 0

6
STG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 1 0

7 Medium Voltage 
Switchgear Metal clad 1 1

8 Low Voltage 
Switchgear Metal enclosed 1 1

9 Emergency Diesel 
Generator

Sized for emergency 
shutdown 1 0750 kW, 480 V, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

4.16 kV, 3-ph, 60 Hz

480 V, 3-ph, 60 Hz

1 0

24 kV/4.16 kV, 193 MVA,     
3-ph, 60 Hz

4.16 kV/480 V, 29 MVA,      
3-ph, 60 Hz

Design Condition

24 kV/345 kV, 260 MVA,      
3-ph, 60 Hz

2 STG Transformer Oil-filled 24 kV/345 kV, 70 MVA,       
3-ph, 60 Hz

 
 

ACCOUNT 12 INSTRUMENTATION AND CONTROLS 
Equipment 

No. Description Type Operating 
Qty. Spares

1 DCS - Main 
Control

Monitor/keyboard; 
Operator printer (laser 
color); Engineering 
printer (laser B&W)

1 0

3 DCS - Data 
Highway Fiber optic 1 0

Design Condition

Operator stations/printers and 
engineering stations/printers

2 DCS - Processor
Microprocessor with 
redundant 
input/output

N/A 1 0

Fully redundant, 25% spare
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3.4.11 CASE 6 - COST ESTIMATING 
The cost estimating methodology was described previously in Section 2.6.  Exhibit 3-111 shows 
the total plant capital cost summary organized by cost account and Exhibit 3-112 shows a more 
detailed breakdown of the capital costs.  Exhibit 3-113 shows the initial and annual O&M costs. 

The estimated TPC of the Shell gasifier with CO2 capture is $2,668/kW.  The gasifier in Case 6 
is slightly larger than Case 5, but the syngas cooler is much smaller in Case 6 (because of the 
quench configuration), which results in a lower overall cost for the Gasifier Account in Case 6.  
Process contingency represents 3.8 percent of the TPC and project contingency represents 14.0 
percent.  The 20-year LCOE, including CO2 TS&M costs of 4.1 mills/kWh, is 110.4 mills/kWh. 
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Exhibit 3-111  Case 6 Total Plant Cost Summary 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 06 - Shell IGCC w/ CO2
Plant Size: 517.1 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING $13,222 $2,465 $10,360 $0 $0 $26,046 $2,360 $0 $5,681 $34,087 $66

 2 COAL & SORBENT PREP & FEED $104,780 $8,348 $17,611 $0 $0 $130,739 $11,350 $0 $28,418 $170,507 $330

 3 FEEDWATER & MISC. BOP SYSTEMS $8,804 $7,082 $8,709 $0 $0 $24,596 $2,304 $0 $6,179 $33,079 $64

 4 GASIFIER & ACCESSORIES
4.1 Gasifier, Syngas Cooler & Auxiliaries $102,271 $0 $44,114 $0 $0 $146,384 $13,107 $20,012 $27,635 $207,139 $401
4.2 Syngas  Cooling (w/4.1) w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $144,337 $0 w/equip. $0 $0 $144,337 $13,738 $0 $15,808 $173,883 $336

4.4-4.9 Other Gasification Equipment $25,903 $9,641 $15,020 $0 $0 $50,564 $4,796 $0 $11,764 $67,123 $130
SUBTOTAL  4 $272,511 $9,641 $59,134 $0 $0 $341,285 $31,641 $20,012 $55,207 $448,145 $867

 5A Gas Cleanup & Piping $80,918 $4,433 $69,321 $0 $0 $154,672 $14,826 $22,300 $38,565 $230,362 $445

 5B CO2 REMOVAL & COMPRESSION $17,265 $0 $10,209 $0 $0 $27,475 $2,626 $0 $6,020 $36,121 $70

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator $88,000 $0 $5,325 $0 $0 $93,325 $8,779 $9,332 $11,144 $122,580 $237

6.2-6.9 Combustion Turbine Other $0 $684 $762 $0 $0 $1,446 $135 $0 $474 $2,055 $4
SUBTOTAL  6 $88,000 $684 $6,087 $0 $0 $94,771 $8,914 $9,332 $11,618 $124,635 $241

 7 HRSG, DUCTING & STACK
7.1 Heat Recovery Steam Generator $32,181 $0 $4,579 $0 $0 $36,760 $3,470 $0 $4,023 $44,253 $86

7.2-7.9 Ductwork and Stack $3,222 $2,268 $3,041 $0 $0 $8,531 $788 $0 $1,516 $10,835 $21
SUBTOTAL  7 $35,402 $2,268 $7,620 $0 $0 $45,291 $4,258 $0 $5,539 $55,087 $107

 8 STEAM TURBINE GENERATOR 
8.1 Steam TG & Accessories $24,587 $0 $4,106 $0 $0 $28,693 $2,750 $0 $3,144 $34,587 $67

8.2-8.9 Turbine Plant Auxiliaries and Steam Piping $8,905 $828 $6,089 $0 $0 $15,822 $1,435 $0 $3,347 $20,604 $40
SUBTOTAL  8 $33,492 $828 $10,195 $0 $0 $44,515 $4,184 $0 $6,491 $55,191 $107

 9 COOLING WATER SYSTEM $6,933 $7,764 $6,432 $0 $0 $21,129 $1,940 $0 $4,752 $27,821 $54

10 ASH/SPENT SORBENT HANDLING SYS $17,865 $1,375 $8,869 $0 $0 $28,109 $2,676 $0 $3,363 $34,149 $66

11 ACCESSORY ELECTRIC PLANT $22,955 $8,041 $22,625 $0 $0 $53,621 $4,967 $0 $11,178 $69,766 $135

12 INSTRUMENTATION & CONTROL $10,193 $1,908 $6,843 $0 $0 $18,945 $1,746 $947 $3,620 $25,258 $49

13 IMPROVEMENTS TO SITE $3,207 $1,890 $7,973 $0 $0 $13,070 $1,284 $0 $4,306 $18,660 $36

14 BUILDINGS & STRUCTURES $0 $6,095 $7,021 $0 $0 $13,117 $1,192 $0 $2,349 $16,657 $32

TOTAL COST $715,547 $62,824 $259,009 $0 $0 $1,037,381 $96,266 $52,591 $193,286 $1,379,524 $2,668

TOTAL PLANT COST SUMMARY
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Exhibit 3-112  Case 6 Total Plant Cost Details 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 06 - Shell IGCC w/ CO2
Plant Size: 517.1 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING
1.1 Coal Receive & Unload $3,472 $0 $1,714 $0 $0 $5,186 $464 $0 $1,130 $6,781 $13
1.2 Coal Stackout & Reclaim $4,487 $0 $1,099 $0 $0 $5,586 $490 $0 $1,215 $7,291 $14
1.3 Coal Conveyors $4,171 $0 $1,087 $0 $0 $5,259 $462 $0 $1,144 $6,865 $13
1.4 Other Coal Handling $1,091 $0 $252 $0 $0 $1,343 $118 $0 $292 $1,753 $3
1.5 Sorbent Receive & Unload $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.6 Sorbent Stackout & Reclaim $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.7 Sorbent Conveyors $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.8 Other Sorbent Handling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.9 Coal & Sorbent Hnd.Foundations $0 $2,465 $6,207 $0 $0 $8,672 $826 $0 $1,900 $11,399 $22

SUBTOTAL  1. $13,222 $2,465 $10,360 $0 $0 $26,046 $2,360 $0 $5,681 $34,087 $66
 2 COAL & SORBENT PREP & FEED

2.1 Coal Crushing & Drying $39,807 $2,378 $5,861 $0 $0 $48,046 $4,152 $0 $10,440 $62,638 $121
2.2 Prepared Coal Storage & Feed $1,885 $449 $299 $0 $0 $2,633 $226 $0 $572 $3,430 $7
2.3 Dry Coal Injection System $62,051 $727 $5,823 $0 $0 $68,601 $5,917 $0 $14,904 $89,421 $173
2.4 Misc.Coal Prep & Feed $1,037 $750 $2,286 $0 $0 $4,073 $373 $0 $889 $5,336 $10
2.5 Sorbent Prep Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.6 Sorbent Storage & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.7 Sorbent Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.8 Booster Air Supply System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.9 Coal & Sorbent Feed Foundation $0 $4,043 $3,343 $0 $0 $7,386 $681 $0 $1,614 $9,681 $19

SUBTOTAL  2. $104,780 $8,348 $17,611 $0 $0 $130,739 $11,350 $0 $28,418 $170,507 $330
 3 FEEDWATER & MISC. BOP SYSTEMS

3.1 FeedwaterSystem $2,575 $4,477 $2,365 $0 $0 $9,417 $869 $0 $2,057 $12,344 $24
3.2 Water Makeup & Pretreating $575 $60 $321 $0 $0 $955 $90 $0 $314 $1,359 $3
3.3 Other Feedwater Subsystems $1,422 $482 $434 $0 $0 $2,338 $209 $0 $509 $3,057 $6
3.4 Service Water Systems $331 $676 $2,347 $0 $0 $3,354 $324 $0 $1,104 $4,782 $9
3.5 Other Boiler Plant Systems $1,779 $682 $1,693 $0 $0 $4,154 $389 $0 $909 $5,452 $11
3.6 FO Supply Sys & Nat Gas $300 $567 $529 $0 $0 $1,397 $134 $0 $306 $1,837 $4
3.7 Waste Treatment Equipment $798 $0 $489 $0 $0 $1,288 $125 $0 $424 $1,836 $4
3.8 Misc. Equip.(cranes,AirComp.,Comm.) $1,024 $138 $530 $0 $0 $1,692 $163 $0 $557 $2,412 $5

SUBTOTAL  3. $8,804 $7,082 $8,709 $0 $0 $24,596 $2,304 $0 $6,179 $33,079 $64
 4 GASIFIER & ACCESSORIES

4.1 Gasifier, Syngas Cooler & Auxiliaries $102,271 $0 $44,114 $0 $0 $146,384 $13,107 $20,012 $27,635 $207,139 $401
4.2 Syngas  Cooling (w/4.1) w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $144,337 $0 w/equip. $0 $0 $144,337 $13,738 $0 $15,808 $173,883 $336
4.4 LT Heat Recovery & FG Saturation $25,903 $0 $9,746 $0 $0 $35,649 $3,426 $0 $7,815 $46,890 $91
4.5 Misc. Gasification Equipment w/4.1 & 4.2 w/4.1&4.2 $0 w/4.1&4.2 $0 $0 $0 $0 $0 $0 $0 $0
4.6 Other Gasification Equipment $0 $1,589 $647 $0 $0 $2,236 $213 $0 $490 $2,938 $6
4.8 Major Component Rigging w/4.1&4.2 $0 w/4.1&4.2 $0 $0 $0 $0 $0 $0 $0 $0
4.9 Gasification Foundations $0 $8,052 $4,627 $0 $0 $12,679 $1,157 $0 $3,459 $17,295 $33

SUBTOTAL  4. $272,511 $9,641 $59,134 $0 $0 $341,285 $31,641 $20,012 $55,207 $448,145 $867

TOTAL PLANT COST SUMMARY
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Exhibit 3-112  Case 6 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 06 - Shell IGCC w/ CO2
Plant Size: 517.1 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 5A GAS CLEANUP & PIPING
5A.1 Double Stage Selexol $59,698 $0 $51,207 $0 $0 $110,905 $10,647 $22,181 $28,747 $172,480 $334
5A.2 Elemental Sulfur Plant $9,156 $1,817 $11,821 $0 $0 $22,794 $2,198 $0 $4,999 $29,991 $58
5A.3 Mercury Removal $1,346 $0 $1,025 $0 $0 $2,371 $227 $119 $543 $3,260 $6
5A.4 Shift Reactors $8,816 $0 $3,551 $0 $0 $12,367 $1,177 $0 $2,709 $16,253 $31
5A.5 Particulate Removal w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
5A.5 Blowback Gas Systems $1,903 $320 $180 $0 $0 $2,403 $226 $0 $526 $3,155 $6
5A.6 Fuel Gas Piping $0 $1,154 $795 $0 $0 $1,949 $178 $0 $425 $2,552 $5
5A.9 HGCU Foundations $0 $1,142 $741 $0 $0 $1,883 $172 $0 $617 $2,672 $5

SUBTOTAL  5A. $80,918 $4,433 $69,321 $0 $0 $154,672 $14,826 $22,300 $38,565 $230,362 $445
 5B CO2 REMOVAL & COMPRESSION

5B.1 CO2 Removal System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5B.2 CO2 Compression & Drying $17,265 $0 $10,209 $0 $0 $27,475 $2,626 $0 $6,020 $36,121 $70

SUBTOTAL  5B. $17,265 $0 $10,209 $0 $0 $27,475 $2,626 $0 $6,020 $36,121 $70
 6 COMBUSTION TURBINE/ACCESSORIES

6.1 Combustion Turbine Generator $88,000 $0 $5,325 $0 $0 $93,325 $8,779 $9,332 $11,144 $122,580 $237
6.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.3 Compressed Air Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.9 Combustion Turbine Foundations $0 $684 $762 $0 $0 $1,446 $135 $0 $474 $2,055 $4

SUBTOTAL  6. $88,000 $684 $6,087 $0 $0 $94,771 $8,914 $9,332 $11,618 $124,635 $241
 7 HRSG, DUCTING & STACK

7.1 Heat Recovery Steam Generator $32,181 $0 $4,579 $0 $0 $36,760 $3,470 $0 $4,023 $44,253 $86
7.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.3 Ductwork $0 $1,627 $1,209 $0 $0 $2,836 $249 $0 $617 $3,702 $7
7.4 Stack $3,222 $0 $1,211 $0 $0 $4,433 $422 $0 $485 $5,340 $10
7.9 HRSG,Duct & Stack Foundations $0 $641 $620 $0 $0 $1,262 $117 $0 $414 $1,792 $3

SUBTOTAL  7. $35,402 $2,268 $7,620 $0 $0 $45,291 $4,258 $0 $5,539 $55,087 $107
 8 STEAM TURBINE GENERATOR 

8.1 Steam TG & Accessories $24,587 $0 $4,106 $0 $0 $28,693 $2,750 $0 $3,144 $34,587 $67
8.2 Turbine Plant Auxiliaries $168 $0 $385 $0 $0 $554 $54 $0 $61 $668 $1
8.3 Condenser & Auxiliaries $4,661 $0 $1,421 $0 $0 $6,082 $577 $0 $666 $7,325 $14
8.4 Steam Piping $4,076 $0 $2,873 $0 $0 $6,949 $593 $0 $1,886 $9,428 $18
8.9 TG Foundations $0 $828 $1,410 $0 $0 $2,238 $211 $0 $735 $3,184 $6

SUBTOTAL  8. $33,492 $828 $10,195 $0 $0 $44,515 $4,184 $0 $6,491 $55,191 $107
 9 COOLING WATER SYSTEM

9.1 Cooling Towers $4,467 $0 $981 $0 $0 $5,448 $516 $0 $895 $6,858 $13
9.2 Circulating Water Pumps $1,405 $0 $88 $0 $0 $1,494 $128 $0 $243 $1,864 $4
9.3 Circ.Water System Auxiliaries $124 $0 $18 $0 $0 $141 $13 $0 $23 $178 $0
9.4 Circ.Water Piping $0 $5,260 $1,342 $0 $0 $6,602 $584 $0 $1,437 $8,624 $17
9.5 Make-up Water System $322 $0 $456 $0 $0 $777 $74 $0 $170 $1,021 $2
9.6 Component Cooling Water Sys $615 $736 $520 $0 $0 $1,871 $173 $0 $409 $2,453 $5
9.9 Circ.Water System Foundations& Structures $0 $1,768 $3,027 $0 $0 $4,795 $452 $0 $1,574 $6,822 $13

SUBTOTAL  9. $6,933 $7,764 $6,432 $0 $0 $21,129 $1,940 $0 $4,752 $27,821 $54
10 ASH/SPENT SORBENT HANDLING SYS

10.1 Slag Dewatering & Cooling $15,549 $0 $7,674 $0 $0 $23,223 $2,215 $0 $2,544 $27,981 $54
10.2 Gasifier Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.3 Cleanup Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.4 High Temperature Ash Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.5 Other Ash Rrecovery Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.6 Ash Storage Silos $524 $0 $570 $0 $0 $1,094 $105 $0 $180 $1,379 $3
10.7 Ash Transport & Feed Equipment $707 $0 $170 $0 $0 $877 $81 $0 $144 $1,101 $2
10.8 Misc. Ash Handling Equipment $1,085 $1,329 $397 $0 $0 $2,811 $266 $0 $462 $3,539 $7
10.9 Ash/Spent Sorbent Foundation $0 $46 $58 $0 $0 $104 $10 $0 $34 $148 $0

SUBTOTAL 10. $17,865 $1,375 $8,869 $0 $0 $28,109 $2,676 $0 $3,363 $34,149 $66

TOTAL PLANT COST SUMMARY
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Exhibit 3-112  Case 6 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 05-Apr-07

Project: Bituminous Baseline Study

Case: Case 06 - Shell IGCC w/ CO2
Plant Size: 517.1 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

11 ACCESSORY ELECTRIC PLANT
11.1 Generator Equipment $866 $0 $863 $0 $0 $1,729 $164 $0 $189 $2,083 $4
11.2 Station Service Equipment $4,130 $0 $388 $0 $0 $4,518 $429 $0 $495 $5,442 $11
11.3 Switchgear & Motor Control $7,893 $0 $1,447 $0 $0 $9,340 $865 $0 $1,531 $11,735 $23
11.4 Conduit & Cable Tray $0 $376 $12,191 $0 $0 $12,567 $1,524 $0 $3,523 $17,614 $34
11.5 Wire & Cable $0 $6,897 $4,639 $0 $0 $11,536 $843 $0 $3,095 $15,474 $30
11.6 Protective Equipment $0 $627 $2,378 $0 $0 $3,005 $294 $0 $495 $3,793 $7
11.7 Standby Equipment $208 $0 $211 $0 $0 $419 $40 $0 $69 $529 $1
11.8 Main Power Transformers $9,858 $0 $132 $0 $0 $9,990 $757 $0 $1,612 $12,358 $24
11.9 Electrical Foundations $0 $142 $376 $0 $0 $518 $49 $0 $170 $737 $1

SUBTOTAL 11. $22,955 $8,041 $22,625 $0 $0 $53,621 $4,967 $0 $11,178 $69,766 $135
12 INSTRUMENTATION & CONTROL

12.1 IGCC Control Equipment w/12.7 $0 w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.2 Combustion Turbine Control N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
12.3 Steam Turbine Control w/8.1 $0 w/8.1 $0 $0 $0 $0 $0 $0 $0 $0
12.4 Other Major Component Control $1,006 $0 $700 $0 $0 $1,706 $164 $85 $293 $2,249 $4
12.5 Signal Processing Equipment      W/12.7 $0      W/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.6 Control Boards,Panels & Racks $231 $0 $154 $0 $0 $386 $37 $19 $88 $531 $1
12.7 Computer & Accessories $5,368 $0 $179 $0 $0 $5,547 $526 $277 $635 $6,985 $14
12.8 Instrument Wiring & Tubing $0 $1,908 $3,994 $0 $0 $5,902 $500 $295 $1,674 $8,372 $16
12.9 Other I & C Equipment $3,588 $0 $1,815 $0 $0 $5,403 $518 $270 $929 $7,121 $14

SUBTOTAL 12. $10,193 $1,908 $6,843 $0 $0 $18,945 $1,746 $947 $3,620 $25,258 $49
13 Improvements to Site

13.1 Site Preparation $0 $101 $2,167 $0 $0 $2,267 $223 $0 $747 $3,238 $6
13.2 Site Improvements $0 $1,790 $2,396 $0 $0 $4,186 $411 $0 $1,379 $5,976 $12
13.3 Site Facilities $3,207 $0 $3,410 $0 $0 $6,617 $650 $0 $2,180 $9,446 $18

SUBTOTAL 13. $3,207 $1,890 $7,973 $0 $0 $13,070 $1,284 $0 $4,306 $18,660 $36
14 Buildings & Structures

14.1 Combustion Turbine Area $0 $221 $127 $0 $0 $348 $31 $0 $76 $454 $1
14.2 Steam Turbine Building $0 $2,059 $2,972 $0 $0 $5,031 $462 $0 $824 $6,316 $12
14.3 Administration Building $0 $814 $598 $0 $0 $1,412 $126 $0 $231 $1,768 $3
14.4 Circulation Water Pumphouse $0 $153 $82 $0 $0 $235 $21 $0 $38 $294 $1
14.5 Water Treatment Buildings $0 $457 $452 $0 $0 $909 $82 $0 $149 $1,140 $2
14.6 Machine Shop $0 $416 $289 $0 $0 $705 $63 $0 $115 $883 $2
14.7 Warehouse $0 $672 $440 $0 $0 $1,112 $98 $0 $182 $1,392 $3
14.8 Other Buildings & Structures $0 $403 $318 $0 $0 $721 $64 $0 $157 $942 $2
14.9 Waste Treating Building & Str. $0 $900 $1,744 $0 $0 $2,644 $246 $0 $578 $3,467 $7

SUBTOTAL 14. $0 $6,095 $7,021 $0 $0 $13,117 $1,192 $0 $2,349 $16,657 $32

TOTAL COST $715,547 $62,824 $259,009 $0 $0 $1,037,381 $96,266 $52,591 $193,286 $1,379,524 $2,668

TOTAL PLANT COST SUMMARY
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Exhibit 3-113  Case 6 Initial and Annual Operating and Maintenance Costs 
INITIAL & ANNUAL O&M EXPENSES Cost Base (Dec) 2006

Case 06 - Shell IGCC w/ CO2 Heat Rate-net(Btu/kWh): 10,674
 MWe-net: 517

           Capacity Factor: (%): 80
                                                 OPERATING & MAINTENANCE LABOR

Operating Labor
  Operating Labor Rate(base): 33.00 $/hour
  Operating Labor Burden: 30.00 % of base
  Labor O-H Charge Rate: 25.00 % of labor

Total

       Skilled Operator 2.0 2.0
       Operator 10.0 10.0
       Foreman 1.0 1.0
       Lab Tech's, etc. 3.0 3.0
          TOTAL-O.J.'s 16.0 16.0

Annual Cost Annual Unit Cost
$ $/kW-net

Annual Operating Labor Cost $6,012,864 $11.627
Maintenance Labor Cost $12,084,712 $23.369
Administrative & Support Labor $4,524,394 $8.749
TOTAL FIXED OPERATING COSTS $22,621,970 $43.745
VARIABLE OPERATING COSTS

$/kWh-net
Maintenance Material Cost $22,581,355 $0.00623

Consumables Consumption Unit Initial
  Initial       /Day      Cost  Cost

  Water(/1000 gallons) 0 6,551 1.03 $0 $1,970,146 $0.00054

  Chemicals
    MU & WT Chem.(lb) 136,592 19,513 0.16 $22,510 $939,005 $0.00026
    Carbon (Mercury Removal) (lb) 130,280 178 1.00 $130,280 $51,976 $0.00001
    COS Catalyst (m3) 0 0 0.96 $0 $0 $0.00000
    Water Gas Shift Catalyst(ft3) 6,922 4.74 475.00 $3,287,950 $657,438 $0.00018
    Selexol Solution (gal.) 469 67 12.90 $6,051 $252,397 $0.00007
    MDEA  Solution (gal) 0 0 0.96 $0 $0 $0.00000
    Sulfinol  Solution (gal) 0 0 9.68 $0 $0 $0.00000
    SCR Catalyst (m3) 0 0 0.00 $0 $0 $0.00000
    Aqueous Ammonia (ton) 0 0 0.00 $0 $0 $0.00000
    Claus Catalyst(ft3) w/equip. 2.14 125.00 $0 $78,110 $0.00002

Subtotal Chemicals $3,446,791 $1,978,926 $0.00055

  Other
    Supplemental Fuel(MBtu) 0 0 0.00 $0 $0 $0.00000
    Gases,N2 etc.(/100scf) 0 0 0.00 $0 $0 $0.00000
    L.P. Steam(/1000 pounds) 0 0 0.00 $0 $0 $0.00000

Subtotal Other $0 $0 $0.00000

  Waste Disposal
    Spent Mercury Catalyst (lb) 0 178 0.40 $0 $20,874 $0.00001
    Flyash (ton) 0 0 0.00 $0 $0 $0.00000
    Bottom Ash(ton) 0 568 15.45 $0 $2,561,970 $0.00071

      Subtotal-Waste Disposal $0 $2,582,844 $0.00071

  By-products & Emissions 
     Sulfur(tons) 0 142 0.00 $0 $0 $0.00000

Subtotal By-Products $0 $0 $0.00000

TOTAL VARIABLE OPERATING COSTS $3,446,791 $29,113,271 $0.00803

 Fuel(ton) 170,338 5,678 42.11 $7,172,945 $69,816,668 $0.01926  
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3.5 IGCC CASE SUMMARY 
The performance results of the six IGCC plant configurations modeled in this study are 
summarized in Exhibit 3-114. 

Exhibit 3-114  Estimated Performance and Cost Results for IGCC Cases 

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
CO2 Capture No Yes No Yes No Yes

Gross Power Output (kWe) 770,350 744,960 742,510 693,840 748,020 693,555
Auxiliary Power Requirement (kWe) 130,100 189,285 119,140 175,600 112,170 176,420
Net Power Output (kWe) 640,250 555,675 623,370 518,240 635,850 517,135
Coal Flowrate (lb/hr) 489,634 500,379 463,889 477,855 452,620 473,176
Natural Gas Flowrate (lb/hr) N/A N/A N/A N/A N/A N/A
HHV Thermal Input (kWth) 1,674,044 1,710,780 1,586,023 1,633,771 1,547,493 1,617,772
Net Plant HHV Efficiency (%) 38.2% 32.5% 39.3% 31.7% 41.1% 32.0%
Net Plant HHV Heat Rate (Btu/kW-hr) 8,922 10,505 8,681 10,757 8,304 10,674
Raw Water Usage, gpm 4,003 4,579 3,757 4,135 3,792 4,563
Total Plant Cost ($ x 1,000) 1,160,919 1,328,209 1,080,166 1,259,883 1,256,810 1,379,524
Total Plant Cost ($/kW) 1,813 2,390 1,733 2,431 1,977 2,668
LCOE (mills/kWh)1

78.0 102.9 75.3 105.7 80.5 110.4

CO2 Emissions (lb/MWh)2 1,459 154 1,452 189 1,409 149

CO2 Emissions (lb/MWh)3 1,755 206 1,730 253 1,658 199

SO2 Emissions (lb/MWh)2 0.0942 0.0751 0.0909 0.0686 0.0878 0.0837

NOx Emissions (lb/MWh)2 0.406 0.366 0.433 0.400 0.413 0.388
PM Emissions (lb/MWh)2 0.053 0.056 0.052 0.057 0.050 0.057
Hg Emissions (lb/MWh)2

4.24E-06 4.48E-06 4.16E-06 4.59E-06 4.03E-06 4.55E-06
1 Based on an 80% capacity factor
2 Value is based on gross output
3 Value is based on net output

GEE CoP Shell
Integrated Gasification Combined Cycle

 

The TPC of the six IGCC cases is shown in Exhibit 3-115.  The following observations are made 
with the caveat that the differences between cases are less than the estimate accuracy (± 30 
percent).  However, all cases are evaluated using a common set of technical and economic 
assumptions allowing meaningful comparisons among the cases: 

• CoP has the lowest capital cost among the non-capture cases.  The E-Gas technology has 
several features that lend it to being lower cost, such as: 

o The firetube syngas cooler is much smaller and less expensive than a radiant 
section.  E-Gas can use a firetube boiler because the two-stage design reduces 
the gas temperature (slurry quench) and drops the syngas temperature into a 
range where a radiant cooler is not needed. 

o The firetube syngas cooler sits next to the gasifier instead of above or below it 
which reduces the height of the main gasifier structure.  The E-Gas 
proprietary slag removal system, used instead of lock hoppers below the 
gasifier, also contributes to the lower structure height. 

The TPC of the GEE gasifier is about 5 percent greater than CoP and Shell is about 12 
percent higher. 
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Exhibit 3-115  TPC for IGCC Cases 
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• The GEE gasifier is the low cost technology in the CO2 capture cases, with CoP about 2 

percent higher and Shell about 12 percent higher.  The greatest uncertainty in all of the 
capital cost estimates is for the Shell capture case which is based on a water quench 
process (instead of syngas recycle) that has been proposed by Shell in a patent 
application. [53]  However, to date there have been no commercial applications of this 
configuration. 

• The ASU cost represents on average 14 percent of the TPC (range from 12.6-15.8 
percent).  The ASU cost includes oxygen and nitrogen compression, and in the non-
capture cases, also includes the cost of the combustion turbine extraction air heat 
exchanger.  With nitrogen dilution used to the maximum extent possible, nitrogen 
compression costs are significant. 

• The capital cost premium for adding CO2 capture averages 36 percent ($2,496/kW versus 
$1,841/kW). 

The 20-year LCOE is shown for the IGCC cases in Exhibit 3-116.   
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Exhibit 3-116  LCOE for IGCC Cases 
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The following observations can be made: 

• The LCOE is dominated by capital costs, at least 57 percent of the total in all cases. 

• In the non-capture cases the CoP gasifier has the lowest LCOE, but the differential with 
Shell is reduced (compared to the TPC) primarily because of the higher efficiency of the 
Shell gasifier.  The Shell LCOE is 7 percent higher than CoP (compared to 12 percent 
higher TPC).  The GEE gasifier LCOE is about 3.5 percent higher than CoP. 

• In the capture cases the variation in LCOE is small, however the order of the GEE and 
CoP gasifiers is reversed.  The range is from 102.9 mills/kWh for GEE to 110.4 
mills/kWh for Shell with CoP intermediate at 105.7 mills/kWh.  The LCOE CO2 capture 
premium for the IGCC cases averages 36 percent (range of 32 to 40 percent). 

• The CO2 TS&M LCOE component comprises less than 4 percent of the total LCOE in all 
capture cases. 

The effect of capacity factor and coal price on LCOE is shown in Exhibit 3-117 and 
Exhibit 3-118, respectively. 

The assumption implicit in Exhibit 3-117 is that each gasifier technology can achieve a capacity 
factor of up to 90 percent with no additional capital equipment.  The cost differential between 
technologies decreases as capacity factor increases.  At low capacity factor the capital cost 
differential is more magnified and the spread between technologies increases slightly. 
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Exhibit 3-117  Capacity Factor Sensitivity of IGCC Cases 
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LCOE is relatively insensitive to fuel costs for the IGCC cases as shown in Exhibit 3-118.  A 
tripling of coal price from 1 to $3/MMBtu results in an average LCOE increase of only about 26-
31 percent for all cases. 

As presented in Section 2.4 the cost of CO2 capture was calculated in two ways, CO2 removed 
and CO2 avoided.  The results for the IGCC carbon capture cases are shown in Exhibit 3-119.  
The cost of CO2 removed averages $30/ton for the three IGCC cases with a range of $27-
$32/ton.  The CoP and Shell gasifier cases have nearly identical results but for different reasons.  
In the CoP case the cost per ton of CO2 removed is higher than GEE primarily because it has the 
lowest CO2 removal efficiency due to the higher syngas CH4 content.  The Shell case is higher 
than GEE because it has the highest LCOE of the three gasifiers. 

The cost of CO2 avoided averages $39/ton with a range of $32-$42/ton.  The cost of CO2 avoided 
follows the same trends as CO2 removed for the same reasons. 
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Exhibit 3-118  Coal Price Sensitivity of IGCC Cases 
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Exhibit 3-119  Cost of CO2 Captured and Avoided in IGCC Cases 
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The following observations can be made regarding plant performance: 

• In the non-carbon capture cases the dry fed Shell gasifier has the highest net plant 
efficiency (41.1 percent), followed by the two-stage CoP slurry fed gasifier (39.3 percent) 
and the single-stage GEE gasifier (38.2 percent).  The absolute values of the GEE and 
CoP gasifiers are close to the reported values per the vendors. [50, 51]  The Shell 
efficiency is slightly lower than reported by the vendor in other recent presentations. [52] 

• In the carbon capture cases the efficiency of the three gasifiers is nearly equal, ranging 
from 31.7 to 32.5 percent. 

• The dry fed Shell gasifier experiences the largest energy penalty (9.1 percent) primarily 
because addition of the steam required for the water gas shift reaction is provided as 
quench water to reduce the syngas temperature from 1427°C (2600°F) to 399°C (750°F).  
Quench to 399°C (750°F) reduces the amount of heat recovered in the syngas cooler 
relative to the non-capture case where syngas recycle reduces the temperature to only 
891°C (1635°F) prior to the cooler.  The CO2 capture scheme used in this study for the 
Shell process is similar to one described in a recent Shell patent application. [53] 

• The CoP process experiences the second largest energy penalty (7.6 percent) primarily 
because, like the Shell case, a significant amount of water must be added to the syngas 
for the SGS reactions. 

• The energy penalty for the GEE gasifier with CO2 capture is 5.7 percent.  The smaller 
energy penalty results from the large amount of water already in the syngas from the 
quench step prior to SGS.  While the quench limits the efficiency in the non-capture case, 
it is the primary reason that the net efficiency is slightly greater than CoP and Shell in the 
CO2 capture case. 

• The assumed carbon conversion efficiency in this study for the three gasifiers results in 
differing amount of carbon in the slag.  Exhibit 3-120 shows carbon conversion and slag 
carbon content.  Carbon capture efficiency is reported based on the amount of carbon 
entering the system with the coal less the carbon exiting the gasifier with the slag. 

Exhibit 3-120  Carbon Conversion Efficiency and Slag Carbon Content 

Gasifier Vendor Carbon Conversion, % Slag Carbon Content, wt% 

GEE 98.0 11.66 

CoP 99.2 4.70 

Shell 99.5 3.19 

• Particulate emissions and Hg emissions are essentially the same for all six IGCC cases.  
The environmental target for particulate emissions is 0.0071 lb/MMBtu, and it was 
assumed that the combination of particulate control used by each technology could meet 
this limit.  Similarly, the carbon beds used for mercury control were uniformly assumed 
to achieve 95 percent removal.  The small variation in Hg emissions is due to a similar 
small variation in coal feed rate among the six cases.  In all cases the Hg emissions are 
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substantially below the NSPS requirement of 20 x 10-6 lb/MWh.  Had 90 percent been 
chosen for the Hg removal efficiency, all six cases would still have had emissions less 
than half of the NSPS limit. 

• Based on vendor data, it was assumed that the advanced F class turbine would achieve 15 
ppmv NOx emissions at 15 percent O2 for both “standard” syngas in the non-capture 
cases and for high hydrogen syngas in the CO2 capture cases.  The NOx emissions are 
slightly lower in the three capture cases (compared to non-capture) because of the lower 
syngas volume generated in high hydrogen syngas cases. 

• The environmental target for SO2 emissions is 0.0128 lb/MMBtu.  Vendor quotes 
confirmed that each of the AGR processes, Selexol, refrigerated MDEA and Sulfinol-M, 
could meet the limit.  The two-stage Selexol process used for each of the CO2 capture 
cases resulted in lower SO2 emissions because the unit was designed to meet the CO2 
removal requirement.  The CoP gasifier has the lowest SO2 emissions among CO2 capture 
cases because of maximizing CO2 capture to compensate for the higher CH4 
concentration in the CoP raw syngas. 

Water demand, internal recycle and water usage, all normalized by net output, are presented in 
Exhibit 3-121.  The following observations can be made: 

• Raw water usage for all cases is dominated by cooling tower makeup requirements, 
which accounts for 84-92 percent of raw water usage in non-capture cases and 71-78 
percent in CO2 capture cases. 

• Normalized water demand for the GEE non-capture case is 17 percent higher than the 
CoP non-capture case and 24 percent higher than the Shell non-capture case primarily 
because of the large quench water requirement.  However, because much of the quench 
water is subsequently recovered as condensate as the syngas is cooled, the raw water 
usage of the GEE process is only 3.7 percent higher than CoP and 4.8 percent higher than 
Shell. 

• The Shell non-capture case has the lowest normalized water demand, but is 
approximately equal to CoP in normalized raw water usage because very little water is 
available to recover for internal recycle in the Shell system.  The GEE normalized raw 
water usage is slightly higher than CoP and Shell primarily because the larger steam 
turbine output leads to higher cooling tower makeup requirements. 

• The normalized water demand for the three CO2 capture cases varies by only 11 percent 
from the highest to the lowest.  The variation between cases is small because each 
technology requires approximately the same amount of water in the syngas prior to the 
shift reactors.  The difference in technologies is where and how the water is introduced.  
Much of the water is introduced in the quench sections of the GEE and Shell cases while 
steam is added in the CoP case. 

• The normalized raw water usage in the CO2 capture cases also shows little variation with 
CoP the lowest, GEE only 3.3 percent higher and Shell about 10 percent higher.  The 
main reason for the lower CoP water requirement is less cooling tower makeup is 
required because a significant amount of extraction steam is used for the SGS shift 
reaction. 
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Exhibit 3-121  Water Usage in IGCC Cases 
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4 PULVERIZED COAL RANKINE CYCLE PLANTS  
Four pulverized coal-fired (PC) Rankine cycle power plant configurations were evaluated and 
the results are presented in this section.  Each design is based on a market-ready technology that 
is assumed to be commercially available in time to support a 2010 start up date.  All designs 
employ a one-on-one configuration comprised of a state-of-the art pulverized coal steam 
generator firing Illinois No. 6 coal and a steam turbine.   

The PC cases are evaluated with and without carbon capture on a common 550 MWe net basis.  
The designs that include carbon capture have a larger gross unit size to compensate for the higher 
auxiliary loads.  The constant net output sizing basis is selected because it provides for a 
meaningful side-by-side comparison of the results.  The boiler and steam turbine industry ability 
to match unit size to a custom specification has been commercially demonstrated enabling 
common net output comparison of the PC cases in this study.  As discussed in Section 3, this was 
not possible in the IGCC cases because of the fixed output from the combustion turbine.  
However, the net output from the PC cases falls in the range of outputs from the IGCC cases, 
which average 530 MW for CO2 capture cases and 630 MW for non-capture cases. 

Steam conditions for the Rankine cycle cases were selected based on a survey of boiler and 
steam turbine original equipment manufacturers (OEM), who were asked for the most advanced 
steam conditions that they would guarantee for a commercial project in the US with subcritical 
and supercritical PC units rated at nominal 550 MWe net capacities and firing Illinois No. 6 
coal [54].  Based on the OEM responses, the following single-reheat steam conditions were 
selected for the study: 

 For subcritical cycle cases (9 and 10) –  16.5 MPa/566°C/566°C (2400 psig/1050°F/1050°F) 

 For supercritical cases (11 and 12) – 24.1 MPa/593°C/593°C (3500 psig/1100°F/1100°F) 

While the current DOE program for the ultra supercritical cycle materials development targets 
732°C/760°C (1350ºF/1400ºF) at 34.5 MPa (5000 psi) cycle conditions to be available by 2015, 
and a similar Thermie program in the European Union (EU) has targeted 700°C/720°C 
(1292ºF/1328ºF) at about 29.0 MPa (4200 psi) [55], steam temperature selection for boilers 
depends upon fuel corrosiveness.  Most of the contacted OEMs were of the opinion that the 
steam conditions in this range would be limited to low sulfur coal applications (such as PRB).  
Their primary concern is that elevated temperature operation while firing high sulfur coal (such 
as Illinois No. 6) would result in an exponential increase of the material wastage rates of the 
highest temperature portions of the superheater and reheater due to coal ash corrosion, requiring 
pressure parts replacement outages approximately every 10 or 15 years.  This cost would offset 
the value of fuel savings and emissions reduction due to the higher efficiency.  The 
availability/reliability of the more exotic materials required to support the elevated temperature 
environment for high sulfur/chlorine applications, while extensively demonstrated in the 
laboratory [56], has not been commercially demonstrated.  In addition, the three most recently 
built supercritical units in North America have steam cycles similar to this study’s design basis, 
namely Genesee Phase 3 in Canada, which started operations in 2004 (25.0 MPa/570°C/568°C 
[3625 psia/1058°F/1054°F]), Council Bluffs 4 in the United States, which is currently under 
construction (25.4 MPa/566°C/593°C [3690 psia/1050°F/1100°F]), and Oak Creek 1 and 2, 
which are currently under construction (24.1 MPa/566°C [3500 psig/1050°F]). 



Cost and Performance Comparison of Fossil Energy Power Plants 

306 

The evaluation basis details, including site ambient conditions, fuel composition and the 
emissions control basis, are provided in Section 2 of this report. 

4.1 PC COMMON PROCESS AREAS 
The PC cases have process areas which are common to each plant configuration such as coal 
receiving and storage, emissions control technologies, power generation, etc.  As detailed 
descriptions of these process areas in each case section would be burdensome and repetitious, 
they are presented in this section for general background information.  The performance features 
of these sections are then presented in the case-specific sections. 

4.1.1 COAL AND SORBENT RECEIVING AND STORAGE 
The function of the coal portion of the Coal and Sorbent Receiving and Storage system for PC 
plants is identical to the IGCC facilities.  It is to provide the equipment required for unloading, 
conveying, preparing, and storing the fuel delivered to the plant.  The scope of the system is from 
the trestle bottom dumper and coal receiving hoppers up to the coal storage silos.  The system is 
designed to support short-term operation at the 5 percent over pressure/valves wide open 
(OP/VWO) condition (16 hours) and long-term operation of 90 days or more at the maximum 
continuous rating (MCR). 

The scope of the sorbent receiving and storage system includes truck roadways, turnarounds, 
unloading hoppers, conveyors and the day storage bin. 

Operation Description - The coal is delivered to the site by 100-car unit trains comprised of 91 
tonne (100 ton) rail cars.  The unloading is done by a trestle bottom dumper, which unloads the 
coal into two receiving hoppers.  Coal from each hopper is fed directly into a vibratory feeder.  
The 8 cm x 0 (3" x 0) coal from the feeder is discharged onto a belt conveyor.  Two conveyors 
with an intermediate transfer tower are assumed to convey the coal to the coal stacker, which 
transfer the coal to either the long-term storage pile or to the reclaim area.  The conveyor passes 
under a magnetic plate separator to remove tramp iron and then to the reclaim pile.  

Coal from the reclaim pile is fed by two vibratory feeders, located under the pile, onto a belt 
conveyor, which transfers the coal to the coal surge bin located in the crusher tower.  The coal is 
reduced in size to 2.5 cm x 0 (1" x 0) by the coal crushers.  The coal is then transferred by 
conveyor to the transfer tower.  In the transfer tower the coal is routed to the tripper that loads 
the coal into one of the six boiler silos. 

Limestone is delivered to the site using 23 tonne (25 ton) trucks.  The trucks empty into a below 
grade hopper where a feeder transfers the limestone to a conveyor for delivery to the storage pile.  
Limestone from the storage pile is transferred to a reclaim hopper and conveyed to a day bin. 

4.1.2 STEAM GENERATOR AND ANCILLARIES 
The steam generator for the subcritical PC plants is a drum-type, wall-fired, balanced draft, 
natural circulation, totally enclosed dry bottom furnace, with superheater, reheater, economizer 
and air-heater. 

The steam generator for the supercritical plants is a once-through, spiral-wound, Benson-boiler, 
wall-fired, balanced draft type unit with a water-cooled dry bottom furnace.  It includes 
superheater, reheater, economizer, and air heater. 
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It is assumed for the purposes of this study that the power plant is designed to be operated as a 
base-loaded unit but with some consideration for daily or weekly cycling, as can be cost 
effectively included in the base design. 

The combustion systems for both subcritical and supercritical steam conditions are equipped 
with LNBs and OFA.  It is assumed for the purposes of this study that the power plant is 
designed for operation as a base-load unit. 

Scope 
The steam generator comprises the following for both subcritical and supercritical PCs:   

 Drum-type evaporator 
(subcritical only) 

 Economizer  Overfire air system 

 Once-through type steam 
generator (supercritical 
only) 

 Spray type desuperheater  Forced draft (FD) fans 

 Startup circuit, including 
integral separators 
(supercritical only) 

 Soot blower system  Primary air (PA) fans 

 Water-cooled furnace, 
dry bottom 

 Air preheaters 
(Ljungstrom type) 

 Induced draft (ID) fans 

 Two-stage superheater  Coal feeders and 
pulverizers 

 

 Reheater  Low NOx Coal burners 
and light oil ignitors/ 
warmup system 

 

The steam generator operates as follows: 

Feedwater and Steam 
For the subcritical steam system feedwater enters the economizer, recovers heat from the 
combustion gases exiting the steam generator, and then passes to the boiler drum, from where it 
is distributed to the water wall circuits enclosing the furnace.  After passing through the lower 
and upper furnace circuits and steam drum in sequence, the steam passes through the convection 
enclosure circuits to the primary superheater and then to the secondary superheater. 

The steam then exits the steam generator en route to the HP turbine.  Steam from the HP turbine 
returns to the steam generator as cold reheat and returns to the IP turbine as hot reheat.  

For the supercritical steam system feedwater enters the bottom header of the economizer and 
passes upward through the economizer tube bank, through stringer tubes which support the 
primary superheater, and discharges to the economizer outlet headers.  From the outlet headers, 
water flows to the furnace hopper inlet headers via external downcomers.  Water then flows 
upward through the furnace hopper and furnace wall tubes.  From the furnace, water flows to the 
steam water separator.  During low load operation (operation below the Benson point), the water 
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from the separator is returned to the economizer inlet with the boiler recirculating pump.  
Operation at loads above the Benson point is once through. 

Steam flows from the separator through the furnace roof to the convection pass enclosure walls, 
primary superheater, through the first stage of water attemperation, to the furnace platens.  From 
the platens, the steam flows through the second stage of attemperation and then to the 
intermediate superheater.  The steam then flows to the final superheater and on to the outlet pipe 
terminal.  Two stages of spray attemperation are used to provide tight temperature control in all 
high temperature sections during rapid load changes. 

Steam returning from the turbine passes through the primary reheater surface, then through 
crossover piping containing inter-stage attemperation.  The crossover piping feeds the steam to 
the final reheater banks and then out to the turbine. Inter-stage attemperation is used to provide 
outlet temperature control during load changes. 

Air and Combustion Products 
Combustion air from the FD fans is heated in Ljungstrom type air preheaters, recovering heat 
energy from the exhaust gases exiting the boiler.  This air is distributed to the burner windbox as 
secondary air.  Air for conveying pulverized coal to the burners is supplied by the PA fans.  This 
air is heated in the Ljungstrom type air preheaters to permit drying of the pulverized coal, and a 
portion of the air from the PA fans bypasses the air preheaters to be used for regulating the outlet 
coal/air temperature leaving the mills.   

The pulverized coal and air mixture flows to the coal nozzles at various elevations of the furnace.  
The hot combustion products rise to the top of the boiler and pass through the superheater and 
reheater sections.  The gases then pass through the economizer and air preheater.  The gases exit 
the steam generator at this point and flow to the SCR reactor, fabric filter, ID fan, FGD system, 
and stack. 

Fuel Feed 
The crushed Illinois No. 6 bituminous coal is fed through feeders to each of the mills 
(pulverizers), where its size is reduced to approximately 72% passing 200 mesh and less than 
0.5% remaining on 50 mesh [57].  The pulverized coal exits each mill via the coal piping and is 
distributed to the coal nozzles in the furnace walls using air supplied by the PA fans. 

Ash Removal 
The furnace bottom comprises several hoppers, with a clinker grinder under each hopper.  The 
hoppers are of welded steel construction, lined with refractory.  The hopper design incorporates a 
water-filled seal trough around the upper periphery for cooling and sealing.  Water and ash 
discharged from the hopper pass through the clinker grinder to an ash sluice system for 
conveyance to hydrobins, where the ash is dewatered before it is transferred to trucks for offsite 
disposal.  The description of the balance of the bottom ash handling system is presented in 
Section 4.1.9.  The steam generator incorporates fly ash hoppers under the economizer outlet and 
air heater outlet. 

Burners 
A boiler of this capacity employs approximately 24 to 36 coal nozzles arranged at multiple 
elevations.  Each burner is designed as a low-NOx configuration, with staging of the coal 
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combustion to minimize NOx formation.  In addition, overfire air nozzles are provided to further 
stage combustion and thereby minimize NOx formation. 

Oil-fired pilot torches are provided for each coal burner for ignition, warm-up and flame 
stabilization at startup and low loads. 

Air Preheaters 
Each steam generator is furnished with two vertical-shaft Ljungstrom regenerative type air 
preheaters.  These units are driven by electric motors through gear reducers. 

Soot Blowers 
The soot-blowing system utilizes an array of 50 to 150 retractable nozzles and lances that clean 
the furnace walls and convection surfaces with jets of high-pressure steam.  The blowers are 
sequenced to provide an effective cleaning cycle depending on the coal quality and design of the 
furnace and convection surfaces.  Electric motors drive the soot blowers through their cycles. 

4.1.3 NOX CONTROL SYSTEM 
The plant is designed to achieve the environmental target of 0.07 lb NOx/MMBtu.  Two 
measures are taken to reduce the NOx.  The first is a combination of low-NOx burners and the 
introduction of staged overfire air in the boiler.  The low-NOx burners and overfire air reduce the 
emissions to about 0.5 lb/MMBtu.   

The second measure taken to reduce the NOx emissions is the installation of an SCR system 
prior to the air heater.  SCR uses ammonia and a catalyst to reduce NOx to N2 and H2O.  The 
SCR system consists of three subsystems:  reactor vessel, ammonia storage and injection, and 
gas flow control.  The SCR system is designed for 86 percent reduction with 2 ppmv ammonia 
slip at the end of the catalyst life.  This, along with the low-NOx burners, achieves the emission 
limit of 0.07 lb/MMBtu. 

The SCR capital costs are included with the boiler costs, as is the cost for the initial load of 
catalyst. 

Selective non-catalytic reduction (SNCR) was considered for this application.  However, with 
the installation of the low-NOx burners and overfire air system, the boiler exhaust gas contains 
relatively small amounts of NOx, which makes removal of the quantity of NOx with SNCR to 
reach the emissions limit of 0.07 lb/MMBtu difficult.  SNCR works better in applications that 
contain medium to high quantities of NOx and require removal efficiencies in the range of 40 to 
60 percent.  SCR, because of the catalyst used in the reaction, can achieve higher efficiencies 
with lower concentrations of NOx. 

SCR Operation Description 
The reactor vessel is designed to allow proper retention time for the ammonia to contact the NOx 
in the boiler exhaust gas.  Ammonia is injected into the gas immediately prior to entering the 
reactor vessel.  The catalyst contained in the reactor vessel enhances the reaction between the 
ammonia and the NOx in the gas.  Catalysts consist of various active materials such as titanium 
dioxide, vanadium pentoxide, and tungsten trioxide.  The operating range for vanadium/titanium-
based catalysts is 260°C (500°F) to 455°C (850°F).  The boiler is equipped with economizer 
bypass to provide flue gas to the reactors at the desired temperature during periods of low flow 
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rate, such as low load operation.  Also included with the reactor vessel is soot-blowing 
equipment used for cleaning the catalyst. 

The ammonia storage and injection system consists of the unloading facilities, bulk storage tank, 
vaporizers, dilution air skid, and injection grid. 

The flue gas flow control consists of ductwork, dampers, and flow straightening devices required 
to route the boiler exhaust to the SCR reactor and then to the air heater.  The economizer bypass 
and associated dampers for low load temperature control are also included. 

4.1.4 PARTICULATE CONTROL 
The fabric filter (or baghouse) consists of two separate single-stage, in-line, multi-compartment 
units.  Each unit is of high (0.9-1.5 m/min [3-5 ft/min]) air-to-cloth ratio design with a pulse-jet 
on-line cleaning system.  The ash is collected on the outside of the bags, which are supported by 
steel cages.  The dust cake is removed by a pulse of compressed air.  The bag material is 
polyphenylensulfide (PPS) with intrinsic Teflon (PTFE) coating [58].  The bags are rated for a 
continuous temperature of 180°C (356°F) and a peak temperature of 210°C (410°F).  Each 
compartment contains a number of gas passages with filter bags, and heated ash hoppers 
supported by a rigid steel casing.  The fabric filter is provided with necessary control devices, 
inlet gas distribution devices, insulators, inlet and outlet nozzles, expansion joints, and other 
items as required. 

4.1.5 MERCURY REMOVAL 
Mercury removal is based on a coal Hg content of 0.15 ppmd.  The basis for the coal Hg 
concentration was discussed in Section 2.4.  The combination of pollution control technologies 
used in the PC plants, SCR, fabric filters and FGD, result in significant co-benefit capture of 
mercury.  The SCR promotes the oxidation of elemental mercury, which in turn enhances the 
mercury removal capability of the fabric filter and FGD unit.  The mercury co-benefit capture is 
assumed to be 90 percent for this combination of control technologies as described in Section 
2.4.  Co-benefit capture alone is sufficient to meet current NSPS mercury limits so no activated 
carbon injection is included in the PC cases. 

4.1.6 FLUE GAS DESULFURIZATION 
The FGD system is a wet limestone forced oxidation positive pressure absorber non-reheat unit, 
with wet-stack, and gypsum production.  The function of the FGD system is to scrub the boiler 
exhaust gases to remove the SO2 prior to release to the environment, or entering into the Carbon 
Dioxide Removal (CDR) facility.  Sulfur removal efficiency is 98 percent in the FGD unit for all 
cases.  For Cases 10 and 12 with CO2 capture, the SO2 content of the scrubbed gases must be 
further reduced to approximately 10 ppmv to minimize formation of amine heat stable salts 
during the CO2 absorption process.  The CDR unit includes a polishing scrubber to reduce the 
flue gas SO2 concentration from about 38 ppmv at the FGD exit to the required 10 ppmv prior to 
the CDR absorber.  The scope of the FGD system is from the outlet of the ID fans to the stack 
inlet (Cases 9 and 11) or to the CDR process inlet (Cases 10 and 12).  The system description is 
divided into three sections: 

• Limestone Handling and Reagent Preparation 
• FGD Scrubber 
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• Byproduct Dewatering 

Reagent Preparation System 
The function of the limestone reagent preparation system is to grind and slurry the limestone 
delivered to the plant.  The scope of the system is from the day bin up to the limestone feed 
system.  The system is designed to support continuous baseload operation.   

Operation Description - Each day bin supplies a 100 percent capacity ball mill via a weigh 
feeder.  The wet ball mill accepts the limestone and grinds the limestone to 90 to 95 percent 
passing 325 mesh (44 microns).  Water is added at the inlet to the ball mill to create limestone 
slurry.  The reduced limestone slurry is then discharged into a mill slurry tank.  Mill recycle 
pumps, two per tank, pump the limestone water slurry to an assembly of hydrocyclones and 
distribution boxes.  The slurry is classified into several streams, based on suspended solids 
content and size distribution. 

The hydrocyclone underflow with oversized limestone is directed back to the mill for further 
grinding.  The hydrocyclone overflow with correctly sized limestone is routed to a reagent 
storage tank.  Reagent distribution pumps direct slurry from the tank to the absorber module. 

FGD Scrubber 
The flue gas exiting the air preheater section of the boiler passes through one of two parallel 
fabric filter units, then through the ID fans and into the one 100 percent capacity absorber 
module.  The absorber module is designed to operate with counter-current flow of gas and 
reagent.  Upon entering the bottom of the absorber vessel, the gas stream is subjected to an initial 
quenching spray of reagent.  The gas flows upward through the spray zone, which provides 
enhanced contact between gas and reagent.  Multiple spray elevations with header piping and 
nozzles maintain a consistent reagent concentration in the spray zone.  Continuing upward, the 
reagent-laden gas passes through several levels of moisture separators.  These consist of 
chevron-shaped vanes that direct the gas flow through several abrupt changes in direction, 
separating the entrained droplets of liquid by inertial effects.  The scrubbed flue gas exits at the 
top of the absorber vessel and is routed to the plant stack or CDR process. 

The scrubbing slurry falls to the lower portion of the absorber vessel, which contains a large 
inventory of liquid.  Oxidation air is added to promote the oxidation of calcium sulfite contained 
in the slurry to calcium sulfate (gypsum).  Multiple agitators operate continuously to prevent 
settling of solids and enhance mixture of the oxidation air and the slurry.  Recirculation pumps 
recirculate the slurry from the lower portion of the absorber vessel to the spray level.  Spare 
recirculation pumps are provided to ensure availability of the absorber. 

The absorber chemical equilibrium is maintained by continuous makeup of fresh reagent, and 
blowdown of byproduct solids via the bleed pumps.  A spare bleed pump is provided to ensure 
availability of the absorber.  The byproduct solids are routed to the byproduct dewatering system.  
The circulating slurry is monitored for pH and density. 

This FGD system is designed for wet stack operation.  Scrubber bypass or reheat, which may be 
utilized at some older facilities to ensure the exhaust gas temperature is above the saturation 
temperature, is not employed in this reference plant design because new scrubbers have 
improved mist eliminator efficiency, and detailed flow modeling of the flue interior enables the 
placement of gutters and drains to intercept moisture that may be present and convey it to a 
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drain.  Consequently, raising the exhaust gas temperature above the FGD discharge temperature 
of 57°C (135°F) (non-CO2 capture cases) or 32°C (89°F) (CO2 capture cases) is not necessary. 

Byproduct Dewatering 
The function of the byproduct dewatering system is to dewater the bleed slurry from the FGD 
absorber modules.  The dewatering process selected for this plant is gypsum dewatering 
producing wallboard grade gypsum.  The scope of the system is from the bleed pump discharge 
connections to the gypsum storage pile.   

Operation Description - The recirculating reagent in the FGD absorber vessel accumulates 
dissolved and suspended solids on a continuous basis as byproducts from the SO2 absorption 
process.  Maintenance of the quality of the recirculating slurry requires that a portion be 
withdrawn and replaced by fresh reagent.  This is accomplished on a continuous basis by the 
bleed pumps pulling off byproduct solids and the reagent distribution pumps supplying fresh 
reagent to the absorber.   

Gypsum (calcium sulfate) is produced by the injection of oxygen into the calcium sulfite 
produced in the absorber tower sump.  The bleed from the absorber contains approximately 
20 wt% gypsum.  The absorber slurry is pumped by an absorber bleed pump to a primary 
dewatering hydrocyclone cluster.  The primary hydrocyclone performs two process functions.  
The first function is to dewater the slurry from 20 wt% to 50 wt% solids.  The second function of 
the primary hydrocyclone is to perform a CaCO3 and CaSO4•2H2O separation.  This process 
ensures a limestone stoichiometry in the absorber vessel of 1.10 and an overall limestone 
stoichiometry of 1.05.  This system reduces the overall operating cost of the FGD system.  The 
underflow from the hydrocyclone flows into the filter feed tank, from which it is pumped to a 
horizontal belt vacuum filter.  Two 100 percent filter systems are provided for redundant 
capacity. 

Hydrocyclones 
The hydrocyclone is a simple and reliable device (no moving parts) designed to increase the 
slurry concentration in one step to approximately 50 wt%.  This high slurry concentration is 
necessary to optimize operation of the vacuum belt filter. 

The hydrocyclone feed enters tangentially and experiences centrifugal motion so that the heavy 
particles move toward the wall and flow out the bottom.  Some of the lighter particles collect at 
the center of the cyclone and flow out the top.  The underflow is thus concentrated from 20 wt% 
at the feed to 50 wt%. 

Multiple hydrocyclones are used to process the bleed stream from the absorber.  The 
hydrocyclones are configured in a cluster with a common feed header.  The system has two 
hydrocyclone clusters, each with five 15 cm (6 inch) diameter units.  Four cyclones are used to 
continuously process the bleed stream at design conditions, and one cyclone is spare. 

Cyclone overflow and underflow are collected in separate launders.  The overflow from the 
hydrocyclones still contains about 5 wt% solids, consisting of gypsum, fly ash, and limestone 
residues and is sent back to the absorber.  The underflow of the hydrocyclones flows into the 
filter feed tank from where it is pumped to the horizontal belt vacuum filters. 
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Horizontal Vacuum Belt Filters 
The secondary dewatering system consists of horizontal vacuum belt filters.  The pre-
concentrated gypsum slurry (50 wt%) is pumped to an overflow pan through which the slurry 
flows onto the vacuum belt.  As the vacuum is pulled, a layer of cake is formed.  The cake is 
dewatered to approximately 90 wt% solids as the belt travels to the discharge.  At the discharge 
end of the filter, the filter cloth is turned over a roller where the solids are dislodged from the 
filter cloth.  This cake falls through a chute onto the pile prior to the final byproduct uses.  The 
required vacuum is provided by a vacuum pump.  The filtrate is collected in a filtrate tank that 
provides surge volume for use of the filtrate in grinding the limestone.  Filtrate that is not used 
for limestone slurry preparation is returned to the absorber. 

4.1.7 CARBON DIOXIDE RECOVERY FACILITY 
A Carbon Dioxide Recovery (CDR) facility is used in Cases 10 and 12 to remove 90 percent of 
the CO2 in the flue gas exiting the FGD unit, purify it, and compress it to a supercritical 
condition.  The flue gas exiting the FGD unit contains about 1 percent more CO2 than the raw 
flue gas because of the CO2 liberated from the limestone in the FGD absorber vessel.  The CDR 
is comprised of the flue gas supply, SO2 polishing, CO2 absorption, solvent stripping and 
reclaiming, and CO2 compression and drying. 

The CO2 absorption/stripping/solvent reclaim process for Cases 10 and 12 is based on the Fluor 
Econamine FG Plus technology. [59]  A typical flowsheet is shown in Exhibit 4-1.  The 
Econamine FG Plus process uses a formulation of monoethanolamine (MEA) and a proprietary 
inhibitor to recover CO2 from the flue gas.  This process is designed to recover high-purity CO2 
from low-pressure streams that contain oxygen, such as flue gas from coal-fired power plants, 
gas turbine exhaust gas, and other waste gases.  The Econamine process used in this study differs 
from previous studies, including the 2004 IEA study, [59] in the following ways: 

• The complexity of the control and operation of the plant is significantly decreased 

• Solvent consumption is decreased 

• Hard to dispose waste from the plant is eliminated 

The above are achieved at the expense of a slightly higher steam requirement in the stripper 
(3,556 kJ/kg [1,530 Btu/lb] versus 3,242 kJ/kg [1,395 Btu/lb] used in the IEA study). [60] 
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Exhibit 4-1  Fluor Econamine FG Plus Typical Flow Diagram 



Cost and Performance Comparison of Fossil Energy Power Plants 

315 

SO2 Polishing and Flue Gas Cooling and Supply  
To prevent the accumulation of heat stable salts, the incoming flue gas must have an SO2 
concentration of 10 ppmv or less.  The gas exiting the FGD system passes through an SO2 
polishing step to achieve this objective.  The polishing step consists of a non-plugging, low-
differential-pressure, spray-baffle-type scrubber using a 20 wt% solution of sodium hydroxide 
(NaOH).  A removal efficiency of about 75 percent is necessary to reduce SO2 emissions from 
the FGD outlet to 10 ppmv as required by the Econamine process.  The polishing scrubber 
proposed for this application has been demonstrated in numerous industrial applications 
throughout the world and can achieve removal efficiencies of over 95 percent if necessary. 

The polishing scrubber also serves as the flue gas cooling system.  Cooling water from the PC 
plant is used to reduce the temperature and hence moisture content of the saturated flue gas 
exiting the FGD system.  Flue gas is cooled beyond the CO2 absorption process requirements to 
32°C (90°F) to account for the subsequent flue gas temperature increase of about 17°C (30°F) in 
the flue gas blower.  Downstream from the Polishing Scrubber flue gas pressure is boosted in the 
Flue Gas Blowers by approximately 0.014 MPa (2 psi) to overcome pressure drop in the CO2 
absorber tower. 

Circulating Water System 
Cooling water is provided from the PC plant circulating water system and returned to the PC 
plant cooling tower.  The CDR facility requires a significant amount of cooling water for flue gas 
cooling, water wash cooling, absorber intercooling, reflux condenser duty, reclaimer cooling, the 
lean solvent cooler, and CO2 compression interstage cooling.  The cooling water requirements 
for the CDR facility in the two PC capture cases range from 1,514,180-1,703,450 lpm (400,000-
450,000 gpm), which greatly exceeds the PC plant cooling water requirement of 719,235-
870,650 lpm (190,000-230,000 gpm). 

CO2 Absorption  
The cooled flue gas enters the bottom of the CO2 Absorber and flows up through the tower 
countercurrent to a stream of lean MEA-based solvent called Econamine FG Plus.  
Approximately 90 percent of the CO2 in the feed gas is absorbed into the lean solvent, and the 
rest leaves the top of the absorber section and flows into the water wash section of the tower.  
The lean solvent enters the top of the absorber, absorbs the CO2 from the flue gases and leaves 
the bottom of the absorber with the absorbed CO2. 

Water Wash Section 

The purpose of the Water Wash section is to minimize solvent losses due to mechanical 
entrainment and evaporation.  The flue gas from the top of the CO2 Absorption section is 
contacted with a re-circulating stream of water for the removal of most of the lean solvent.  The 
scrubbed gases, along with unrecovered solvent, exit the top of the wash section for discharge to 
the atmosphere via the vent stack.  The water stream from the bottom of the wash section is 
collected on a chimney tray.  A portion of the water collected on the chimney tray spills over to 
the absorber section as water makeup for the amine with the remainder pumped via the Wash 
Water Pump and cooled by the Wash Water Cooler, and recirculated to the top of the CO2 
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Absorber.  The wash water level is maintained by water makeup from the Wash Water Makeup 
Pump.  

Rich/Lean Amine Heat Exchange System 
The rich solvent from the bottom of the CO2 Absorber is preheated by the lean solvent from the 
Solvent Stripper in the Rich Lean Solvent Exchanger.  The heated rich solvent is routed to the 
Solvent Stripper for removal of the absorbed CO2.  The stripped solvent from the bottom of the 
Solvent Stripper is pumped via the Hot Lean Solvent Pumps through the Rich Lean Exchanger to 
the Solvent Surge Tank.  Prior to entering the Solvent Surge Tank, a slipstream of the lean 
solvent is pumped via the Solvent Filter Feed Pump through the Solvent Filter Package to 
prevent buildup of contaminants in the solution.  From the Solvent Surge Tank the lean solvent is 
pumped via the Warm Lean Solvent Pumps to the Lean Solvent Cooler for further cooling, after 
which the cooled lean solvent is returned to the CO2 Absorber, completing the circulating solvent 
circuit. 

Solvent Stripper 
The purpose of the Solvent Stripper is to separate the CO2 from the rich solvent feed exiting the 
bottom of the CO2 Absorber.  The rich solvent is collected on a chimney tray below the bottom 
packed section of the Solvent Stripper and routed to the Solvent Stripper Reboilers where the 
rich solvent is heated by steam, stripping the CO2 from the solution.  Steam is provided from the 
LP section of the steam turbine and is between 0.9-1.2 MPa (130-170 psia) and 366-396°C (690-
745°F) for the two PC cases.  The hot wet vapor from the top of the stripper containing CO2, 
steam, and solvent vapor, is partially condensed in the Solvent Stripper Condenser by cross 
exchanging the hot wet vapor with cooling water. The partially condensed stream then flows to 
the Solvent Stripper Reflux Drum where the vapor and liquid are separated. The uncondensed 
CO2-rich gas is then delivered to the CO2 product compressor.  The condensed liquid from the 
Solvent Stripper Reflux Drum is pumped via the Solvent Stripper Reflux Pumps where a portion 
of condensed overhead liquid is used as make-up water for the Water Wash section of the CO2 
Absorber. The rest of the pumped liquid is routed back to the Solvent Stripper as reflux, which 
aids in limiting the amount of solvent vapors entering the stripper overhead system. 

Solvent Stripper Reclaimer  
A small slipstream of the lean solvent from the Solvent Stripper bottoms is fed to the Solvent 
Stripper Reclaimer for the removal of high-boiling nonvolatile impurities (heat stable salts - 
HSS), volatile acids and iron products from the circulating solvent solution.  The solvent bound 
in the HSS is recovered by reaction with caustic and heating with steam.  The solvent reclaimer 
system reduces corrosion, foaming and fouling in the solvent system.  The reclaimed solvent is 
returned to the Solvent Stripper and the spent solvent is pumped via the Solvent Reclaimer Drain 
Pump to the Solvent Reclaimer Drain Tank. 

Steam Condensate 
Steam condensate from the Solvent Stripper Reclaimer accumulates in the Solvent Reclaimer 
Condensate Drum and is level controlled to the Solvent Reboiler Condensate Drum.  Steam 
condensate from the Solvent Stripper Reboilers is also collected in the Solvent Reboiler 
Condensate Drum and returned to the the steam cycle between boiler feedwater heaters 4 and 5 
via the Solvent Reboiler Condensate Pumps. 
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Corrosion Inhibitor System 
A proprietary corrosion inhibitor is continuously injected into the CO2 Absorber rich solvent 
bottoms outlet line, the Solvent Stripper bottoms outlet line and the Solvent Stripper top tray.  
This constant injection is to help control the rate of corrosion throughout the CO2 recovery plant 
system. 

Gas Compression and Drying System 
In the compression section, the CO2 is compressed to 15.3 MPa (2,215 psia) by a six-stage 
centrifugal compressor.  The discharge pressures of the stages were balanced to give reasonable 
power distribution and discharge temperatures across the various stages as shown in Exhibit 4-2. 

Exhibit 4-2  CO2 Compressor Interstage Pressures 

Stage Outlet Pressure, 
MPa (psia) 

1 0.36 (52) 

2 0.78 (113) 

3 1.71 (248) 

4 3.76 (545) 

5 8.27 (1,200) 

6 15.3 (2,215) 

 

Power consumption for this large compressor was estimated assuming an isentropic efficiency of 
84 percent.  During compression to 15.3 MPa (2,215 psia) in the multiple-stage, intercooled 
compressor, the CO2 stream is dehydrated to a dewpoint of -40ºC (-40°F) with triethylene glycol.    
The virtually moisture-free supercritical CO2 stream is delivered to the plant battery limit as 
sequestration ready.  CO2 TS&M costs were estimated and included in LCOE using the 
methodology described in Section 2.7. 

4.1.8 POWER GENERATION 

The steam turbine is designed for long-term operation (90 days or more) at MCR with throttle 
control valves 95 percent open.  It is also capable of a short-term 5 percent OP/VWO condition 
(16 hours). 

For the subcritical cases, the steam turbine is a tandem compound type, consisting of HP-IP-two 
LP (double flow) sections enclosed in three casings, designed for condensing single reheat 
operation, and equipped with non-automatic extractions and four-flow exhaust.  The turbine 
drives a hydrogen-cooled generator.  The turbine has DC motor-operated lube oil pumps, and 
main lube oil pumps, which are driven off the turbine shaft [61].  The exhaust pressure is 50.8 cm 
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(2 in) Hg in the single pressure condenser.  There are seven extraction points.  The condenser is 
two-shell, transverse, single pressure with divided waterbox for each shell. 

The steam-turbine generator systems for the supercritical plants are similar in design to the 
subcritical systems.  The differences include steam cycle conditions and eight extractions points 
versus seven for the subcritical design. 

Turbine bearings are lubricated by a closed-loop, water-cooled pressurized oil system.  Turbine 
shafts are sealed against air in-leakage or steam blowout using a labyrinth gland arrangement 
connected to a low-pressure steam seal system.  The generator stator is cooled with a closed-loop 
water system consisting of circulating pumps, shell and tube or plate and frame type heat 
exchangers, filters, and deionizers, all skid-mounted.  The generator rotor is cooled with a 
hydrogen gas recirculation system using fans mounted on the generator rotor shaft.   

Operation Description - The turbine stop valves, control valves, reheat stop valves, and 
intercept valves are controlled by an electro-hydraulic control system.  Main steam from the 
boiler passes through the stop valves and control valves and enters the turbine at 16.5 
MPa/566°C (2400 psig/1050ºF) for the subcritical cases and 24.1MPa /593°C (3500psig/1100°F) 
for the supercritical cases.  The steam initially enters the turbine near the middle of the high-
pressure span, flows through the turbine, and returns to the boiler for reheating.  The reheat 
steam flows through the reheat stop valves and intercept valves and enters the IP section at 
566°C (1050ºF) in the subcritical cases and 593°C (1100°F) in the supercritical cases.  After 
passing through the IP section, the steam enters a crossover pipe, which transports the steam to 
the two LP sections.  The steam divides into four paths and flows through the LP sections 
exhausting downward into the condenser.   

The turbine is designed to operate at constant inlet steam pressure over the entire load range. 

4.1.9 BALANCE OF PLANT 
The balance of plant components consist of the condensate, feedwater, main and reheat steam, 
extraction steam, ash handling, ducting and stack, waste treatment and miscellaneous systems as 
described below. 

Condensate 

The function of the condensate system is to pump condensate from the condenser hotwell to the 
deaerator, through the gland steam condenser and the LP feedwater heaters.  Each system 
consists of one main condenser; two variable speed electric motor-driven vertical condensate 
pumps each sized for 50 percent capacity; one gland steam condenser; four LP heaters; and one 
deaerator with storage tank. 

Condensate is delivered to a common discharge header through two separate pump discharge 
lines, each with a check valve and a gate valve.  A common minimum flow recirculation line 
discharging to the condenser is provided downstream of the gland steam condenser to maintain 
minimum flow requirements for the gland steam condenser and the condensate pumps. 

LP feedwater heaters 1 through 4 are 50 percent capacity, parallel flow, and are located in the 
condenser neck.  All remaining feedwater heaters are 100 percent capacity shell and U-tube heat 
exchangers.  Each LP feedwater heater is provided with inlet/outlet isolation valves and a full 
capacity bypass.  LP feedwater heater drains cascade down to the next lowest extraction pressure 
heater and finally discharge into the condenser.  Pneumatic level control valves control normal 
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drain levels in the heaters.  High heater level dump lines discharging to the condenser are 
provided for each heater for turbine water induction protection.  Pneumatic level control valves 
control dump line flow. 

Feedwater 
The function of the feedwater system is to pump the feedwater from the deaerator storage tank 
through the HP feedwater heaters to the economizer.  One turbine-driven boiler feedwater pump 
sized at 100 percent capacity is provided to pump feedwater through the HP feedwater heaters.  
One 25 percent motor-driven boiler feedwater pump is provided for startup.  The pumps are 
provided with inlet and outlet isolation valves, and individual minimum flow recirculation lines 
discharging back to the deaerator storage tank.  The recirculation flow is controlled by automatic 
recirculation valves, which are a combination check valve in the main line and in the bypass, 
bypass control valve, and flow sensing element.  The suction of the boiler feed pump is equipped 
with startup strainers, which are utilized during initial startup and following major outages or 
system maintenance. 

Each HP feedwater heater is provided with inlet/outlet isolation valves and a full capacity 
bypass.  Feedwater heater drains cascade down to the next lowest extraction pressure heater and 
finally discharge into the deaerator.  Pneumatic level control valves control normal drain level in 
the heaters.  High heater level dump lines discharging to the condenser are provided for each 
heater for turbine water induction protection.  Dump line flow is controlled by pneumatic level 
control valves. 

The deaerator is a horizontal, spray tray type with internal direct contact stainless steel vent 
condenser and storage tank.  The boiler feed pump turbine is driven by main steam up to 
60 percent plant load.  Above 60 percent load, extraction from the IP turbine exhaust (1.05 
MPa/395°C [153 psig/743°F]) provides steam to the boiler feed pump steam turbine. 

Main and Reheat Steam 
The function of the main steam system is to convey main steam from the boiler superheater 
outlet to the HP turbine stop valves.  The function of the reheat system is to convey steam from 
the HP turbine exhaust to the boiler reheater and from the boiler reheater outlet to the IP turbine 
stop valves. 

Main steam exits the boiler superheater through a motor-operated stop/check valve and a motor-
operated gate valve and is routed in a single line feeding the HP turbine.  A branch line off the IP 
turbine exhaust feeds the boiler feed water pump turbine during unit operation starting at 
approximately 60 percent load. 

Cold reheat steam exits the HP turbine, flows through a motor-operated isolation gate valve and 
a flow control valve, and enters the boiler reheater.  Hot reheat steam exits the boiler reheater 
through a motor-operated gate valve and is routed to the IP turbine.  A branch connection from 
the cold reheat piping supplies steam to feedwater heater 7.   
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Extraction Steam 
The function of the extraction steam system is to convey steam from turbine extraction points 
through the following routes: 

 From HP turbine exhaust (cold reheat) to heater 7 

 From IP turbine extraction to heater 6 and the deaerator (heater 5) 

 From LP turbine extraction to heaters 1, 2, 3, and 4 

The turbine is protected from overspeed on turbine trip, from flash steam reverse flow from the 
heaters through the extraction piping to the turbine.  This protection is provided by positive 
closing, balanced disc non-return valves located in all extraction lines except the lines to the LP 
feedwater heaters in the condenser neck.  The extraction non-return valves are located only in 
horizontal runs of piping and as close to the turbine as possible. 

The turbine trip signal automatically trips the non-return valves through relay dumps.  The 
remote manual control for each heater level control system is used to release the non-return 
valves to normal check valve service when required to restart the system. 

Circulating Water System 
It is assumed that the plant is serviced by a public water facility and has access to groundwater 
for use as makeup cooling water with minimal pretreatment.  All filtration and treatment of the 
circulating water are conducted on site.  A mechanical draft, wood frame, counter-flow cooling 
tower is provided for the circulating water heat sink.  Two 50 percent circulating water pumps 
are provided.  The circulating water system provides cooling water to the condenser, the 
auxiliary cooling water system, and the CDR facility in capture cases. 

The auxiliary cooling water system is a closed-loop system.  Plate and frame heat exchangers 
with circulating water as the cooling medium are provided.  This system provides cooling water 
to the lube oil coolers, turbine generator, boiler feed pumps, etc.  All pumps, vacuum breakers, 
air release valves, instruments, controls, etc. are included for a complete operable system. 

The CDR system in Cases 10 and 12 requires a substantial amount of cooling water that is 
provided by the PC plant circulating water system.  The additional cooling load imposed by the 
CDR is reflected in the significantly larger circulating water pumps and cooling tower in those 
cases. 

Ash Handling System 
The function of the ash handling system is to provide the equipment required for conveying, 
preparing, storing, and disposing of the fly ash and bottom ash produced on a daily basis by the 
boiler.  The scope of the system is from the baghouse hoppers, air heater and economizer hopper 
collectors, and bottom ash hoppers to the hydrobins (for bottom ash) and truck filling stations 
(for fly ash).  The system is designed to support short-term operation at the 5 percent OP/VWO 
condition (16 hours) and long-term operation at the 100 percent guarantee point (90 days or 
more).  

The fly ash collected in the baghouse and the air heaters is conveyed to the fly ash storage silo.  
A pneumatic transport system using low-pressure air from a blower provides the transport 
mechanism for the fly ash.  Fly ash is discharged through a wet unloader, which conditions the 
fly ash and conveys it through a telescopic unloading chute into a truck for disposal. 
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The bottom ash from the boiler is fed into a clinker grinder.  The clinker grinder is provided to 
break up any clinkers that may form.  From the clinker grinders the bottom ash is sluiced to 
hydrobins for dewatering and offsite removal by truck. 

Ash from the economizer hoppers and pyrites (rejected from the coal pulverizers) is conveyed 
using water to the economizer/pyrites transfer tank.  This material is then sluiced on a periodic 
basis to the hydrobins. 

Ducting and Stack 
One stack is provided with a single fiberglass-reinforced plastic (FRP) liner.  The stack is 
constructed of reinforced concrete.  The stack is 152 m (500 ft) high for adequate particulate 
dispersion. 

Waste Treatment/Miscellaneous Systems 
An onsite water treatment facility treats all runoff, cleaning wastes, blowdown, and backwash to 
within the U.S. EPA standards for suspended solids, oil and grease, pH, and miscellaneous 
metals.  Waste treatment equipment is housed in a separate building.  The waste treatment 
system consists of a water collection basin, three raw waste pumps, an acid neutralization 
system, an oxidation system, flocculation, clarification/thickening, and sludge dewatering.  The 
water collection basin is a synthetic-membrane-lined earthen basin, which collects rainfall 
runoff, maintenance cleaning wastes, and backwash flows. 

The raw waste is pumped to the treatment system at a controlled rate by the raw waste pumps.  
The neutralization system neutralizes the acidic wastewater with hydrated lime in a two-stage 
system, consisting of a lime storage silo/lime slurry makeup system, dry lime feeder, lime slurry 
tank, slurry tank mixer, and lime slurry feed pumps. 

The oxidation system consists of an air compressor, which injects air through a sparger pipe into 
the second-stage neutralization tank.  The flocculation tank is fiberglass with a variable speed 
agitator.  A polymer dilution and feed system is also provided for flocculation.  The clarifier is a 
plate-type, with the sludge pumped to the dewatering system.  The sludge is dewatered in filter 
presses and disposed offsite.  Trucking and disposal costs are included in the cost estimate.  The 
filtrate from the sludge dewatering is returned to the raw waste sump. 

Miscellaneous systems consisting of fuel oil, service air, instrument air, and service water are 
provided.  A storage tank provides a supply of No. 2 fuel oil used for startup and for a small 
auxiliary boiler.  Fuel oil is delivered by truck.  All truck roadways and unloading stations inside 
the fence area are provided. 
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Buildings and Structures 
Foundations are provided for the support structures, pumps, tanks, and other plant components.  
The following buildings are included in the design basis: 

 Steam turbine building  Fuel oil pump house  Guard house 

 Boiler building  Coal crusher building  Runoff water pump house 

 Administration and 
service building 

 Continuous emissions 
monitoring building 

 Industrial waste treatment 
building 

 Makeup water and 
pretreatment building 

 Pump house and electrical 
equipment building 

 FGD system buildings 

 

4.1.10 ACCESSORY ELECTRIC PLANT 
The accessory electric plant consists of switchgear and control equipment, generator equipment, 
station service equipment, conduit and cable trays, and wire and cable.  It also includes the main 
power transformer, required foundations, and standby equipment. 

4.1.11 INSTRUMENTATION AND CONTROL 
An integrated plant-wide control and monitoring DCS is provided.  The DCS is a redundant 
microprocessor-based, functionally distributed system.  The control room houses an array of 
multiple video monitor and keyboard units.  The monitor/keyboard units are the primary 
interface between the generating process and operations personnel.  The DCS incorporates plant 
monitoring and control functions for all the major plant equipment.  The DCS is designed to 
provide 99.5 percent availability.  The plant equipment and the DCS are designed for automatic 
response to load changes from minimum load to 100 percent.  Startup and shutdown routines are 
implemented as supervised manual, with operator selection of modular automation routines 
available. 
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4.2 SUBCRITICAL PC CASES  
This section contains an evalution of plant designs for Cases 9 and 10 which are based on a 
subcritical PC plant with a nominal net output of 550 MWe.  Both plants use a single reheat 16.5 
MPa/566°C/566°C (2400 psig/1050°F/1050°F) cycle.  The only difference between the two 
plants is that Case 10 includes CO2 capture while Case 9 does not. 

The balance of Section 4.2 is organized as follows: 

• Process and System Description provides an overview of the technology operation as 
applied to Case 9.  The systems that are common to all PC cases were covered in Section 
4.1 and only features that are unique to Case 9 are discussed further in this section. 

• Key Assumptions is a summary of study and modeling assumptions relevant to Cases 9 
and 10. 

• Sparing Philosophy is provided for both Cases 9 and 10. 

• Performance Results provides the main modeling results from Case 9, including the 
performance summary, environmental performance, water balance, mass and energy 
balance diagrams and energy balance table. 

• Equipment List provides an itemized list of major equipment for Case 9 with account 
codes that correspond to the cost accounts in the Cost Estimates section. 

• Cost Estimates provides a summary of capital and operating costs for Case 9. 

• Process and System Description, Performance Results, Equipment List and Cost 
Estimates are discussed for Case 10. 

4.2.1 PROCESS DESCRIPTION 
In this section the subcritical PC process without CO2 capture is described.  The system 
description follows the block flow diagram (BFD) in Exhibit 4-3 and stream numbers reference 
the same Exhibit.  The tables in Exhibit 4-4 provide process data for the numbered streams in the 
BFD. 

Coal (stream 6) and primary air (stream 4) are introduced into the boiler through the wall-fired 
burners.  Additional combustion air, including the overfire air, is provided by the forced draft 
fans (stream 2).  The boiler operates at a slight negative pressure so air leakage is into the boiler, 
and the infiltration air is accounted for in stream 5. 

Flue gas exits the boiler through the SCR reactor (stream 8) and is cooled to 177°C (350°F) in 
the combustion air preheater (not shown) before passing through a fabric filter for particulate 
removal (stream 10).  An ID fan increases the flue gas temperature to 188°C (370°F) and 
provides the motive force for the flue gas (stream 11) to pass through the FGD unit.  FGD inputs 
and outputs include makeup water (stream 13), oxidation air (stream 14), limestone slurry 
(stream 12) and product gypsum (stream 15).  The clean, saturated flue gas exiting the FGD unit 
(stream 16) passes to the plant stack and is discharged to atmosphere. 
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Exhibit 4-3  Case 9 Process Flow Diagram, Subcritical Unit without CO2 Capture 
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Exhibit 4-4  Case 9 Stream Table, Subcritical Unit without CO2 Capture 
1 2 3 4 5 6 7 8

V-L Mole Fraction         
  Ar 0.0092 0.0092 0.0092 0.0092 0.0092 0.0000 0.0000 0.0087

  CO2 0.0003 0.0003 0.0003 0.0003 0.0003 0.0000 0.0000 0.1450

  H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

  H2O 0.0099 0.0099 0.0099 0.0099 0.0099 0.0000 0.0000 0.0870

  N2 0.7732 0.7732 0.7732 0.7732 0.7732 0.0000 0.0000 0.7324

  O2 0.2074 0.2074 0.2074 0.2074 0.2074 0.0000 0.0000 0.0247

  SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0021
Total 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 1.0000

V-L Flow (lbmol/hr) 114,117 114,117 35,055 35,055 2,636 0 0 160,576
V-L Flow (lb/hr) 3,293,060 3,293,060 1,011,590 1,011,590 76,071 0 0 4,775,980
Solids Flowrate 0 0 0 0 0 437,699 8,489 33,954

Temperature (°F) 59 66 59 78 59 78 350 350
Pressure (psia) 14.70 15.25 14.70 16.14 14.70 14.70 14.40 14.40

Enthalpy (BTU/lb)A 13.1 14.9 13.1 17.7 13.1 11,676 51.4 135.7
Density (lb/ft3) 0.08 0.08 0.08 0.08 0.08 -- -- 0.05

Avg. Molecular Weight 28.86 28.86 28.86 28.86 28.86 -- -- 29.74

9 10 11 12 13 14 15 16
V-L Mole Fraction         

  Ar 0.0000 0.0087 0.0087 0.0000 0.0000 0.0092 0.0000 0.0079
  CO2 0.0000 0.1450 0.1450 0.0000 0.0000 0.0003 0.0014 0.1317

  H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

  H2O 0.0000 0.0870 0.0870 1.0000 1.0000 0.0099 0.9978 0.1725

  N2 0.0000 0.7324 0.7324 0.0000 0.0000 0.7732 0.0007 0.6644

  O2 0.0000 0.0247 0.0247 0.0000 0.0000 0.2074 0.0000 0.0234

  SO2 0.0000 0.0021 0.0021 0.0000 0.0000 0.0000 0.0000 0.0000
Total 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V-L Flow (lbmol/hr) 0 160,576 160,576 5,701 26,948 1,901 15,077 179,211
V-L Flow (lb/hr) 0 4,775,980 4,775,980 102,702 485,483 54,846 272,302 5,122,540
Solids Flowrate 33,954 0 0 43,585 0 0 67,754 0

Temperature (°F) 350 350 370 59 59 59 135 135
Pressure (psia) 14.20 14.20 15.26 14.70 14.70 14.70 14.70 14.70

Enthalpy (BTU/lb)A 51.4 136.3 141.5 -- 32.4 13.1 88.0 139.1
Density (lb/ft3) -- 0.05 0.05 62.62 62.62 0.08 39.65 0.07

Avg. Molecular Weight -- 29.74 29.74 18.02 18.02 28.86 18.06 28.58
A - Reference conditions are 32.02 F & 0.089 PSIA  
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4.2.2 KEY SYSTEM ASSUMPTIONS 
System assumptions for Cases 9 and 10, subcritical PC with and without CO2 capture, are 
compiled in Exhibit 4-5. 

Exhibit 4-5  Subcritical PC Plant Study Configuration Matrix 

 Case 9  
w/o CO2 Capture  

Case 10  
w/CO2 Capture 

Steam Cycle, MPa/°C/°C (psig/°F/°F) 16.5/566/566 
(2400/1050/1050) 

16.5/566/566 
(2400/1050/1050) 

Coal Illinois No. 6 Illinois No. 6 
Condenser pressure, mm Hg (in Hg) 50.8 (2) 50.8 (2) 
Boiler Efficiency, % 89 89 
Cooling water to condenser, °C (ºF) 16 (60) 16 (60) 
Cooling water from condenser, °C (ºF) 27 (80) 27 (80) 
Stack temperature, °C (°F) 57 (135) 32 (89) 

SO2 Control Wet Limestone 
Forced Oxidation 

Wet Limestone 
Forced Oxidation 

FGD Efficiency, % (A) 98 98 (B, C) 

NOx Control LNB w/OFA and 
SCR 

LNB w/OFA and 
SCR 

SCR Efficiency, % (A) 86 86 
Ammonia Slip (end of catalyst life), 
ppmv 2 2 

Particulate Control Fabric Filter Fabric Filter 
Fabric Filter efficiency, % (A) 99.8 99.8 
Ash Distribution, Fly/Bottom 80% / 20% 80% / 20% 
Mercury Control Co-benefit Capture Co-benefit Capture 
Mercury removal efficiency, % (A) 90 90 
CO2 Control N/A Econamine FG Plus 
CO2 Capture, % (A) N/A 90 

CO2 Sequestration N/A Off-site Saline 
Formation 

A. Removal efficiencies are based on the flue gas content 
B. An SO2 polishing step is included to meet more stringent SOx content limits in 

the flue gas (< 10 ppmv) to reduce formation of amine heat stable salts during 
the CO2 absorption process 

C. SO2 exiting the post-FGD polishing step is absorbed in the CO2 capture process 
making stack emissions negligible 
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Balance of Plant – Cases 9 and 10 
The balance of plant assumptions are common to all cases and are presented in Exhibit 4-6. 

Exhibit 4-6  Balance of Plant Assumptions 

Cooling system Recirculating Wet Cooling Tower 
Fuel and Other storage  
Coal 30 days 
Ash 30 days 
Gypsum 30 days 
Limestone 30 days 
Plant Distribution Voltage  
Motors below 1 hp 110/220 volt 
Motors between 1 hp and 250 hp  480 volt 
Motors between 250 hp and 
5,000 hp 

4,160 volt 

Motors above 5,000 hp 13,800 volt 
Steam and Gas Turbine 
generators 

24,000 volt 

Grid Interconnection voltage 345 kV 
Water and Waste Water  
Makeup Water The water supply is 50 percent from a local Publicly 

Owned Treatment Works (POTW) and 50 percent 
from groundwater, and is assumed to be in sufficient 
quantities to meet plant makeup requirements. 
Makeup for potable, process, and de-ionized (DI) 
water is drawn from municipal sources. 

Process Wastewater Storm water that contacts equipment surfaces is 
collected and treated for discharge through a 
permitted discharge. 

Sanitary Waste Disposal Design includes a packaged domestic sewage 
treatment plant with effluent discharged to the 
industrial wastewater treatment system.  Sludge is 
hauled off site.  Packaged plant is sized for 5.68 
cubic meters per day (1,500 gallons per day) 

Water Discharge Most of the process wastewater is recycled to the 
cooling tower basin.  Blowdown will be treated for 
chloride and metals, and discharged. 
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4.2.3 SPARING PHILOSOPHY 
Single trains are used throughout the design with exceptions where equipment capacity requires 
an additional train.  There is no redundancy other than normal sparing of rotating equipment.  
The plant design consists of the following major subsystems: 

• One dry-bottom, wall-fired PC subcritical boiler (1 x 100%) 

• Two SCR reactors (2 x 50%) 

• Two single-stage, in-line, multi-compartment fabric filters (2 x 50%) 

• One wet limestone forced oxidation positive pressure absorber (1 x 100%) 

• One steam turbine (1 x 100%) 

• For Case 10 only, two parallel Econamine FG Plus CO2 absorption systems, with each 
system consisting of two absorbers, strippers and ancillary equipment (2 x 50%) 

 

4.2.4 CASE 9 PERFORMANCE RESULTS 
The plant produces a net output of 550 MWe at a net plant efficiency of 36.8 percent (HHV 
basis). 

Overall performance for the plant is summarized in Exhibit 4-7 which includes auxiliary power 
requirements.  
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Exhibit 4-7  Case 9 Plant Performance Summary 

POWER SUMMARY (Gross Power at Generator Terminals, kWe) 
TOTAL (STEAM TURBINE) POWER, kWe 583,315 
AUXILIARY LOAD SUMMARY, kWe (Note 1)  

Coal Handling and Conveying 420 
Limestone Handling & Reagent Preparation 950 
Pulverizers 2,980 
Ash Handling 570 
Primary Air Fans 1,390 
Forced Draft Fans 1,770 
Induced Draft Fans 7,590 
SCR 60 
Baghouse 100 
FGD Pumps and Agitators 3,170 
Amine System Auxiliaries N/A 
CO2 Compression  N/A 
Condensate Pumps 1,390 
Miscellaneous Balance of Plant (Note 2) 2,000 
Steam Turbine Auxiliaries 400 
Circulating Water Pumps 5,440 
Cooling Tower Fans 2,810 
Transformer Loss 1,830 

TOTAL AUXILIARIES, kWe 32,870 
NET POWER, kWe 550,445 

Net Plant Efficiency (HHV) 36.8% 
Net Plant Heat Rate (Btu/kWh) 9,276 

CONDENSER COOLING DUTY 106 kJ/h (106 Btu/h) 2,656 (2,520) 
CONSUMABLES  

As-Received Coal Feed, kg/h (lb/h) 198,537 (437,699) 
Limestone Sorbent Feed, kg/h (lb/h) 19,770 (43,585) 
Thermal Input, kWt 1,496,479 
Makeup water, m3/min (gpm) 23.5 (6,212) 

Notes:  1. Boiler feed pumps are steam turbine driven 
2. Includes plant control systems, lighting, HVAC and miscellanous low 

voltage loads 
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Environmental Performance 
The environmental targets for emissions of Hg, NOx, SO2 and particulate matter were presented 
in Section 2.4.  A summary of the plant air emissions for Case 9 is presented in Exhibit 4-8. 

Exhibit 4-8  Case 9 Air Emissions 

 kg/GJ 
(lb/106 Btu) 

Tonne/year 
(ton/year)  

85% capacity factor 

kg/MWh 
(lb/MWh) 

SO2 0.037 (0.085) 1,463 (1,613) 0.337 (0.743) 
NOX 0.030 (0.070) 1,331 (1,207) 0.278 (0.613) 
Particulates 0.006 (0.013) 224 (247) 0.052 (0.114) 

Hg 0.49 x 10-6 
(1.14 x 10-6) 0.020 (0.022) 4.5 x 10-6    

(10.0 x 10-6) 

CO2 87.5 (203) 3,506,000 
(3,865,000) 807 (1,780) 

CO2
1   855 (1,886) 

1 CO2 emissions based on net power instead of gross power 

SO2 emissions are controlled using a wet limestone forced oxidation scrubber that achieves a 
removal efficiency of 98 percent.  The byproduct calcium sulfate is dewatered and stored on site.  
The wallboard grade material can potentially be marketed and sold, but since it is highly 
dependent on local market conditions, no byproduct credit was taken.  The saturated flue gas 
exiting the scrubber is vented through the plant stack. 

NOx emissions are controlled to about 0.5 lb/106 Btu through the use of LNBs and OFA.  An 
SCR unit then further reduces the NOx concentration by 86 percent to 0.07 lb/106 Btu. 

Particulate emissions are controlled using a pulse jet fabric filter which operates at an efficiency 
of 99.8 percent. 

Co-benefit capture results in a 90 percent reduction of mercury emissions.  CO2 emissions 
represent the uncontrolled discharge from the process. 

Exhibit 4-9 shows the overall water balance for the plant.  Raw water is obtained from 
groundwater (50 percent) and from municipal sources (50 percent).  The water usage represents 
only the contribution of raw water makeup.  In some cases the water demand is greater than raw 
water makeup because of internal water recycle streams.  For example, the boiler feedwater 
blowdown stream is re-used as makeup to the cooling tower, thus reducing the raw water 
requirement by that amount. 
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Exhibit 4-9  Case 9 Water Balance 

Water Use Water Demand, 
m3/min (gpm) 

Internal Recycle, 
m3/min (gpm) 

Raw Water Makeup, 
m3/min (gpm) 

FGD Makeup 2.4 (625) 0 2.4 (625) 

BFW Makeup 0.3 (74) 0 0.3 (74) 

Cooling Tower Makeup 21.2 (5,587) 0.3 (74) 20.9 (5,513) 

Total 23.9 (6,286) 0.3 (74) 23.6 (6,212) 

 

Heat and Mass Balance Diagrams 
A heat and mass balance diagram is shown for the Case 9 PC boiler, the FGD unit and steam 
cycle in Exhibit 4-10. 

An overall plant energy balance is provided in tabular form in Exhibit 4-11.  The power out is 
the steam turbine power prior to generator losses.  The power at the generator terminals (shown 
in Exhibit 4-7) is calculated by multiplying the power out by a generator efficiency of 98.6 
percent. 
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Exhibit 4-10  Case 9 Heat and Mass Balance, Subcritical PC Boiler without CO2 Capture 
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Exhibit 4-11  Case 9 Overall Energy Balance (0°C [32°F] Reference) 

 HHV Sensible + Latent Power Total 

Heat In (MMBtu/hr) 
Coal 5,106.2 4.3  5,110.5 
Ambient Air  56.5  56.5 
Infiltration Air  1.0  1.0 
Limestone  64.8  64.8 
FGD Oxidant  0.7  0.7 
Water  19.0  19.0 
Auxiliary Power   112.2 112.2 
Totals 5,106.2 146.4 112.2 5,364.7 
Heat Out (MMBtu/hr) 
Bottom Ash  0.4  0.4 
Fly Ash  1.7  1.7 
Flue Gas Exhaust  712.5  712.5 
Gypsum Slurry  29.9  29.9 
Condenser  2,520.0  2,520.0 
Process Losses (1)  80.5  80.5 
Power   2,019.6 2,019.6 
Totals 0.0 3,345.1 2,019.6 5,364.7 
(1) Process Losses are calculated by difference and reflect various boiler, turbine, and other 

heat and work losses.  Aspen flowsheet balance is within 0.5 percent. 
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4.2.5 CASE 9 – MAJOR EQUIPMENT LIST 
Major equipment items for the subcritical PC plant with no CO2 capture are shown in the 
following tables.  The accounts used in the equipment list correspond to the account numbers 
used in the cost estimates in Section 4.2.6.  In general, the design conditions include a 10 percent 
contingency for flows and heat duties and a 21 percent contingency for heads on pumps and fans. 

ACCOUNT 1 COAL AND SORBENT HANDLING 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Bottom Trestle Dumper and 
Receiving Hoppers N/A 2 0

2 Feeder Belt 2 0

3 Conveyor No. 1 Belt 1 0

4 Transfer Tower No. 1 Enclosed 1 0

5 Conveyor No. 2 Belt 1 0

6 As-Received Coal Sampling 
System Two-stage 1 0

7 Stacker/Reclaimer Traveling, linear 1 0

8 Reclaim Hopper N/A 2 1

9 Feeder Vibratory 2 1

10 Conveyor No. 3 Belt w/ tripper 1 0

11 Crusher Tower N/A 1 0

12 Coal Surge Bin w/ Vent Filter Dual outlet 2 0

13 Crusher Impactor 
reduction 2 0

14 As-Fired Coal Sampling 
System Swing hammer 1 1

15 Conveyor No. 4 Belt w/tripper 1 0

16 Transfer Tower No. 2 Enclosed 1 0

17 Conveyor No. 5 Belt w/ tripper 1 0

18 Coal Silo w/ Vent Filter and 
Slide Gates Field erected 3 0

19 Limestone Truck Unloading 
Hopper N/A 1 0

20 Limestone Feeder Belt 1 0

21 Limestone Conveyor No. L1 Belt 1 0

22 Limestone Reclaim Hopper N/A 1 0

23 Limestone Reclaim Feeder Belt 1 0

24 Limestone Conveyor No. L2 Belt 1 0

25 Limestone Day Bin w/ actuator 2 0

36 tonne  (40 ton)

82 tonne/h  (90 tph)

82 tonne/h  (90 tph)

263 tonne  (290 ton)

18 tonne  (20 ton)

64 tonne/h  (70 tph)

64 tonne/h  (70 tph)

726 tonne  (800 ton)

N/A

327 tonne/h  (360 tph)

N/A

45 tonne  (50 ton)

163 tonne/h  (180 tph)

8 cm x 0 - 3 cm x 0
(3" x 0 - 1-1/4" x 0)

327 tonne/h  (360 tph)

163 tonne  (180 ton)

N/A

327 tonne/h  (360 tph)

Design Condition

181 tonne  (200 ton)

N/A

1,134 tonne/h  (1,250 tph)

N/A

1,134 tonne/h  (1,250 tph)

572 tonne/h  (630 tph)

1,134 tonne/h  (1,250 tph)
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ACCOUNT 2 COAL AND SORBENT PREPARATION AND FEED 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Coal Feeder Gravimetric 6 0

2 Coal Pulverizer Ball type or 
equivalent 6 0

3 Limestone Weigh Feeder Gravimetric 1 1

4 Limestone Ball Mill Rotary 1 1

5 Limestone Mill Slurry Tank 
with Agitator N/A 1 1

6 Limestone Mill Recycle 
Pumps

Horizontal 
centrifugal 1 1

7 Hydroclone Classifier
4 active 
cyclones in a 5 
cyclone bank

1 1

8 Distribution Box 2-way 1 1

9 Limestone Slurry Storage 
Tank with Agitator Field erected 1 1

10 Limestone Slurry Feed 
Pumps

Horizontal 
centrifugal 1 1

469,395 liters  (124,000 gal)

336 lpm @ 12 m H2O
(370 gpm @ 40 ft H2O)

N/A

236 lpm @ 9 m H2O
(260 gpm @ 30 ft H2O)

82 lpm  (90 gpm) per cyclone

83,280 liters  (22,000 gal)

Design Condition

36 tonne/h  (40 tph)

36 tonne/h  (40 tph)

22 tonne/h  (24 tph)

22 tonne/h  (24 tph)
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ACCOUNT 3 FEEDWATER AND MISCELLANEOUS SYSTEMS AND 
EQUIPMENT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Demineralized Water 
Storage Tank

Vertical, cylindrical, 
outdoor 2 0

2 Condensate Pumps Vertical canned 1 1

3 Deaerator and Storage 
Tank Horizontal spray type 1 0

4 Boiler Feed Pump and 
Steam Turbine Drive

Barrel type, multi-
stage, centrifugal 1 1

6 LP Feedwater Heater 
1A/1B Horizontal U-tube 2 0

7 LP Feedwater Heater 
2A/2B Horizontal U-tube 2 0

8 LP Feedwater Heater 
3A/3B Horizontal U-tube 2 0

9 LP Feedwater Heater 
4A/4B Horizontal U-tube 2 0

10 HP Feedwater Heater 6 Horizontal U-tube 1 0

11 HP Feedwater Heater 7 Horizontal U-tube 1 0

12 Auxiliary Boiler Shop fabricated, water 
tube 1 0

13 Fuel Oil System No. 2 fuel oil for light 
off 1 0

14 Service Air 
Compressors Flooded Screw 2 1

15 Instrument Air Dryers Duplex, regenerative 2 1

16 Closed Cycle Cooling 
Heat Exchangers Shell and tube 2 0

17 Closed Cycle Cooling 
Water Pumps Horizontal centrifugal 2 1

18 Engine-Driven Fire 
Pump

Vertical turbine, diesel 
engine 1 1

19 Fire Service Booster 
Pump

Two-stage horizontal 
centrifugal 1 1

20 Raw Water Pumps Stainless steel, single 
suction 2 1

21 Filtered Water Pumps Stainless steel, single 
suction 2 1

22 Filtered Water Tank Vertical, cylindrical 1 0

23 Makeup Water 
Demineralizer

Multi-media filter, 
cartridge filter, RO 
membrane assembly, 
electrodeionization unit

1 1

24 Liquid Waste Treatment 
System -- 1 0

Design Condition

1,112,920 liters (294,000 gal)

25,741 lpm @ 335 m H2O
(6,800 gpm @ 1,100 ft H2O)

1,852,020 kg/h (4,083,000 lb/h)
5 min. tank

31,041 lpm @ 2,499 m H2O
(8,200 gpm @ 8,200 ft H2O)

18,144 kg/h, 2.8 MPa, 343°C  
(40,000 lb/h, 400 psig, 650°F)

28 m3/min @ 0.7 MPa
(1,000 scfm @ 100 psig)

762,036 kg/h (1,680,000 lb/h)

762,036 kg/h (1,680,000 lb/h)

762,036 kg/h (1,680,000 lb/h)

762,036 kg/h (1,680,000 lb/h)

1,850,659 kg/h (4,080,000 lb/h)

1,850,659 kg/h (4,080,000 lb/h)

1,135,632 liter (300,000 gal)

53 MMkJ/h  (50 MMBtu/h) each

20,820 lpm @ 30 m H2O
(5,500 gpm @ 100 ft H2O)

28 m3/min (1,000 scfm)

1,540,675 liter (407,000 gal)

606 lpm (160 gpm)

10 years, 24-hour storm

05
Startup Boiler Feed 
Pump, Electric Motor 
Driven

Barrel type, multi-
stage, centrifugal

9,085 lpm @ 2,499 m H2O
(2,400 gpm @ 8,200 ft H2O) 1

3,785 lpm @ 88 m H2O
(1,000 gpm @ 290 ft H2O)

2,650 lpm @ 64 m H2O
(700 gpm @ 210 ft H2O)
13,098 lpm @ 43 m H2O       

(3,460 gpm @ 140 ft H2O)

1,590 lpm @ 49 m H2O
(420 gpm @ 160 ft H2O)
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ACCOUNT 4 BOILER AND ACCESSORIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Boiler
Subcritical, drum 
wall-fired, low NOx 
burners, overfire air

1 0

2 Primary Air Fan Centrifugal 2 0

3 Forced Draft Fan Centrifugal 2 0

4 Induced Draft Fan Centrifugal 2 0

5 SCR Reactor Vessel Space for spare layer 2 0

6 SCR Catalyst -- 3 0

7 Dilution Air Blower Centrifugal 2 1

8 Ammonia Storage Horizontal tank 5 0

9 Ammonia Feed 
Pump Centrifugal 2 1

142 m3/min @ 108 cm WG  
(5,000 scfm @ 42 in. WG)

155,203 liter  (41,000 gal)

30 lpm @ 91 m H2O
(8 gpm @ 300 ft H2O)

1,191,589 kg/h, 25,301 m3/min @ 
90 cm WG  (2,627,000 lb/h, 
893,500 acfm @ 36 in. WG)

2,381,363 kg/h  (5,250,000 lb/h)

--

Design Condition

1,850,659 kg/h steam @ 16.5 
MPa/566°C/566°C        

(4,080,000 lb/h steam @ 2,400 
psig/1,050°F/1,050°F)

252,198 kg/h, 3,455 m3/min @ 
123 cm WG  (556,000 lb/h, 
122,000 acfm @ 48 in. WG)

821,457 kg/h, 11,248 m3/min @ 
47 cm WG  (1,811,000 lb/h, 
397,200 acfm @ 19 in. WG)
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ACCOUNT 5 FLUE GAS CLEANUP 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Fabric Filter

Single stage, high-
ratio with pulse-
jet online cleaning 
system

2 0

2 Absorber Module Counter-current 
open spray 1 0

3 Recirculation Pumps Horizontal 
centrifugal 5 1

4 Bleed Pumps Horizontal 
centrifugal 2 1

5 Oxidation Air Blowers Centrifugal 2 1

6 Agitators Side entering 5 1

7 Dewatering Cyclones Radial assembly, 
5 units each 2 0

8 Vacuum Filter Belt Horizontal belt 2 1

9 Filtrate Water Return 
Pumps

Horizontal 
centrifugal 1 1

10 Filtrate Water Return 
Storage Tank Vertical, lined 1 0

11 Process Makeup Water 
Pumps

Horizontal 
centrifugal 1 1

187 m3/min @ 0.3 MPa
(6,620 acfm @ 37 psia)

34 tonne/h  (37 tph) of 50 wt % 
slurry

4,278 lpm  (1,130 gpm) at 
20 wt% solids

50 hp

1,060 lpm  (280 gpm) per cyclone

644 lpm @ 12 m H2O
(170 gpm @ 40 ft H2O)

416,399 lpm  (110,000 gal)

2,612 lpm @ 21 m H2O
(690 gpm @ 70 ft H2O)

Design Condition

1,191,589 kg/h  (2,627,000 lb/h)  
99.8% efficiency

40,295 m3/min  (1,423,000 acfm)

140,061 lpm @ 64 m H2O
(37,000 gpm @ 210 ft H2O)

 
 

ACCOUNT 6 COMBUSTION TURBINE/ACCESSORIES  
 N/A 

 

ACCOUNT 7 HRSG, DUCTING & STACK 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Stack Reinforced concrete 
with FRP liner 1 0

Design Condition

152 m (500 ft) high x
5.8 m (19 ft) diameter
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ACCOUNT 8 STEAM TURBINE GENERATOR AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Steam Turbine
Commercially 
available advanced 
steam turbine

1 0

2 Steam Turbine Generator Hydrogen cooled, 
static excitation 1 0

3 Surface Condenser
Single pass, divided 
waterbox including 
vacuum pumps

1 0

610 MW               
16.5 MPa/566°C/566°C 

(2400 psig/ 
1050°F/1050°F)

2,920 MMkJ/h (2,770 
MMBtu/h), Inlet water 

temperature 16ºC (60ºF), 
Water temperature rise 

11ºC (20ºF)

680 MVA @ 0.9 p.f.,    
24 kV, 60 Hz

Design Condition

 
 

ACCOUNT 9 COOLING WATER SYSTEM 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Circulating 
Water Pumps Vertical, wet pit 2 1

2 Cooling Tower
Evaporative, 
mechanical draft, 
multi-cell

1 0

Design Condition

545,104 lpm @ 30.5 m           
(144,000 gpm @ 100 ft)

11°C  (51.5°F) wet bulb / 16°C  
(60°F) CWT / 27°C  (80°F) HWT 
3,036 MMkJ/h (2,880 MMBtu/h) 

heat load  
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ACCOUNT 10 ASH/SPENT SORBENT RECOVERY AND HANDLING 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Economizer Hopper (part of 
boiler scope of supply) -- 4 0

2 Bottom Ash Hopper (part of 
boiler scope of supply) -- 2 0

3 Clinker Grinder -- 1 1

4
Pyrites Hopper (part of 
pulverizer scope of supply 
included with boiler)

-- 6 0

5 Hydroejectors -- 12

6 Economizer /Pyrites Transfer 
Tank -- 1 0

7 Ash Sluice Pumps Vertical, wet pit 1 1

8 Ash Seal Water Pumps Vertical, wet pit 1 1

9 Hydrobins -- 1 1

10 Baghouse Hopper (part of 
baghouse scope of supply) -- 24 0

11 Air Heater Hopper (part of 
boiler scope of supply) -- 10 0

12 Air Blower -- 1 1

13 Fly Ash Silo Reinforced 
concrete 2 0

14 Slide Gate Valves -- 2 0

15 Unloader -- 1 0

16 Telescoping Unloading 
Chute -- 1 0

151 lpm  (40 gpm)

--

--

--

--

16 m3/min @ 0.2 MPa
(550 scfm @ 24 psi)

499 tonne  (1,100 ton)

91 tonne/h  (100 tph)

--

--

151 lpm @ 17 m H2O
(40 gpm @ 56 ft H2O)

7,571 lpm @ 9 m H2O
(2000 gpm @ 28 ft H2O)

--

Design Condition

--

--

4.5 tonne/h  (5 tph)
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ACCOUNT 11 ACCESSORY ELECTRIC PLANT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 STG Transformer Oil-filled 1 0

2 Auxiliary 
Transformer Oil-filled 1 1

3 Low Voltage 
Transformer Dry ventilated 1 1

4
STG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 1 0

5 Medium Voltage 
Switchgear Metal clad 1 1

6 Low Voltage 
Switchgear Metal enclosed 1 1

7 Emergency Diesel 
Generator

Sized for emergency 
shutdown 1 0

24 kV/4.16 kV, 35 MVA,      
3-ph, 60 Hz

4.16 kV/480 V, 5 MVA,       
3-ph, 60 Hz

Design Condition

24 kV/345 kV, 650 MVA,      
3-ph, 60 Hz

750 kW, 480 V, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

4.16 kV, 3-ph, 60 Hz

480 V, 3-ph, 60 Hz

 
 

ACCOUNT 12 INSTRUMENTATION AND CONTROL 
Equipment 

No. Description Type Operating 
Qty. Spares

1 DCS - Main 
Control

Monitor/keyboard; 
Operator printer (laser 
color); Engineering 
printer (laser B&W)

1 0

3 DCS - Data 
Highway Fiber optic 1 0

1 0

Fully redundant, 25% spare

Design Condition

Operator stations/printers and 
engineering stations/printers

2 DCS - Processor
Microprocessor with 
redundant 
input/output

N/A
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4.2.6 CASE 9 – COST ESTIMATING 
The cost estimating methodology was described previously in Section 2.6.  Exhibit 4-12 shows 
the total plant capital cost summary organized by cost account and Exhibit 4-13 shows a more 
detailed breakdown of the capital costs.  Exhibit 4-14 shows the initial and annual O&M costs. 

The estimated TPC of the subcritical PC boiler with no CO2 capture is $1,548/kW.  No process 
contingency is included in this case because all elements of the technology are commercially 
proven.  The project contingency is 11.2 percent of the TPC.  The 20-year LCOE is 64.0 
mills/kWh 
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Exhibit 4-12  Case 9 Total Plant Cost Summary 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 9 - Subcritical PC w/o CO2
Plant Size: 550.4 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING $16,102 $4,348 $9,748 $0 $0 $30,198 $2,706 $0 $4,936 $37,840 $69

 2 COAL & SORBENT PREP & FEED $10,847 $629 $2,750 $0 $0 $14,227 $1,247 $0 $2,321 $17,795 $32

 3 FEEDWATER & MISC. BOP SYSTEMS $37,503 $0 $18,011 $0 $0 $55,514 $5,071 $0 $9,963 $70,548 $128

 4 PC BOILER
4.1 PC Boiler & Accessories $127,763 $0 $82,570 $0 $0 $210,334 $20,391 $0 $23,072 $253,797 $461
4.2 SCR (w/4.1) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.3 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

4.4-4.9 Boiler BoP (w/ ID Fans) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
SUBTOTAL  4 $127,763 $0 $82,570 $0 $0 $210,334 $20,391 $0 $23,072 $253,797 $461

 5 FLUE GAS CLEANUP $83,756 $0 $28,598 $0 $0 $112,354 $10,675 $0 $12,303 $135,332 $246

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0

6.2-6.9 Combustion Turbine Other $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
SUBTOTAL  6 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 7 HRSG, DUCTING & STACK
7.1 Heat Recovery Steam Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0

7.2-7.9 HRSG Accessories, Ductwork and Stack $17,476 $1,006 $11,965 $0 $0 $30,447 $2,787 $0 $4,336 $37,570 $68
SUBTOTAL  7 $17,476 $1,006 $11,965 $0 $0 $30,447 $2,787 $0 $4,336 $37,570 $68

 8 STEAM TURBINE GENERATOR 
8.1 Steam TG & Accessories $47,000 $0 $6,220 $0 $0 $53,220 $5,095 $0 $5,832 $64,147 $117

8.2-8.9 Turbine Plant Auxiliaries and Steam Piping $22,612 $1,045 $12,107 $0 $0 $35,764 $3,134 $0 $5,418 $44,316 $81
SUBTOTAL  8 $69,612 $1,045 $18,328 $0 $0 $88,984 $8,230 $0 $11,249 $108,463 $197

 9 COOLING WATER SYSTEM $11,659 $6,571 $11,683 $0 $0 $29,913 $2,792 $0 $4,499 $37,204 $68

10 ASH/SPENT SORBENT HANDLING SYS $4,383 $138 $5,829 $0 $0 $10,350 $985 $0 $1,166 $12,502 $23

11 ACCESSORY ELECTRIC PLANT $15,802 $6,032 $17,773 $0 $0 $39,607 $3,506 $0 $5,366 $48,479 $88

12 INSTRUMENTATION & CONTROL $8,006 $0 $8,413 $0 $0 $16,419 $1,503 $0 $2,204 $20,126 $37

13 IMPROVEMENTS TO SITE $2,833 $1,629 $5,752 $0 $0 $10,214 $1,003 $0 $2,243 $13,460 $24

14 BUILDINGS & STRUCTURES $0 $22,304 $21,358 $0 $0 $43,662 $3,934 $0 $11,899 $59,495 $108

TOTAL COST $405,742 $43,703 $242,779 $0 $0 $692,224 $64,830 $0 $95,558 $852,612 $1,549

TOTAL PLANT COST SUMMARY 
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Exhibit 4-13  Case 9 Total Plant Cost Details 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 9 - Subcritical PC w/o CO2
Plant Size: 550.4 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING
1.1 Coal Receive & Unload $3,308 $0 $1,527 $0 $0 $4,834 $432 $0 $790 $6,056 $11
1.2 Coal Stackout & Reclaim $4,275 $0 $979 $0 $0 $5,254 $460 $0 $857 $6,571 $12
1.3 Coal Conveyors $3,975 $0 $968 $0 $0 $4,943 $433 $0 $806 $6,183 $11
1.4 Other Coal Handling $1,040 $0 $224 $0 $0 $1,264 $110 $0 $206 $1,581 $3
1.5 Sorbent Receive & Unload $133 $0 $40 $0 $0 $173 $15 $0 $28 $217 $0
1.6 Sorbent Stackout & Reclaim $2,145 $0 $397 $0 $0 $2,542 $221 $0 $414 $3,177 $6
1.7 Sorbent Conveyors $765 $165 $190 $0 $0 $1,119 $97 $0 $182 $1,399 $3
1.8 Other Sorbent Handling $462 $108 $245 $0 $0 $815 $72 $0 $133 $1,020 $2
1.9 Coal & Sorbent Hnd.Foundations $0 $4,076 $5,178 $0 $0 $9,254 $865 $0 $1,518 $11,637 $21

SUBTOTAL  1. $16,102 $4,348 $9,748 $0 $0 $30,198 $2,706 $0 $4,936 $37,840 $69
 2 COAL & SORBENT PREP & FEED

2.1 Coal Crushing & Drying $1,900 $0 $374 $0 $0 $2,274 $198 $0 $371 $2,843 $5
2.2 Coal Conveyor to Storage $4,864 $0 $1,073 $0 $0 $5,936 $519 $0 $968 $7,424 $13
2.3 Coal Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.4 Misc.Coal Prep & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.5 Sorbent Prep Equipment $3,645 $156 $765 $0 $0 $4,566 $398 $0 $745 $5,708 $10
2.6 Sorbent Storage & Feed $439 $0 $170 $0 $0 $609 $54 $0 $99 $763 $1
2.7 Sorbent Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.8 Booster Air Supply System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.9 Coal & Sorbent Feed Foundation $0 $473 $369 $0 $0 $842 $78 $0 $138 $1,057 $2

SUBTOTAL  2. $10,847 $629 $2,750 $0 $0 $14,227 $1,247 $0 $2,321 $17,795 $32
 3 FEEDWATER & MISC. BOP SYSTEMS

3.1 FeedwaterSystem $15,086 $0 $5,277 $0 $0 $20,363 $1,787 $0 $3,322 $25,472 $46
3.2 Water Makeup & Pretreating $4,700 $0 $1,511 $0 $0 $6,211 $582 $0 $1,359 $8,152 $15
3.3 Other Feedwater Subsystems $4,982 $0 $2,114 $0 $0 $7,095 $632 $0 $1,159 $8,887 $16
3.4 Service Water Systems $928 $0 $501 $0 $0 $1,429 $133 $0 $312 $1,873 $3
3.5 Other Boiler Plant Systems $5,826 $0 $5,699 $0 $0 $11,525 $1,081 $0 $1,891 $14,498 $26
3.6 FO Supply Sys & Nat Gas $248 $0 $305 $0 $0 $552 $51 $0 $91 $694 $1
3.7 Waste Treatment Equipment $3,168 $0 $1,815 $0 $0 $4,982 $483 $0 $1,093 $6,558 $12
3.8 Misc. Equip.(cranes,AirComp.,Comm.) $2,566 $0 $790 $0 $0 $3,356 $322 $0 $736 $4,414 $8

SUBTOTAL  3. $37,503 $0 $18,011 $0 $0 $55,514 $5,071 $0 $9,963 $70,548 $128
 4 PC BOILER

4.1 PC Boiler & Accessories $127,763 $0 $82,570 $0 $0 $210,334 $20,391 $0 $23,072 $253,797 $461
4.2 SCR (w/4.1) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.3 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.4 Boiler BoP (w/ ID Fans) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.5 Primary Air System w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.6 Secondary Air System w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.8 Major Component Rigging $0 w/4.1 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.9 Boiler Foundations $0 w/14.1 w/14.1 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  4. $127,763 $0 $82,570 $0 $0 $210,334 $20,391 $0 $23,072 $253,797 $461

TOTAL PLANT COST SUMMARY 
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Exhibit 4-13  Case 9 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 9 - Subcritical PC w/o CO2
Plant Size: 550.4 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 5 FLUE GAS CLEANUP
5.1 Absorber Vessels & Accessories $58,310 $0 $12,562 $0 $0 $70,872 $6,708 $0 $7,758 $85,337 $155
5.2 Other FGD $3,043 $0 $3,451 $0 $0 $6,494 $626 $0 $712 $7,831 $14
5.3 Bag House & Accessories $16,683 $0 $10,596 $0 $0 $27,279 $2,609 $0 $2,989 $32,877 $60
5.4 Other Particulate Removal Materials $1,129 $0 $1,209 $0 $0 $2,338 $225 $0 $256 $2,819 $5
5.5 Gypsum Dewatering System $4,591 $0 $780 $0 $0 $5,372 $508 $0 $588 $6,467 $12
5.6 Mercury Removal System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5.9 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  5. $83,756 $0 $28,598 $0 $0 $112,354 $10,675 $0 $12,303 $135,332 $246
 6 COMBUSTION TURBINE/ACCESSORIES

6.1 Combustion Turbine Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
6.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.3 Compressed Air Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.9 Combustion Turbine Foundations $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  6. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 7 HRSG, DUCTING & STACK

7.1 Heat Recovery Steam Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
7.2 HRSG Accessories $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.3 Ductwork $8,649 $0 $5,645 $0 $0 $14,295 $1,249 $0 $2,332 $17,875 $32
7.4 Stack $8,826 $0 $5,169 $0 $0 $13,995 $1,337 $0 $1,533 $16,866 $31
7.9 Duct & Stack Foundations $0 $1,006 $1,151 $0 $0 $2,157 $201 $0 $472 $2,830 $5

SUBTOTAL  7. $17,476 $1,006 $11,965 $0 $0 $30,447 $2,787 $0 $4,336 $37,570 $68
 8 STEAM TURBINE GENERATOR 

8.1 Steam TG & Accessories $47,000 $0 $6,220 $0 $0 $53,220 $5,095 $0 $5,832 $64,147 $117
8.2 Turbine Plant Auxiliaries $335 $0 $718 $0 $0 $1,054 $102 $0 $116 $1,271 $2
8.3 Condenser & Auxiliaries $7,062 $0 $2,211 $0 $0 $9,272 $880 $0 $1,015 $11,168 $20
8.4 Steam Piping $15,215 $0 $7,516 $0 $0 $22,731 $1,897 $0 $3,694 $28,322 $51
8.9 TG Foundations $0 $1,045 $1,663 $0 $0 $2,708 $255 $0 $592 $3,555 $6

SUBTOTAL  8. $69,612 $1,045 $18,328 $0 $0 $88,984 $8,230 $0 $11,249 $108,463 $197
 9 COOLING WATER SYSTEM

9.1 Cooling Towers $8,335 $0 $2,730 $0 $0 $11,065 $1,051 $0 $1,212 $13,328 $24
9.2 Circulating Water Pumps $1,938 $0 $127 $0 $0 $2,065 $177 $0 $224 $2,466 $4
9.3 Circ.Water System Auxiliaries $516 $0 $69 $0 $0 $585 $55 $0 $64 $704 $1
9.4 Circ.Water Piping $0 $4,162 $3,969 $0 $0 $8,131 $749 $0 $1,332 $10,212 $19
9.5 Make-up Water System $458 $0 $607 $0 $0 $1,065 $101 $0 $175 $1,341 $2
9.6 Component Cooling Water Sys $412 $0 $326 $0 $0 $738 $69 $0 $121 $928 $2
9.9 Circ.Water System Foundations& Structures $0 $2,409 $3,855 $0 $0 $6,265 $590 $0 $1,371 $8,225 $15

SUBTOTAL  9. $11,659 $6,571 $11,683 $0 $0 $29,913 $2,792 $0 $4,499 $37,204 $68
10 ASH/SPENT SORBENT HANDLING SYS

10.1 Ash Coolers N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.2 Cyclone Ash Letdown N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.3 HGCU Ash Letdown N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.4 High Temperature Ash Piping N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.5 Other Ash Recovery Equipment N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.6 Ash Storage Silos $583 $0 $1,798 $0 $0 $2,381 $232 $0 $261 $2,874 $5
10.7 Ash Transport & Feed Equipment $3,800 $0 $3,869 $0 $0 $7,669 $725 $0 $839 $9,234 $17
10.8 Misc. Ash Handling Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.9 Ash/Spent Sorbent Foundation $0 $138 $163 $0 $0 $301 $28 $0 $66 $395 $1

SUBTOTAL 10. $4,383 $138 $5,829 $0 $0 $10,350 $985 $0 $1,166 $12,502 $23

TOTAL PLANT COST SUMMARY 
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Exhibit 4-13  Case 9 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 9 - Subcritical PC w/o CO2
Plant Size: 550.4 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

11 ACCESSORY ELECTRIC PLANT
11.1 Generator Equipment $1,527 $0 $250 $0 $0 $1,777 $165 $0 $146 $2,088 $4
11.2 Station Service Equipment $2,671 $0 $914 $0 $0 $3,585 $343 $0 $295 $4,222 $8
11.3 Switchgear & Motor Control $3,174 $0 $544 $0 $0 $3,717 $344 $0 $406 $4,468 $8
11.4 Conduit & Cable Tray $0 $2,038 $6,935 $0 $0 $8,973 $859 $0 $1,475 $11,306 $21
11.5 Wire & Cable $0 $3,696 $7,305 $0 $0 $11,002 $927 $0 $1,789 $13,718 $25
11.6 Protective Equipment $252 $0 $894 $0 $0 $1,146 $112 $0 $126 $1,384 $3
11.7 Standby Equipment $1,178 $0 $28 $0 $0 $1,206 $114 $0 $132 $1,452 $3
11.8 Main Power Transformers $7,000 $0 $166 $0 $0 $7,166 $544 $0 $771 $8,481 $15
11.9 Electrical Foundations $0 $298 $737 $0 $0 $1,035 $98 $0 $227 $1,360 $2

SUBTOTAL 11. $15,802 $6,032 $17,773 $0 $0 $39,607 $3,506 $0 $5,366 $48,479 $88
12 INSTRUMENTATION & CONTROL

12.1 PC Control Equipment w/12.7 $0 w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.2 Combustion Turbine Control N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
12.3 Steam Turbine Control w/8.1 $0 w/8.1 $0 $0 $0 $0 $0 $0 $0 $0
12.4 Other Major Component Control $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
12.5 Signal Processing Equipment      W/12.7 $0      w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.6 Control Boards,Panels & Racks $410 $0 $256 $0 $0 $666 $64 $0 $109 $839 $2
12.7 Distributed Control System Equipment $4,139 $0 $754 $0 $0 $4,893 $466 $0 $536 $5,895 $11
12.8 Instrument Wiring & Tubing $2,287 $0 $4,638 $0 $0 $6,924 $590 $0 $1,127 $8,641 $16
12.9 Other I & C Equipment $1,170 $0 $2,766 $0 $0 $3,935 $383 $0 $432 $4,750 $9

SUBTOTAL 12. $8,006 $0 $8,413 $0 $0 $16,419 $1,503 $0 $2,204 $20,126 $37
13 IMPROVEMENTS TO SITE

13.1 Site Preparation $0 $48 $959 $0 $0 $1,007 $99 $0 $221 $1,328 $2
13.2 Site Improvements $0 $1,581 $1,978 $0 $0 $3,559 $349 $0 $782 $4,690 $9
13.3 Site Facilities $2,833 $0 $2,815 $0 $0 $5,648 $554 $0 $1,240 $7,442 $14

SUBTOTAL 13. $2,833 $1,629 $5,752 $0 $0 $10,214 $1,003 $0 $2,243 $13,460 $24
14 BUILDINGS & STRUCTURES

14.1 Boiler Building $0 $8,070 $7,192 $0 $0 $15,261 $1,371 $0 $4,158 $20,790 $38
14.2 Turbine Building $0 $11,680 $11,031 $0 $0 $22,711 $2,045 $0 $6,189 $30,945 $56
14.3 Administration Building $0 $555 $594 $0 $0 $1,149 $104 $0 $313 $1,566 $3
14.4 Circulation Water Pumphouse $0 $159 $128 $0 $0 $287 $26 $0 $78 $391 $1
14.5 Water Treatment Buildings $0 $620 $518 $0 $0 $1,138 $102 $0 $310 $1,550 $3
14.6 Machine Shop $0 $371 $253 $0 $0 $624 $55 $0 $170 $849 $2
14.7 Warehouse $0 $251 $256 $0 $0 $507 $46 $0 $138 $691 $1
14.8 Other Buildings & Structures $0 $205 $177 $0 $0 $383 $34 $0 $104 $521 $1
14.9 Waste Treating Building & Str. $0 $393 $1,209 $0 $0 $1,603 $151 $0 $439 $2,193 $4

SUBTOTAL 14. $0 $22,304 $21,358 $0 $0 $43,662 $3,934 $0 $11,899 $59,495 $108

TOTAL COST $405,742 $43,703 $242,779 $0 $0 $692,224 $64,830 $0 $95,558 $852,612 $1,549

TOTAL PLANT COST SUMMARY 
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Exhibit 4-14  Case 9 Initial and Annual Operating and Maintenance Costs 

INITIAL & ANNUAL O&M EXPENSES Cost Base (Dec) 2006
Case 9 - Subcritical PC w/o CO2 Heat Rate-net(Btu/kWh): 9,276

 MWe-net: 550
           Capacity Factor: (%): 85

                                    OPERATING & MAINTENANCE LABOR
Operating Labor

  Operating Labor Rate(base): 33.00 $/hour
  Operating Labor Burden: 30.00 % of base
  Labor O-H Charge Rate: 25.00 % of labor

Total

       Skilled Operator 2.0 2.0
       Operator 9.0 9.0
       Foreman 1.0 1.0
       Lab Tech's, etc. 2.0 2.0
          TOTAL-O.J.'s 14.0 14.0

Annual Cost Annual Unit Cost
$ $/kW-net

Annual Operating Labor Cost $5,261,256 $9.558
Maintenance Labor Cost $5,602,943 $10.179
Administrative & Support Labor $2,716,050 $4.934
TOTAL FIXED OPERATING COSTS $13,580,249 $24.672
VARIABLE OPERATING COSTS

$/kWh-net
Maintenance Material Cost $8,404,415 $0.00205

Consumables Consumption Unit Initial
  Initial       /Day      Cost  Cost

  Water(/1000 gallons) 0 4,472.64 1.03 $0 $1,429,266 $0.00035

  Chemicals
    MU & WT Chem.(lb) 151,553 21,650 0.16 $24,976 $1,106,970 $0.00027
    Limestone (ton) 3,661 523 20.60 $75,419 $3,342,699 $0.00082
    Carbon (Mercury Removal) (lb) 0 0 0.00 $0 $0 $0.00000
    MEA Solvent (ton) 0 0 2,142.40 $0 $0 $0.00000
    NaOH (tons) 0 0 412.96 $0 $0 $0.00000
    H2SO4 (tons) 0 0 132.15 $0 $0 $0.00000
    Corrosion Inhibitor 0 0 0.00 $0 $0 $0.00000
    Activated Carbon(lb) 0 0 1.00 $0 $0 $0.00000
    Ammonia (28% NH3) ton 550 79 123.60 $67,984 $3,013,146 $0.00074

Subtotal Chemicals $168,379 $7,462,815 $0.00182

  Other
    Supplemental Fuel(MBtu) 0 0 0.00 $0 $0 $0.00000
    SCR Catalyst(m3) w/equip. 0.47 5,500.00 $0 $794,147 $0.00019
    Emission Penalties 0 0 0.00 $0 $0 $0.00000

Subtotal Other $0 $794,147 $0.00019

  Waste Disposal
    Flyash (ton) 0 102 15.45 $0 $488,290 $0.00012
    Bottom Ash(ton) 0 407 15.45 $0 $1,953,046 $0.00048

      Subtotal-Waste Disposal $0 $2,441,336 $0.00060

  By-products & Emissions 
     Gypsum (tons) 0 823 0.00 $0 $0 $0.00000

Subtotal By-Products $0 $0 $0.00000

TOTAL VARIABLE OPERATING COSTS $168,379 $20,531,979 $0.00501

 Fuel(ton) 157,562 5,252 42.11 $6,634,942 $68,616,356 $0.01674  
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4.2.7 CASE 10 – PC SUBCRITICAL UNIT WITH CO2 CAPTURE 
The plant configuration for Case 10, subcritical PC, is the same as Case 9 with the exception that 
the Econamine FG Plus technology was added for CO2 capture.  The nominal net output was 
maintained at 550 MW by increasing the boiler size and turbine/generator size to account for the 
greater auxiliary load imposed by the CDR facility.  Unlike the IGCC cases where gross output 
was fixed by the available size of the combustion turbines, the PC cases utilize boilers and steam 
turbines that can be procured at nearly any desired output making it possible to maintain a 
constant net output. 

The process description for Case 10 is essentially the same as Case 9 with one notable exception, 
the addition of CO2 capture.  A BFD and stream tables for Case 10 are shown in Exhibit 4-15 
and Exhibit 4-16, respectively.  Since the CDR facility process description was provided in 
Section 4.1.7, it is not repeated here. 

4.2.8 CASE 10 PERFORMANCE RESULTS 
The Case 10 modeling assumptions were presented previously in Section 4.2.2. 

The plant produces a net output of 550 MW at a net plant efficiency of 24.9 percent (HHV 
basis).  Overall plant performance is summarized in Exhibit 4-17 which includes auxiliary power 
requirements.  The CDR facility, including CO2 compression, accounts for over half of the 
auxiliary plant load.  The circulating water system (circulating water pumps and cooling tower 
fan) accounts for over 15 percent of the auxiliary load, largely due to the high cooling water 
demand of the CDR facility. 
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Exhibit 4-15  Case 10 Process Flow Diagram, Subcritical Unit with CO2 Capture 
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Exhibit 4-16 Case 10 Stream Table, Subcritical Unit with CO2 Capture 
1 2 3 4 5 6 7 8 9 10 11

V-L Mole Fraction            
Ar 0.0092 0.0092 0.0092 0.0092 0.0092 0.0000 0.0000 0.0087 0.0000 0.0087 0.0087
CO2 0.0003 0.0003 0.0003 0.0003 0.0003 0.0000 0.0000 0.1448 0.0000 0.1448 0.1448

H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

H2O 0.0099 0.0099 0.0099 0.0099 0.0099 0.0000 0.0000 0.0869 0.0000 0.0869 0.0869

N2 0.7732 0.7732 0.7732 0.7732 0.7732 0.0000 0.0000 0.7325 0.0000 0.7325 0.7325

O2 0.2074 0.2074 0.2074 0.2074 0.2074 0.0000 0.0000 0.0250 0.0000 0.0250 0.0250
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0021 0.0000 0.0021 0.0021

Total 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 1.0000 0.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 168,844 168,844 51,867 51,867 3,894 0 0 237,558 0 237,558 237,558

V-L Flowrate (lb/hr) 4,872,330 4,872,330 1,496,730 1,496,730 112,375 0 0 7,065,320 0 7,065,320 7,065,320
Solids Flowrate (lb/hr) 0 0 0 0 0 646,589 12,540 50,159 50,159 0 0

Temperature (°F) 59 66 59 78 59 78 350 350 350 350 370
Pressure (psia) 14.7 15.3 14.7 16.1 14.7 14.7 14.4 14.4 14.2 14.2 15.3
Enthalpy (BTU/lb)A 13.1 14.9 13.1 17.7 13.1 11,676 51.4 135.7 51.4 136.3 141.5
Density (lb/ft3) 0.08 0.08 0.08 0.08 0.08 -- -- 0.05 -- 0.05 0.05
Molecular Weight 28.86 28.86 28.86 28.86 28.86 -- -- 29.74 -- 29.74 29.74

12 13 14 15 16 17 18 19 20 21
V-L Mole Fraction           

Ar 0.0000 0.0000 0.0092 0.0000 0.0079 0.0000 0.0000 0.0000 0.0000 0.0107
CO2 0.0000 0.0000 0.0003 0.0014 0.1314 0.0000 0.0000 0.9856 1.0000 0.0176

H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

H2O 1.0000 1.0000 0.0099 0.9978 0.1725 1.0000 1.0000 0.0144 0.0000 0.0458

N2 0.0000 0.0000 0.7732 0.0007 0.6644 0.0000 0.0000 0.0000 0.0000 0.8940

O2 0.0000 0.0000 0.2074 0.0000 0.0237 0.0000 0.0000 0.0000 0.0000 0.0319
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 8,120 40,086 2,816 22,176 265,166 110,756 110,756 31,826 31,369 197,020
V-L Flowrate (lb/hr) 146,287 722,155 81,276 400,501 7,578,830 1,995,300 1,995,300 1,388,770 1,380,530 5,535,170
Solids Flowrate (lb/hr) 63,956 0 0 99,659 0 0 0 0 0 0

Temperature (°F) 59 59 59 135 135 743 367 69 124 89
Pressure (psia) 14.7 14.7 14.7 14.7 14.7 167.7 167.7 23.5 2,215.0 14.7
Enthalpy (BTU/lb)A --- 32.4 13.1 88.0 143.6 1397.7 340.1 13.7 -70.8 45.7
Density (lb/ft3) 62.62 62.62 0.08 40.44 0.07 0.24 54.94 0.18 40.76 0.07
Molecular Weight 18.02 18.02 28.86 18.06 28.58 18.02 18.02 43.64 44.01 28.09

A - Reference conditions are 32.02 F & 0.089 PSIA 
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Exhibit 4-17 Case 10 Plant Performance Summary 

POWER SUMMARY (Gross Power at Generator Terminals, kWe) 
TOTAL (STEAM TURBINE) POWER, kWe 679,923 
AUXILIARY LOAD SUMMARY, kWe (Note 1)  

Coal Handling and Conveying 520 
Limestone Handling & Reagent Preparation 1,400 
Pulverizers 4,400 
Ash Handling 840 
Primary Air Fans 2,060 
Forced Draft Fans 2,620 
Induced Draft Fans 11,180 
SCR 80 
Baghouse 100 
FGD Pumps and Agitators 4,680 
Amine System Auxiliaries 23,500 
CO2 Compression  51,610 
Condensate Pumps 1,210 
Miscellaneous Balance of Plant (Note 2) 2,000 
Steam Turbine Auxiliaries 400 
Circulating Water Pumps 14,060 
Cooling Tower Fans 7,270 
Transformer Loss 2,380 

TOTAL AUXILIARIES, kWe 130,310 
NET POWER, kWe 549,613 

Net Plant Efficiency (HHV) 24.9% 
Net Plant Heat Rate (Btu/kWh) 13,724 

CONDENSER COOLING DUTY 106 kJ/h (106 Btu/h) 2,318 (2,199) 
CONSUMABLES  

As-Received Coal Feed, kg/h (lb/h) 293,288 (646,589) 
Limestone Sorbent Feed, kg/h (lb/h) 29,010 (63,956) 
Thermal Input, kWt 2,210,668 
Makeup water, m3/min (gpm) 53.4 (14,098) 

Notes:  1. Boiler feed pumps are steam turbine driven 
2. Includes plant control systems, lighting, HVAC and miscellanous low voltage loads 
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Environmental Performance 
The environmental targets for emissions of Hg, NOx, SO2, and particulate matter were presented 
in Section 2.4.  A summary of the plant air emissions for Case 10 is presented in Exhibit 4-18. 

Exhibit 4-18  Case 10 Air Emissions 

 kg/GJ 
(lb/106 Btu) 

Tonne/year 
(ton/year)  

85% capacity factor 

kg/MWh 
(lb/MWh) 

SO2  Negligible Negligible Negligible 
NOX 0.030 (0.070) 1,783 (1,966) 0.352 (0.777) 
Particulates 0.006 (0.013) 331 (365) 0.065 (0.144) 

Hg 0.49 x 10-6 
(1.14 x 10-6) 0.029 (0.032) 5.8 x 10-6    

(12.7 x 10-6) 

CO2 8.7 (20) 517,000 (570,000) 102 (225) 

CO2
1   126 (278) 

1 CO2 emissions based on net power instead of gross power 

SO2 emissions are controlled using a wet limestone forced oxidation scrubber that achieves a 
removal efficiency of 98 percent.  The byproduct calcium sulfate is dewatered and stored on site.  
The wallboard grade material can potentially be marketed and sold, but since it is highly 
dependent on local market conditions, no byproduct credit was taken.  The SO2 emissions are 
further reduced to 10 ppmv using an NaOH based polishing scrubber in the CDR facility.  The 
remaining low concentration of SO2 is essentially completely removed in the CDR absorber 
vessel resulting in negligible SO2 emissions. 

NOx emissions are controlled to about 0.5 lb/106 Btu through the use of LNBs and OFA.  An 
SCR unit then further reduces the NOx concentration by 86 percent to 0.07 lb/106 Btu. 

Particulate emissions are controlled using a pulse jet fabric filter which operates at an efficiency 
of 99.8 percent. 

Co-benefit capture results in a 90 percent reduction of mercury emissions.  Ninety percent of the 
CO2 in the flue gas is removed in CDR facility. 

Exhibit 4-19 shows the overall water balance for the plant.  Raw water is obtained from 
groundwater (50 percent) and from municipal sources (50 percent).  The water usage represents 
only the contribution of raw water makeup.  In some cases the actual consumption is greater than 
raw water makeup because of internal water recycle streams.  For example, the boiler feedwater 
blowdown stream and condensate from cooling the flue gas prior to the CDR facility are re-used 
as makeup to the cooling tower, thus reducing the raw water requirement by that amount. 
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Exhibit 4-19  Case 10 Water Balance 

Water Use Water Demand, 
m3/min (gpm) 

Internal Recycle, 
m3/min (gpm) 

Raw Water Makeup, 
m3/min (gpm) 

FGD Makeup 3.5 (926) 0 3.5 (926) 

BFW Makeup 0.4 (109) 0 0.4 (109) 

Cooling Tower Makeup 47.5 (12,543) 5.3 (1,390) 42.2 (11,152) 

Total 51.4 (13,578) 5.3 (1,390) 46.1 (12,187) 

 

Heat and Mass Balance Diagrams 
A heat and mass balance diagram is shown for the Case 10 PC boiler, the FGD unit, CDR system 
and steam cycle in Exhibit 4-20. 

An overall plant energy balance is provided in tabular form in Exhibit 4-21.  The power out is 
the steam turbine power prior to generator losses.  The power at the generator terminals (shown 
in Exhibit 4-17) is calculated by multiplying the power out by a generator efficiency of 98.4 
percent.  The Econamine process heat out stream represents heat rejected to cooling water and 
ultimately to ambient via the cooling tower.  The same is true of the condenser heat out stream.  
The CO2 compressor intercooler load is included in the Econamine process heat out stream.   
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Exhibit 4-20  Case 10 Heat and Mass Balance, Subcritical PC Boiler with CO2 Capture 
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Exhibit 4-21  Case 10 Overall Energy Balance (0°C [32°F] Reference) 

 HHV Sensible + Latent Power Total 

Heat In (MMBtu/hr) 
Coal 7,543.1 6.3  7,549.4 
Ambient Air  83.6  83.6 
Infiltration Air  1.5  1.5 
Limestone  96.0  96.0 
FGD Oxidant  1.1  1.1 
Raw Water Makeup  161.8  161.8 
Auxiliary Power   472.3 472.3 
Totals 7,543.1 350.2 472.3 8,365.6 
Heat Out (MMBtu/hr) 
Bottom Ash  0.6  0.6 
Fly Ash  2.6  2.6 
Flue Gas Exhaust  253.0  253.0 
CO2 Product  (96.8)  (96.8) 
Condenser  2,200.0  2,200.0 
Econamine Process  3514.7  3514.7 
Cooling Tower Blowdown  73.1  73.1 
Gypsum Slurry  3.1  3.1 
Process Losses (1)  56.0  56.0 
Power   2,359.2 2,359.2 
Totals 0.0 6,006.4 2,359.2 8,365.6 

(1) Process Losses are calculated by difference and reflect various boiler, turbine, and other 
heat and work losses.  Aspen flowsheet balance is within 0.5 percent. 

 

 



Cost and Performance Comparison of Fossil Energy Power Plants 

 360  

4.2.9 CASE 10 – MAJOR EQUIPMENT LIST 
Major equipment items for the subcritical PC plant with CO2 capture are shown in the following 
tables.  The accounts used in the equipment list correspond to the account numbers used in the 
cost estimates in Section 4.2.10.  In general, the design conditions include a 10 percent 
contingency for flows and heat duties and a 21 percent contingency for heads on pumps and fans. 

ACCOUNT 1 FUEL AND SORBENT HANDLING 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Bottom Trestle Dumper and 
Receiving Hoppers N/A 2 0

2 Feeder Belt 2 0

3 Conveyor No. 1 Belt 1 0

4 Transfer Tower No. 1 Enclosed 1 0

5 Conveyor No. 2 Belt 1 0

6 As-Received Coal Sampling 
System Two-stage 1 0

7 Stacker/Reclaimer Traveling, linear 1 0

8 Reclaim Hopper N/A 2 1

9 Feeder Vibratory 2 1

10 Conveyor No. 3 Belt w/ tripper 1 0

11 Crusher Tower N/A 1 0

12 Coal Surge Bin w/ Vent Filter Dual outlet 2 0

13 Crusher Impactor 
reduction 2 0

14 As-Fired Coal Sampling 
System Swing hammer 1 1

15 Conveyor No. 4 Belt w/tripper 1 0

16 Transfer Tower No. 2 Enclosed 1 0

17 Conveyor No. 5 Belt w/ tripper 1 0

18 Coal Silo w/ Vent Filter and 
Slide Gates Field erected 3 0

19 Limestone Truck Unloading 
Hopper N/A 1 0

20 Limestone Feeder Belt 1 0

21 Limestone Conveyor No. L1 Belt 1 0

22 Limestone Reclaim Hopper N/A 1 0

23 Limestone Reclaim Feeder Belt 1 0

24 Limestone Conveyor No. L2 Belt 1 0

25 Limestone Day Bin w/ actuator 2 0

36 tonne  (40 ton)

118 tonne/h  (130 tph)

118 tonne/h  (130 tph)

381 tonne  (420 ton)

27 tonne  (30 ton)

100 tonne/h  (110 tph)

100 tonne/h  (110 tph)

1,089 tonne  (1,200 ton)

N/A

481 tonne/h  (530 tph)

N/A

64 tonne  (70 ton)

245 tonne/h  (270 tph)

8 cm x 0 - 3 cm x 0
(3" x 0 - 1-1/4" x 0)

481 tonne/h  (530 tph)

245 tonne  (270 ton)

N/A

481 tonne/h  (530 tph)

Design Condition

181 tonne  (200 ton)

N/A

1,134 tonne/h  (1,250 tph)

N/A

1,134 tonne/h  (1,250 tph)

572 tonne/h  (630 tph)

1,134 tonne/h  (1,250 tph)
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ACCOUNT 2  COAL AND SORBENT PREPARATION AND FEED 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Coal Feeder Gravimetric 6 0

2 Coal Pulverizer Ball type or 
equivalent 6 0

3 Limestone Weigh Feeder Gravimetric 1 1

4 Limestone Ball Mill Rotary 1 1

5 Limestone Mill Slurry Tank 
with Agitator N/A 1 1

6 Limestone Mill Recycle 
Pumps

Horizontal 
centrifugal 1 1

7 Hydroclone Classifier
4 active 
cyclones in a 5 
cyclone bank

1 1

8 Distribution Box 2-way 1 1

9 Limestone Slurry Storage 
Tank with Agitator Field erected 1 1

10 Limestone Slurry Feed 
Pumps

Horizontal 
centrifugal 1 1

688,950 liters  (182,000 gal)

490 lpm @ 12m H2O
(540 gpm @ 40 ft H2O)

N/A

345 lpm @ 9m H2O
(380 gpm @ 30 ft H2O)

127 lpm  (140 gpm) per cyclone

121,134 liters  (32,000 gal)

Design Condition

54 tonne/h  (60 tph)

54 tonne/h  (60 tph)

32 tonne/h  (35 tph)

32 tonne/h  (35 tph)
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ACCOUNT 3  FEEDWATER AND MISCELLANEOUS SYSTEMS AND 
EQUIPMENT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Demineralized Water 
Storage Tank

Vertical, cylindrical, 
outdoor 2 0

2 Condensate Pumps Vertical canned 1 1

3 Deaerator and Storage 
Tank Horizontal spray type 1 0

4 Boiler Feed Pump and 
Steam Turbine Drive

Barrel type, multi-
stage, centrifugal 1 1

6 LP Feedwater Heater 
1A/1B Horizontal U-tube 2 0

7 LP Feedwater Heater 
2A/2B Horizontal U-tube 2 0

8 LP Feedwater Heater 
3A/3B Horizontal U-tube 2 0

9 LP Feedwater Heater 
4A/4B Horizontal U-tube 2 0

10 HP Feedwater Heater 6 Horizontal U-tube 1 0

11 HP Feedwater Heater 7 Horizontal U-tube 1 0

12 Auxiliary Boiler Shop fabricated, water 
tube 1 0

13 Fuel Oil System No. 2 fuel oil for light 
off 1 0

14 Service Air 
Compressors Flooded Screw 2 1

15 Instrument Air Dryers Duplex, regenerative 2 1

16 Closed Cycle Cooling 
Heat Exchangers Shell and tube 2 0

17 Closed Cycle Cooling 
Water Pumps Horizontal centrifugal 2 1

18 Engine-Driven Fire 
Pump

Vertical turbine, diesel 
engine 1 1

19 Fire Service Booster 
Pump

Two-stage horizontal 
centrifugal 1 1

20 Raw Water Pumps Stainless steel, single 
suction 2 1

21 Filtered Water Pumps Stainless steel, single 
suction 2 1

22 Filtered Water Tank Vertical, cylindrical 1 0

23 Makeup Water 
Demineralizer

Multi-media filter, 
cartridge filter, RO 
membrane assembly, 
electrodeionization unit

1 1

24 Liquid Waste Treatment 
System -- 1 0

2,730,629 kg/h (6,020,000 lb/h)

2,730,629 kg/h (6,020,000 lb/h)

1,135,632 liter (300,000 gal)

Design Condition

1,639,096 liters (433,000 gal)

22,334 lpm @ 335 m H2O
(5,900 gpm @ 1,100 ft H2O)

2,730,629 kg/h (6,020,000 lb/h)
5 min. tank

3,785 lpm @ 88 m H2O
(1,000 gpm @ 290 ft H2O)

2,650 lpm @ 64 m H2O
(700 gpm @ 210 ft H2O)
29,602 lpm @ 43 m H2O

(7,820 gpm @ 140 ft H2O)

45,804 lpm @ 2,499 m H2O
(12,100 gpm @ 8,200 ft H2O)

18,144 kg/h, 2.8 MPa, 343°C
(40,000 lb/h, 400 psig, 650°F)

28 m3/min @ 0.7 MPa
(1,000 scfm @ 100 psig)

662,246 kg/h (1,460,000 lb/h)

662,246 kg/h (1,460,000 lb/h)

662,246 kg/h (1,460,000 lb/h)

662,246 kg/h (1,460,000 lb/h)

2,377,257 liter (628,000 gal)

1,098 lpm (290 gpm)

10 years, 24-hour storm

2,461 lpm @ 49 m H2O
(650 gpm @ 160 ft H2O)

05
Startup Boiler Feed 
Pump, Electric Motor 
Driven

Barrel type, multi-
stage, centrifugal

13,628 lpm @ 2,499 m H2O
(3,600 gpm @ 8,200 ft H2O) 1

53 MMkJ/h  (50 MMBtu/h) each

20,820 lpm @ 30 m H2O
(5,500 gpm @ 100 ft H2O)

28 m3/min (1,000 scfm)
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ACCOUNT 4 BOILER AND ACCESSORIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Boiler
Subcritical, drum 
wall-fired, low NOx 
burners, overfire air

1 0

2 Primary Air Fan Centrifugal 2 0

3 Forced Draft Fan Centrifugal 2 0

4 Induced Draft Fan Centrifugal 2 0

5 SCR Reactor Vessel Space for spare layer 2 0

6 SCR Catalyst -- 3 0

7 Dilution Air Blower Centrifugal 2 1

8 Ammonia Storage Horizontal tank 5 0

9 Ammonia Feed 
Pump Centrifugal 2 1

210 m3/min @ 108 cm WG
(7,400 acfm @ 42 in. WG)

230,912 liter  (61,000 gal)

44 lpm @ 91 m H2O
(12 gpm @ 300 ft H2O)

1,762,662 kg/h, 37,427 m3/min @ 
90 cm WG  (3,886,000 lb/h, 

1,321,700 acfm @ 36 in. WG)

3,524,417 kg/h  (7,770,000 lb/h)

--

Design Condition

2,730,629 kg/h steam @ 16.5 
MPa/566°C/566°C        

(6,020,000 lb/h steam @ 2,400 
psig/1,050°F/1,050°F)

373,307 kg/h, 5,111 m3/min @ 
123 cm WG  (823,000 lb/h, 
180,500 acfm @ 48 in. WG)

1,215,629 kg/h, 16,642 m3/min @ 
47 cm WG  (2,680,000 lb/h, 
587,700 acfm @ 19 in. WG)
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ACCOUNT 5 FLUE GAS CLEANUP 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Fabric Filter

Single stage, high-
ratio with pulse-
jet online cleaning 
system

2 0

2 Absorber Module Counter-current 
open spray 1 0

3 Recirculation Pumps Horizontal 
centrifugal 5 1

4 Bleed Pumps Horizontal 
centrifugal 2 1

5 Oxidation Air Blowers Centrifugal 2 1

6 Agitators Side entering 5 1

7 Dewatering Cyclones Radial assembly, 
5 units each 2 0

8 Vacuum Filter Belt Horizontal belt 2 1

9 Filtrate Water Return 
Pumps

Horizontal 
centrifugal 1 1

10 Filtrate Water Return 
Storage Tank Vertical, lined 1 0

11 Process Makeup Water 
Pumps

Horizontal 
centrifugal 1 1

278 m3/min @ 0.3 MPa
(9,800 acfm @ 42 psia)

50 tonne/h  (55 tph)
50 wt % slurry

6,284 lpm  (1,660 gpm) at 
20 wt% solids

50 hp

1,590 lpm  (420 gpm) per cyclone

946 lpm @ 12 m H2O
(250 gpm @ 40 ft H2O)

643,525 lpm  (170,000 gal)

3,861 lpm @ 21 m H2O
(1,020 gpm @ 70 ft H2O)

Design Condition

1,762,662 kg/h  (3,886,000 lb/h)  
99.8% efficiency

59,607 m3/min  (2,105,000 acfm)

208,199 lpm @ 64 m H2O
(55,000 gpm @ 210 ft H2O)

 
 

ACCOUNT 5B  CARBON DIOXIDE RECOVERY  

Equipment 
No. Description Type Operating 

Qty. Spares

1 Econamine FG 
Plus

Amine-based CO2 
capture technology 2 0

2 CO2 
Compressor

Integrally geared, 
multi-stage 
centrifugal

2 0

Design Condition

1,890,575 kg/h  (4,168,000 lb/h)  
20.2 wt % CO2

inlet concentration

344,408 kg/h @ 15.3 MPa  
(759,289 lb/h @ 2,215 psia)
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ACCOUNT 6 COMBUSTION TURBINE/ACCESSORIES  
 N/A 

 

ACCOUNT 7 HRSG, DUCTING & STACK 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Stack Reinforced concrete 
with FRP liner 1 0

Design Condition

152 m (500 ft) high x
6.1 m (20 ft) diameter

 
 

ACCOUNT 8 STEAM TURBINE GENERATOR AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Steam Turbine
Commercially 
available advanced 
steam turbine

1 0

2 Steam Turbine Generator Hydrogen cooled, 
static excitation 1 0

3 Surface Condenser
Single pass, divided 
waterbox including 
vacuum pumps

1 0

800 MVA @ 0.9 p.f.,    
24 kV, 60 Hz

Design Condition

720 MW               
16.5 MPa/566°C/566°C 

(2400 psig/ 
1050°F/1050°F)

2,551 MMkJ/h (2,420 
MMBtu/h), Inlet water 

temperature 16ºC (60ºF), 
Water temperature rise 

11ºC (20ºF)
 

 

ACCOUNT 9 COOLING WATER SYSTEM 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Circulating 
Water Pumps Vertical, wet pit 4 2

2 Cooling Tower
Evaporative, 
mechanical draft, 
multi-cell

1 0

Design Condition

704,092 lpm @ 30.5 m
(186,000 gpm @ 100 ft)

11°C  (51.5°F) wet bulb / 16°C  
(60°F) CWT / 27°C  (80°F) HWT 
6,821 MMkJ/h (6,470 MMBtu/h) 

heat load  
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ACCOUNT 10 ASH/SPENT SORBENT RECOVERY AND HANDLING 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Economizer Hopper (part of 
boiler scope of supply) -- 4 0

2 Bottom Ash Hopper (part of 
boiler scope of supply) -- 2 0

3 Clinker Grinder -- 1 1

4
Pyrites Hopper (part of 
pulverizer scope of supply 
included with boiler)

-- 6 0

5 Hydroejectors -- 12

6 Economizer /Pyrites Transfer 
Tank -- 1 0

7 Ash Sluice Pumps Vertical, wet pit 1 1

8 Ash Seal Water Pumps Vertical, wet pit 1 1

9 Hydrobins -- 1 1

10 Baghouse Hopper (part of 
baghouse scope of supply) -- 24 0

11 Air Heater Hopper (part of 
boiler scope of supply) -- 10 0

12 Air Blower -- 1 1

13 Fly Ash Silo Reinforced 
concrete 2 0

14 Slide Gate Valves -- 2 0

15 Unloader -- 1 0

16 Telescoping Unloading 
Chute -- 1 0

265 lpm  (70 gpm)

--

--

--

--

23 m3/min @ 0.2 MPa
(810 scfm @ 24 psi)

771 tonne  (1,700 ton)

136 tonne/h  (150 tph)

--

--

265 lpm @ 17 m H2O
(70 gpm @ 56 ft H2O)

7,571 lpm @ 9 m H2O
(2000 gpm @ 28 ft H2O)

--

Design Condition

--

--

6.4 tonne/h  (7 tph)
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ACCOUNT 11 ACCESSORY ELECTRIC PLANT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 STG Transformer Oil-filled 1 0

2 Auxiliary 
Transformer Oil-filled 1 1

3 Low Voltage 
Transformer Dry ventilated 1 1

4
STG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 1 0

5 Medium Voltage 
Switchgear Metal clad 1 1

6 Low Voltage 
Switchgear Metal enclosed 1 1

7 Emergency Diesel 
Generator

Sized for emergency 
shutdown 1 0

24 kV/4.16 kV, 140 MVA,     
3-ph, 60 Hz

4.16 kV/480 V, 21 MVA,      
3-ph, 60 Hz

Design Condition

24 kV/345 kV, 650 MVA,      
3-ph, 60 Hz

750 kW, 480 V, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

4.16 kV, 3-ph, 60 Hz

480 V, 3-ph, 60 Hz

 
 

ACCOUNT 12 INSTRUMENTATION AND CONTROL 
Equipment 

No. Description Type Operating 
Qty. Spares

1 DCS - Main 
Control

Monitor/keyboard; 
Operator printer (laser 
color); Engineering 
printer (laser B&W)

1 0

3 DCS - Data 
Highway Fiber optic 1 0

Design Condition

Operator stations/printers and 
engineering stations/printers

2 DCS - Processor
Microprocessor with 
redundant 
input/output

N/A 1 0

Fully redundant, 25% spare
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4.2.10 CASE 10 – COST ESTIMATING 
The cost estimating methodology was described previously in Section 2.6.  Exhibit 4-22 shows 
the total plant capital cost summary organized by cost account and Exhibit 4-23 shows a more 
detailed breakdown of the capital costs.  Exhibit 4-24 shows the initial and annual O&M costs. 

The estimated TPC of the subcritical PC boiler with CO2 capture is $2,888/kW.  Process 
contingency represents 3.6 percent of the TPC and project contingency represents 12.6 percent.  
The 20-year LCOE, including CO2 TS&M costs of 4.3 mills/kWh, is 118.8 mills/kWh. 
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Exhibit 4-22  Case 10 Total Plant Cost Summary 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 10 - Subcritical PC  w/ CO2
Plant Size: 549.6 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING $20,525 $5,540 $12,420 $0 $0 $38,485 $3,449 $0 $6,290 $48,223 $88

 2 COAL & SORBENT PREP & FEED $13,990 $807 $3,544 $0 $0 $18,342 $1,608 $0 $2,992 $22,942 $42

 3 FEEDWATER & MISC. BOP SYSTEMS $53,307 $0 $25,510 $0 $0 $78,817 $7,217 $0 $14,343 $100,377 $183

 4 PC BOILER
4.1 PC Boiler & Accessories $167,758 $0 $108,417 $0 $0 $276,176 $26,774 $0 $30,295 $333,245 $606
4.2 SCR (w/4.1) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.3 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

4.4-4.9 Boiler BoP (w/ ID Fans) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
SUBTOTAL  4 $167,758 $0 $108,417 $0 $0 $276,176 $26,774 $0 $30,295 $333,245 $606

 5 FLUE GAS CLEANUP $109,618 $0 $37,721 $0 $0 $147,340 $14,000 $0 $16,134 $177,474 $323

 5B CO2 REMOVAL & COMPRESSION $243,432 $0 $74,100 $0 $0 $317,532 $30,138 $56,039 $80,742 $484,450 $881

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0

6.2-6.9 Combustion Turbine Other $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
SUBTOTAL  6 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 7 HRSG, DUCTING & STACK
7.1 Heat Recovery Steam Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0

7.2-7.9 HRSG Accessories, Ductwork and Stack $19,363 $1,062 $13,228 $0 $0 $33,653 $3,074 $0 $4,824 $41,551 $76
SUBTOTAL  7 $19,363 $1,062 $13,228 $0 $0 $33,653 $3,074 $0 $4,824 $41,551 $76

 8 STEAM TURBINE GENERATOR 
8.1 Steam TG & Accessories $52,758 $0 $6,989 $0 $0 $59,747 $5,720 $0 $6,547 $72,014 $131

8.2-8.9 Turbine Plant Auxiliaries and Steam Piping $26,773 $1,170 $15,006 $0 $0 $42,949 $3,737 $0 $6,617 $53,303 $97
SUBTOTAL  8 $79,532 $1,170 $21,995 $0 $0 $102,697 $9,457 $0 $13,163 $125,317 $228

 9 COOLING WATER SYSTEM $21,405 $11,272 $20,092 $0 $0 $52,768 $4,916 $0 $7,834 $65,518 $119

10 ASH/SPENT SORBENT HANDLING SYS $5,440 $171 $7,234 $0 $0 $12,844 $1,223 $0 $1,448 $15,515 $28

11 ACCESSORY ELECTRIC PLANT $20,789 $10,729 $30,669 $0 $0 $62,187 $5,554 $0 $8,642 $76,384 $139

12 INSTRUMENTATION & CONTROL $9,150 $0 $9,615 $0 $0 $18,765 $1,718 $938 $2,635 $24,056 $44

13 IMPROVEMENTS TO SITE $3,201 $1,840 $6,500 $0 $0 $11,541 $1,133 $0 $2,535 $15,210 $28

14 BUILDINGS & STRUCTURES $0 $24,892 $23,781 $0 $0 $48,672 $4,385 $0 $7,959 $61,016 $111
                                                                                                                                                            

TOTAL COST $767,510 $57,483 $394,827 $0 $0 $1,219,819 $114,645 $56,977 $199,835 $1,591,277 $2,895

TOTAL PLANT COST SUMMARY 
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Exhibit 4-23  Case 10 Total Plant Cost Details 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 10 - Subcritical PC  w/ CO2
Plant Size: 549.6 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING
1.1 Coal Receive & Unload $4,213 $0 $1,944 $0 $0 $6,158 $550 $0 $1,006 $7,714 $14
1.2 Coal Stackout & Reclaim $5,445 $0 $1,246 $0 $0 $6,692 $586 $0 $1,092 $8,369 $15
1.3 Coal Conveyors $5,062 $0 $1,233 $0 $0 $6,296 $552 $0 $1,027 $7,875 $14
1.4 Other Coal Handling $1,324 $0 $285 $0 $0 $1,610 $141 $0 $263 $2,013 $4
1.5 Sorbent Receive & Unload $170 $0 $52 $0 $0 $221 $20 $0 $36 $277 $1
1.6 Sorbent Stackout & Reclaim $2,741 $0 $508 $0 $0 $3,249 $283 $0 $530 $4,061 $7
1.7 Sorbent Conveyors $978 $210 $242 $0 $0 $1,431 $124 $0 $233 $1,788 $3
1.8 Other Sorbent Handling $591 $138 $313 $0 $0 $1,042 $92 $0 $170 $1,304 $2
1.9 Coal & Sorbent Hnd.Foundations $0 $5,192 $6,596 $0 $0 $11,787 $1,102 $0 $1,933 $14,823 $27

SUBTOTAL  1. $20,525 $5,540 $12,420 $0 $0 $38,485 $3,449 $0 $6,290 $48,223 $88
 2 COAL & SORBENT PREP & FEED

2.1 Coal Crushing & Drying $2,458 $0 $484 $0 $0 $2,942 $257 $0 $480 $3,678 $7
2.2 Coal Conveyor to Storage $6,292 $0 $1,388 $0 $0 $7,680 $672 $0 $1,253 $9,605 $17
2.3 Coal Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.4 Misc.Coal Prep & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.5 Sorbent Prep Equipment $4,677 $201 $981 $0 $0 $5,859 $510 $0 $955 $7,324 $13
2.6 Sorbent Storage & Feed $563 $0 $218 $0 $0 $782 $69 $0 $128 $979 $2
2.7 Sorbent Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.8 Booster Air Supply System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.9 Coal & Sorbent Feed Foundation $0 $607 $473 $0 $0 $1,080 $99 $0 $177 $1,357 $2

SUBTOTAL  2. $13,990 $807 $3,544 $0 $0 $18,342 $1,608 $0 $2,992 $22,942 $42
 3 FEEDWATER & MISC. BOP SYSTEMS

3.1 FeedwaterSystem $20,059 $0 $7,016 $0 $0 $27,075 $2,376 $0 $4,418 $33,869 $62
3.2 Water Makeup & Pretreating $8,410 $0 $2,704 $0 $0 $11,114 $1,042 $0 $2,431 $14,588 $27
3.3 Other Feedwater Subsystems $6,624 $0 $2,810 $0 $0 $9,434 $841 $0 $1,541 $11,816 $21
3.4 Service Water Systems $1,660 $0 $896 $0 $0 $2,556 $237 $0 $559 $3,352 $6
3.5 Other Boiler Plant Systems $7,807 $0 $7,637 $0 $0 $15,444 $1,449 $0 $2,534 $19,426 $35
3.6 FO Supply Sys & Nat Gas $271 $0 $333 $0 $0 $605 $56 $0 $99 $760 $1
3.7 Waste Treatment Equipment $5,668 $0 $3,247 $0 $0 $8,915 $864 $0 $1,956 $11,734 $21
3.8 Misc. Equip.(cranes,AirComp.,Comm.) $2,808 $0 $865 $0 $0 $3,674 $353 $0 $805 $4,832 $9

SUBTOTAL  3. $53,307 $0 $25,510 $0 $0 $78,817 $7,217 $0 $14,343 $100,377 $183
 4 PC BOILER

4.1 PC Boiler & Accessories $167,758 $0 $108,417 $0 $0 $276,176 $26,774 $0 $30,295 $333,245 $606
4.2 SCR (w/4.1) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.3 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.4 Boiler BoP (w/ ID Fans) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.5 Primary Air System w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.6 Secondary Air System w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.8 Major Component Rigging $0 w/4.1 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.9 Boiler Foundations $0 w/14.1 w/14.1 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  4. $167,758 $0 $108,417 $0 $0 $276,176 $26,774 $0 $30,295 $333,245 $606

TOTAL PLANT COST SUMMARY 
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Exhibit 4-23  Case 10 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 10 - Subcritical PC  w/ CO2
Plant Size: 549.6 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 5 FLUE GAS CLEANUP
5.1 Absorber Vessels & Accessories $75,926 $0 $16,357 $0 $0 $92,284 $8,734 $0 $10,102 $111,120 $202
5.2 Other FGD $3,962 $0 $4,493 $0 $0 $8,456 $815 $0 $927 $10,197 $19
5.3 Bag House & Accessories $22,462 $0 $14,266 $0 $0 $36,728 $3,513 $0 $4,024 $44,265 $81
5.4 Other Particulate Removal Materials $1,520 $0 $1,628 $0 $0 $3,148 $303 $0 $345 $3,796 $7
5.5 Gypsum Dewatering System $5,747 $0 $977 $0 $0 $6,724 $635 $0 $736 $8,096 $15
5.6 Mercury Removal System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5.9 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  5. $109,618 $0 $37,721 $0 $0 $147,340 $14,000 $0 $16,134 $177,474 $323
 5B CO2 REMOVAL & COMPRESSION

5B.1 CO2 Removal System $214,986 $0 $65,208 $0 $0 $280,194 $26,593 $56,039 $72,565 $435,391 $792

5B.2 CO2 Compression & Drying $28,446 $0 $8,892 $0 $0 $37,338 $3,545 $0 $8,177 $49,059 $89
SUBTOTAL  5B. $243,432 $0 $74,100 $0 $0 $317,532 $30,138 $56,039 $80,742 $484,450 $881

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
6.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.3 Compressed Air Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.9 Combustion Turbine Foundations $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  6. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 7 HRSG, DUCTING & STACK

7.1 Heat Recovery Steam Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
7.2 HRSG Accessories $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.3 Ductwork $10,045 $0 $6,556 $0 $0 $16,601 $1,450 $0 $2,708 $20,758 $38
7.4 Stack $9,318 $0 $5,457 $0 $0 $14,775 $1,412 $0 $1,619 $17,805 $32
7.9 Duct & Stack Foundations $0 $1,062 $1,215 $0 $0 $2,278 $212 $0 $498 $2,988 $5

SUBTOTAL  7. $19,363 $1,062 $13,228 $0 $0 $33,653 $3,074 $0 $4,824 $41,551 $76
 8 STEAM TURBINE GENERATOR 

8.1 Steam TG & Accessories $52,758 $0 $6,989 $0 $0 $59,747 $5,720 $0 $6,547 $72,014 $131
8.2 Turbine Plant Auxiliaries $375 $0 $804 $0 $0 $1,179 $114 $0 $129 $1,423 $3
8.3 Condenser & Auxiliaries $6,425 $0 $2,475 $0 $0 $8,900 $847 $0 $975 $10,721 $20
8.4 Steam Piping $19,973 $0 $9,866 $0 $0 $29,839 $2,490 $0 $4,849 $37,179 $68
8.9 TG Foundations $0 $1,170 $1,861 $0 $0 $3,031 $285 $0 $663 $3,979 $7

SUBTOTAL  8. $79,532 $1,170 $21,995 $0 $0 $102,697 $9,457 $0 $13,163 $125,317 $228
 9 COOLING WATER SYSTEM

9.1 Cooling Towers $14,689 $0 $4,810 $0 $0 $19,499 $1,852 $0 $2,135 $23,485 $43
9.2 Circulating Water Pumps $4,326 $0 $310 $0 $0 $4,636 $397 $0 $503 $5,536 $10
9.3 Circ.Water System Auxiliaries $912 $0 $122 $0 $0 $1,034 $98 $0 $113 $1,245 $2
9.4 Circ.Water Piping $0 $7,355 $7,015 $0 $0 $14,370 $1,324 $0 $2,354 $18,048 $33
9.5 Make-up Water System $749 $0 $993 $0 $0 $1,742 $165 $0 $286 $2,193 $4
9.6 Component Cooling Water Sys $728 $0 $575 $0 $0 $1,304 $122 $0 $214 $1,640 $3
9.9 Circ.Water System Foundations& Structures $0 $3,917 $6,267 $0 $0 $10,185 $959 $0 $2,229 $13,372 $24

SUBTOTAL  9. $21,405 $11,272 $20,092 $0 $0 $52,768 $4,916 $0 $7,834 $65,518 $119
10 ASH/SPENT SORBENT HANDLING SYS

10.1 Ash Coolers N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.2 Cyclone Ash Letdown N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.3 HGCU Ash Letdown N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.4 High Temperature Ash Piping N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.5 Other Ash Recovery Equipment N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.6 Ash Storage Silos $723 $0 $2,231 $0 $0 $2,954 $288 $0 $324 $3,566 $6
10.7 Ash Transport & Feed Equipment $4,716 $0 $4,801 $0 $0 $9,517 $900 $0 $1,042 $11,458 $21
10.8 Misc. Ash Handling Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.9 Ash/Spent Sorbent Foundation $0 $171 $203 $0 $0 $373 $35 $0 $82 $490 $1

SUBTOTAL 10. $5,440 $171 $7,234 $0 $0 $12,844 $1,223 $0 $1,448 $15,515 $28

TOTAL PLANT COST SUMMARY 
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Exhibit 4-23  Case 10 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 10 - Subcritical PC  w/ CO2
Plant Size: 549.6 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

11 ACCESSORY ELECTRIC PLANT
11.1 Generator Equipment $1,672 $0 $274 $0 $0 $1,946 $180 $0 $159 $2,285 $4
11.2 Station Service Equipment $4,842 $0 $1,658 $0 $0 $6,499 $622 $0 $534 $7,655 $14
11.3 Switchgear & Motor Control $5,754 $0 $986 $0 $0 $6,740 $624 $0 $736 $8,100 $15
11.4 Conduit & Cable Tray $0 $3,695 $12,573 $0 $0 $16,268 $1,557 $0 $2,674 $20,498 $37
11.5 Wire & Cable $0 $6,702 $13,245 $0 $0 $19,947 $1,681 $0 $3,244 $24,872 $45
11.6 Protective Equipment $253 $0 $898 $0 $0 $1,152 $113 $0 $126 $1,391 $3
11.7 Standby Equipment $1,268 $0 $30 $0 $0 $1,298 $123 $0 $142 $1,563 $3
11.8 Main Power Transformers $7,000 $0 $185 $0 $0 $7,185 $546 $0 $773 $8,504 $15
11.9 Electrical Foundations $0 $332 $821 $0 $0 $1,153 $110 $0 $253 $1,515 $3

SUBTOTAL 11. $20,789 $10,729 $30,669 $0 $0 $62,187 $5,554 $0 $8,642 $76,384 $139
12 INSTRUMENTATION & CONTROL

12.1 PC Control Equipment w/12.7 $0 w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.2 Combustion Turbine Control N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
12.3 Steam Turbine Control w/8.1 $0 w/8.1 $0 $0 $0 $0 $0 $0 $0 $0
12.4 Other Major Component Control $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
12.5 Signal Processing Equipment      W/12.7 $0      w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.6 Control Boards,Panels & Racks $469 $0 $292 $0 $0 $761 $73 $38 $131 $1,003 $2
12.7 Distributed Control System Equipment $4,731 $0 $861 $0 $0 $5,592 $533 $280 $640 $7,045 $13
12.8 Instrument Wiring & Tubing $2,613 $0 $5,301 $0 $0 $7,914 $674 $396 $1,348 $10,331 $19
12.9 Other I & C Equipment $1,337 $0 $3,161 $0 $0 $4,498 $438 $225 $516 $5,677 $10

SUBTOTAL 12. $9,150 $0 $9,615 $0 $0 $18,765 $1,718 $938 $2,635 $24,056 $44
13 IMPROVEMENTS TO SITE

13.1 Site Preparation $0 $54 $1,084 $0 $0 $1,138 $112 $0 $250 $1,500 $3
13.2 Site Improvements $0 $1,786 $2,235 $0 $0 $4,022 $395 $0 $883 $5,300 $10
13.3 Site Facilities $3,201 $0 $3,181 $0 $0 $6,382 $626 $0 $1,402 $8,410 $15

SUBTOTAL 13. $3,201 $1,840 $6,500 $0 $0 $11,541 $1,133 $0 $2,535 $15,210 $28
14 BUILDINGS & STRUCTURES

14.1 Boiler Building $0 $8,723 $7,774 $0 $0 $16,497 $1,481 $0 $2,697 $20,676 $38
14.2 Turbine Building $0 $12,815 $12,103 $0 $0 $24,918 $2,244 $0 $4,074 $31,236 $57
14.3 Administration Building $0 $613 $657 $0 $0 $1,270 $115 $0 $208 $1,592 $3
14.4 Circulation Water Pumphouse $0 $281 $227 $0 $0 $508 $45 $0 $83 $636 $1
14.5 Water Treatment Buildings $0 $1,110 $926 $0 $0 $2,036 $182 $0 $333 $2,551 $5
14.6 Machine Shop $0 $410 $279 $0 $0 $689 $61 $0 $113 $863 $2
14.7 Warehouse $0 $278 $282 $0 $0 $560 $51 $0 $92 $702 $1
14.8 Other Buildings & Structures $0 $227 $196 $0 $0 $423 $38 $0 $69 $530 $1
14.9 Waste Treating Building & Str. $0 $435 $1,336 $0 $0 $1,771 $167 $0 $291 $2,229 $4

SUBTOTAL 14. $0 $24,892 $23,781 $0 $0 $48,672 $4,385 $0 $7,959 $61,016 $111

TOTAL COST $767,510 $57,483 $394,827 $0 $0 $1,219,819 $114,645 $56,977 $199,835 $1,591,277 $2,895

TOTAL PLANT COST SUMMARY 
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Exhibit 4-24  Case 10 Initial and Annual Operating and Maintenance Costs 
INITIAL & ANNUAL O&M EXPENSES Cost Base (Dec) 2006

Case 10 - Subcritical PC  w/ CO2 Heat Rate-net(Btu/kWh): 13,724
 MWe-net: 550

           Capacity Factor: (%): 85
                                   OPERATING & MAINTENANCE LABOR

Operating Labor
  Operating Labor Rate(base): 33.00 $/hour
  Operating Labor Burden: 30.00 % of base
  Labor O-H Charge Rate: 25.00 % of labor

Total

       Skilled Operator 2.0 2.0
       Operator 11.3 11.3
       Foreman 1.0 1.0
       Lab Tech's, etc. 2.0 2.0
          TOTAL-O.J.'s 16.3 16.3

Annual Cost Annual Unit Cost
$ $/kW-net

Annual Operating Labor Cost $6,138,007 $11.168
Maintenance Labor Cost $10,295,213 $18.732
Administrative & Support Labor $4,108,305 $7.475
TOTAL FIXED OPERATING COSTS $20,541,525 $37.375
VARIABLE OPERATING COSTS

$/kWh-net
Maintenance Material Cost $15,442,820 $0.00377

Consumables Consumption Unit Initial
  Initial       /Day      Cost  Cost

  Water(/1000 gallons) 0 10,151 1.03 $0 $3,243,688 $0.00079

  Chemicals
    MU & WT Chem.(lb) 343,946 49,135 0.16 $56,682 $2,512,244 $0.00061
    Limestone (ton) 5,372 767 20.60 $110,669 $4,905,029 $0.00120
    Carbon (Mercury Removal) (lb) 0 0 0.00 $0 $0 $0.00000
    MEA Solvent (ton) 1,174 1.67 2,142.40 $2,515,178 $1,108,686 $0.00027
    NaOH (tons) 82 8.18 412.96 $33,863 $1,048,541 $0.00026
    H2SO4 (tons) 79 7.91 132.15 $10,440 $324,224 $0.00008
    Corrosion Inhibitor 0 0 0.00 $162,300 $7,730 $0.00000
    Activated Carbon(lb) 0 1,992 1.00 $0 $618,018 $0.00015
    Ammonia (28% NH3) ton 813 116 123.60 $100,439 $4,451,615 $0.00109

Subtotal Chemicals $2,989,571 $14,976,086 $0.00366

  Other
    Supplemental Fuel(MBtu) 0 0 0.00 $0 $0 $0.00000
    SCR Catalyst(m3) w/equip. 0.68 5,500.00 $0 $1,168,014 $0.00029
    Emission Penalties 0 0 0.00 $0 $0 $0.00000

Subtotal Other $0 $1,168,014 $0.00029

  Waste Disposal
    Flyash (ton) 0 144 15.45 $0 $690,819 $0.00017
    Bottom Ash(ton) 0 577 15.45 $0 $2,763,393 $0.00068

      Subtotal-Waste Disposal $0 $3,454,212 $0.00084

  By-products & Emissions 
     Gypsum (tons) 0 1,196 0.00 $0 $0 $0.00000

Subtotal By-Products $0 $0 $0.00000

TOTAL VARIABLE OPERATING COSTS $2,989,571 $38,284,819 $0.00936

 Fuel(ton) 232,764 7,759 42.11 $9,801,707 $101,365,989 $0.02477  
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4.3 SUPERCRITICAL PC CASES 
This section contains an evalution of plant designs for Cases 11 and 12 which are based on a 
supercritical PC plant with a nominal net output of 550 MWe.  Both plants use a single reheat 
24.1 MPa/593°C/593°C (3500 psig/1100°F/1100°F) cycle.  The only difference between the two 
plants is that Case 12 includes CO2 capture while Case 11 does not. 

The balance of Section 4.3 is organized in an analogous manner to the subcrtical PC section: 

• Process and System Description for Case 11 

• Key Assumptions for Cases 11 and 12 

• Sparing Philosophy for Cases 11 and 12 

• Performance Results for Case 11 

• Equipment List for Case 11 

• Cost Estimates for Case 11 

• Process and System Description, Performance Results, Equipment List and Cost 
Estimates for Case 12 

4.3.1 PROCESS DESCRIPTION 
In this section the supercritical PC process without CO2 capture is described.  The system 
description is nearly identical to the subcritical PC case without CO2 capture but is repeated here 
for completeness.  The description follows the block flow diagram (BFD) in Exhibit 4-25 and 
stream numbers reference the same Exhibit.  The tables in Exhibit 4-26 provide process data for 
the numbered streams in the BFD. 

Coal (stream 6) and primary air (stream 4) are introduced into the boiler through the wall-fired 
burners.  Additional combustion air, including the overfire air, is provided by the forced draft 
fans (stream 2).  The boiler operates at a slight negative pressure so air leakage is into the boiler, 
and the infiltration air is accounted for in stream 5. 

Flue gas exits the boiler through the SCR reactor (stream 8) and is cooled to 177°C (350°F) in 
the combustion air preheater (not shown) before passing through a fabric filter for particulate 
removal (stream 10).  An ID fan increases the flue gas temperature to 188°C (370°F) and 
provides the motive force for the flue gas (stream 11) to pass through the FGD unit.  FGD inputs 
and outputs include makeup water (stream 13), oxidation air (stream 14), limestone slurry 
(stream 12) and product gypsum (stream 15).  The clean, saturated flue gas exiting the FGD unit 
(stream 16) passes to the plant stack and is discharged to atmosphere 
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Exhibit 4-25  Case 11 Process Flow Diagram, Supercritical Unit without CO2 Capture 
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Exhibit 4-26  Case 11 Stream Table, Supercritical Unit without CO2 Capture 
1 2 3 4 5 6 7 8

V-L Mole Fractions         
  Ar 0.0092 0.0092 0.0092 0.0092 0.0092 0.0000 0.0000 0.0087

  CO2 0.0003 0.0003 0.0003 0.0003 0.0003 0.0000 0.0000 0.1450

  H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

  H2O 0.0099 0.0099 0.0099 0.0099 0.0099 0.0000 0.0000 0.0870

  N2 0.7732 0.7732 0.7732 0.7732 0.7732 0.0000 0.0000 0.7324

  O2 0.2074 0.2074 0.2074 0.2074 0.2074 0.0000 0.0000 0.0247

  SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0021
Total 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 1.0000

V-L Flow (lbmol/hr) 107,211 107,211 32,934 32,934 2,477 0 0 150,861

V-L Flow (lb/hr) 3,093,780 3,093,780 950,376 950,376 71,480 0 0 4,487,030
Solids Flowrate 0 0 0 0 0 411,282 7,976 31,905

Temperature (°F) 59 66 59 78 59 59 350 350
Pressure (psia) 14.70 15.25 14.70 16.14 14.70 14.70 14.40 14.40

Enthalpy (BTU/lb)A 13.1 14.9 13.1 17.7 13.1 11,676 51.4 135.6
Density (lb/ft3) 0.08 0.08 0.08 0.08 0.08 --- --- 0.05

Avg. Molecular Weight 28.86 28.86 28.86 28.86 28.86 --- --- 29.74

9 10 11 12 13 14 15 16
V-L Mole Fractions       

  Ar 0.0000 0.0087 0.0087 0.0000 0.0000 0.0092 0.0000 0.0080
  CO2 0.0000 0.1450 0.1450 0.0000 0.0000 0.0003 0.0016 0.1326

  H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

  H2O 0.0000 0.0870 0.0870 1.0000 1.0000 0.0099 0.9976 0.1669

  N2 0.0000 0.7324 0.7324 0.0000 0.0000 0.7732 0.0008 0.6690

  O2 0.0000 0.0247 0.0247 0.0000 0.0000 0.2074 0.0000 0.0235

  SO2 0.0000 0.0021 0.0021 0.0000 0.0000 0.0000 0.0000 0.0000
Total 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V-L Flow (lbmol/hr) 0 150,861 150,861 5,111 24,381 1,705 14,140 167,129
V-L Flow (lb/hr) 0 4,487,030 4,487,030 92,067 439,223 49,200 255,432 4,789,380
Solids Flowrate 31,905 0 0 40,819 0 0 63,529 0

Temperature (°F) 350 350 370 59 60 59 134 134
Pressure (psia) 14.20 14.20 15.26 14.70 14.70 14.70 14.70 14.70

Enthalpy (BTU/lb)A 51.4 136.2 141.5 --- 33.3 13.1 87.0 139.1
Density (lb/ft3) --- 0.05 0.05 62.62 62.59 0.08 36.10 0.07

Avg. Molecular Weight --- 29.74 29.74 18.02 18.02 28.86 18.06 28.66
A - Reference conditions are 32.02 F & 0.089 PSIA  
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4.3.2 KEY SYSTEM ASSUMPTIONS 
System assumptions for Cases 11 and 12, supercritical PC with and without CO2 capture, are 
compiled in Exhibit 4-27. 

Exhibit 4-27  Supercritical PC Plant Study Configuration Matrix 

 Case 11  
w/o CO2 Capture  

Case 12  
w/CO2 Capture 

Steam Cycle, MPa/°C/°C (psig/°F/°F) 24.1/593/593 
(3500/1100/1100) 

24.1/593/593 
(3500/1100/1100) 

Coal Illinois No. 6 Illinois No. 6 
Condenser pressure, mm Hg (in Hg) 50.8 (2) 50.8 (2) 
Boiler Efficiency, % 89 89 
Cooling water to condenser, °C (ºF) 16 (60) 16 (60) 
Cooling water from condenser, °C (ºF) 27 (80) 27 (80) 
Stack temperature, °C (°F) 57 (135) 32 (89) 

SO2 Control Wet Limestone 
Forced Oxidation 

Wet Limestone 
Forced Oxidation 

FGD Efficiency, % (A) 98 98 (B, C) 

NOx Control LNB w/OFA and 
SCR 

LNB w/OFA and 
SCR 

SCR Efficiency, % (A) 86 86 
Ammonia Slip (end of catalyst life), 
ppmv 2 2 

Particulate Control Fabric Filter Fabric Filter 
Fabric Filter efficiency, % (A) 99.8 99.8 
Ash Distribution, Fly/Bottom 80% / 20% 80% / 20% 
Mercury Control Co-benefit Capture Co-benefit Capture 
Mercury removal efficiency, % (A) 90 90 
CO2 Control N/A Econamine FG Plus 
CO2 Capture, % (A) N/A 90 

CO2 Sequestration N/A Off-site Saline 
Formation 

A. Removal efficiencies are based on the flue gas content 
B. An SO2 polishing step is included to meet more stringent SOx content limits in 

the flue gas (< 10 ppmv) to reduce formation of amine heat stable salts during 
the CO2 absorption process 

C. SO2 exiting the post-FGD polishing step is absorbed in the CO2 capture process 
making stack emissions negligible 
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Balance of Plant – Cases 11 and 12 
The balance of plant assumptions are common to all cases and were presented previously in 
Exhibit 4-6. 

4.3.3 SPARING PHILOSOPHY 
Single trains are used throughout the design with exceptions where equipment capacity requires 
an additional train.  There is no redundancy other than normal sparing of rotating equipment.  
The plant design consists of the following major subsystems: 

• One dry-bottom, wall-fired PC supercritical boiler (1 x 100%) 

• Two SCR reactors (2 x 50%) 

• Two single-stage, in-line, multi-compartment fabric filters (2 x 50%) 

• One wet limestone forced oxidation positive pressure absorber (1 x 100%) 

• One steam turbine (1 x 100%) 

• For Case 12 only, two parallel Econamine FG Plus CO2 absorption systems, with each 
system consisting of two absorbers, strippers and ancillary equipment (2 x 50%) 

 

4.3.4 CASE 11 PERFORMANCE RESULTS 
The plant produces a net output of 550 MWe at a net plant efficiency of 39.1 percent (HHV 
basis). 

Overall performance for the plant is summarized in Exhibit 4-28 which includes auxiliary power 
requirements.  
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Exhibit 4-28  Case 11 Plant Performance Summary 

POWER SUMMARY (Gross Power at Generator Terminals, kWe) 
TOTAL (STEAM TURBINE) POWER, kWe 580,260 
AUXILIARY LOAD SUMMARY, kWe (Note 1)  

Coal Handling and Conveying 410 
Limestone Handling & Reagent Preparation 890 
Pulverizers 2,800 
Ash Handling 530 
Primary Air Fans 1,310 
Forced Draft Fans 1,660 
Induced Draft Fans 7,130 
SCR 50 
Baghouse 100 
FGD Pumps and Agitators 2,980 
Econamine FG Plus Auxiliaries N/A 
CO2 Compression N/A 
Miscellaneous Balance of Plant (Note 2) 2,000 
Steam Turbine Auxiliaries 400 
Condensate Pumps 790 
Circulating Water Pumps 4,770 
Cooling Tower Fans 2,460 
Transformer Loss 1,830 

TOTAL AUXILIARIES, kWe 30,110 
NET POWER, kWe 550,150 

Net Plant Efficiency (HHV) 39.1% 
Net Plant Heat Rate (Btu/kWh) 8,721 

CONDENSER COOLING DUTY, 106 kJ/h (106 Btu/h) 2,314 (2,195) 
CONSUMABLES  

As-Received Coal Feed, kg/h (lb/h) 186,555 (411,282) 
Limestone Sorbent Feed, kg/h (lb/h) 18,515 (40,819) 
Thermal Input, kWt 1,406,161 
Makeup Water, m3/min (gpm) 20.6 (5,441) 

Notes:  1. Boiler feed pumps are steam turbine driven 
 2. Includes plant control systems, lighting, HVAC and miscellanous low voltage loads  
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Environmental Performance 
The environmental targets for emissions of Hg, NOx, SO2 and particulate matter were presented 
in Section 2.4.  A summary of the plant air emissions for Case 11 is presented in Exhibit 4-29. 

Exhibit 4-29  Case 11 Air Emissions 

 kg/GJ 
(lb/106 Btu) 

Tonne/year 
(ton/year)  

85% capacity factor 

kg/MWh 
(lb/MWh) 

SO2 0.036 (0.085) 1,373 (1,514) 0.318 (0.701) 
NOX 0.030 (0.070) 1,134 (1,250) 0.263 (0.579) 
Particulates 0.006 (0.013) 211 (232) 0.049 (0.107) 

Hg 0.49 x 10-6 
(1.14 x 10-6) 0.018 (0.020) 4.3 x 10-6      

(9.4 x 10-6) 

CO2 87.5 (203) 3,295,000 
(3,632,000) 763 (1,681) 

CO2
1   804 (1,773) 

1 CO2 emissions based on net power instead of gross power 

SO2 emissions are controlled using a wet limestone forced oxidation scrubber that achieves a 
removal efficiency of 98 percent.  The byproduct calcium sulfate is dewatered and stored on site.  
The wallboard grade material can potentially be marketed and sold, but since it is highly 
dependent on local market conditions, no byproduct credit was taken.  The saturated flue gas 
exiting the scrubber is vented through the plant stack. 

NOx emissions are controlled to about 0.5 lb/106 Btu through the use of LNBs and OFA.  An 
SCR unit then further reduces the NOx concentration by 86 percent to 0.07 lb/106 Btu. 

Particulate emissions are controlled using a pulse jet fabric filter which operates at an efficiency 
of 99.8 percent. 

Co-benefit capture results in a 90 percent reduction of mercury emissions.  CO2 emissions 
represent the uncontrolled discharge from the process. 

Exhibit 4-30 shows the overall water balance for the plant.  Raw water is obtained from 
groundwater (50 percent) and from municipal sources (50 percent).  The water usage represents 
only the contribution of raw water makeup.  In some cases the water demand is greater than raw 
water makeup because of internal water recycle streams.  For example, the boiler feedwater 
blowdown stream is re-used as makeup to the cooling tower, thus reducing the raw water 
requirement by that amount. 
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Exhibit 4-30  Case 11 Water Balance 

Water Use Water Demand, 
m3/min (gpm) 

Internal Recycle, 
m3/min (gpm) 

Raw Water Makeup, 
m3/min (gpm) 

FGD Makeup 2.1 (546) 0 2.1 (546) 

BFW Makeup 0.3 (73) 0 0.3 (73) 

Cooling Tower Makeup 18.5 (4,895) 0.3 (73) 18.2 (4,822) 

Total 20.9 (5,514) 0.3 (73) 20.6 (5,441) 

Heat and Mass Balance Diagrams 
A heat and mass balance diagram is shown for the Case 11 PC boiler, the FGD unit and steam 
cycle in Exhibit 4-31. 

An overall plant energy balance is provided in tabular form in Exhibit 4-32.  The power out is 
the steam turbine power prior to generator losses.  The power at the generator terminals (shown 
in Exhibit 4-28) is calculated by multiplying the power out by a generator efficiency of 98.4 
percent. 
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Exhibit 4-31  Case 11 Heat and Mass Balance, Supercritical PC Boiler without CO2 Capture 
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Exhibit 4-32  Case 11 Overall Energy Balance (0°C [32°F] Reference) 

 HHV Sensible + Latent Power Total 

Heat In (MMBtu/hr) 
Coal 4,798.0 4.0  4,802.0 
Ambient Air  53.1  53.1 
Infiltration Air  0.9  0.9 
Limestone  61.0  61.0 
FGD Oxidant  0.6  0.6 
Water  17.6  17.6 
Auxiliary Power   102.0 102.0 
Totals 4,798.0 137.3 102.0 5,037.3 
Heat Out (MMBtu/hr) 
Bottom Ash  0.4  0.4 
Fly Ash  1.6  1.6 
Flue Gas Exhaust  666.1  666.1 
Gypsum Slurry  27.7  27.7 
Condenser  2,195.0  2,195.0 
Process Losses (1)  135.1  135.1 
Power   2,011.4 2,011.4 
Totals 0.0 3,025.9 2,011.4 5,037.3 

(1) Process Losses are calculated by difference and reflect various boiler, turbine, and other 
heat and work losses.  Aspen flowsheet balance is within 0.5 percent. 
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4.3.5 CASE 11 – MAJOR EQUIPMENT LIST  

Major equipment items for the supercritical PC plant with no CO2 capture are shown in the 
following tables.  The accounts used in the equipment list correspond to the account numbers 
used in the cost estimates in Section 4.3.6.  In general, the design conditions include a 10 percent 
contingency for flows and heat duties and a 21 percent contingency for heads on pumps and fans. 

ACCOUNT 1 FUEL AND SORBENT HANDLING 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Bottom Trestle Dumper and 
Receiving Hoppers N/A 2 0

2 Feeder Belt 2 0

3 Conveyor No. 1 Belt 1 0

4 Transfer Tower No. 1 Enclosed 1 0

5 Conveyor No. 2 Belt 1 0

6 As-Received Coal Sampling 
System Two-stage 1 0

7 Stacker/Reclaimer Traveling, linear 1 0

8 Reclaim Hopper N/A 2 1

9 Feeder Vibratory 2 1

10 Conveyor No. 3 Belt w/ tripper 1 0

11 Crusher Tower N/A 1 0

12 Coal Surge Bin w/ Vent Filter Dual outlet 2 0

13 Crusher Impactor 
reduction 2 0

14 As-Fired Coal Sampling 
System Swing hammer 1 1

15 Conveyor No. 4 Belt w/tripper 1 0

16 Transfer Tower No. 2 Enclosed 1 0

17 Conveyor No. 5 Belt w/ tripper 1 0

18 Coal Silo w/ Vent Filter and 
Slide Gates Field erected 3 0

19 Limestone Truck Unloading 
Hopper N/A 1 0

20 Limestone Feeder Belt 1 0

21 Limestone Conveyor No. L1 Belt 1 0

22 Limestone Reclaim Hopper N/A 1 0

23 Limestone Reclaim Feeder Belt 1 0

24 Limestone Conveyor No. L2 Belt 1 0

25 Limestone Day Bin w/ actuator 2 0

36 tonne  (40 ton)

82 tonne/h  (90 tph)

82 tonne/h  (90 tph)

245 tonne  (270 ton)

18 tonne  (20 ton)

64 tonne/h  (70 tph)

64 tonne/h  (70 tph)

726 tonne  (800 ton)

N/A

308 tonne/h  (340 tph)

N/A

36 tonne  (40 ton)

154 tonne/h  (170 tph)

8 cm x 0 - 3 cm x 0
(3" x 0 - 1-1/4" x 0)

308 tonne/h  (340 tph)

154 tonne  (170 ton)

N/A

308 tonne/h  (340 tph)

Design Condition

181 tonne  (200 ton)

N/A

1,134 tonne/h  (1,250 tph)

N/A

1,134 tonne/h  (1,250 tph)

572 tonne/h  (630 tph)

1,134 tonne/h  (1,250 tph)
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ACCOUNT 2 COAL AND SORBENT PREPARATION AND FEED 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Coal Feeder Gravimetric 6 0

2 Coal Pulverizer Ball type or 
equivalent 6 0

3 Limestone Weigh Feeder Gravimetric 1 1

4 Limestone Ball Mill Rotary 1 1

5 Limestone Mill Slurry Tank 
with Agitator N/A 1 1

6 Limestone Mill Recycle 
Pumps

Horizontal 
centrifugal 1 1

7 Hydroclone Classifier
4 active 
cyclones in a 5 
cyclone bank

1 1

8 Distribution Box 2-way 1 1

9 Limestone Slurry Storage 
Tank with Agitator Field erected 1 1

10 Limestone Slurry Feed 
Pumps

Horizontal 
centrifugal 1 1

439,111 liters  (116,000 gal)

308 lpm @ 12m H2O
(340 gpm @ 40 ft H2O)

N/A

218 lpm @ 9m H2O
(240 gpm @ 30 ft H2O)

82 lpm  (90 gpm) per cyclone

75,709 liters  (20,000 gal)

Design Condition

36 tonne/h  (40 tph)

36 tonne/h  (40 tph)

20 tonne/h  (22 tph)

20 tonne/h  (22 tph)
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ACCOUNT 3 FEEDWATER AND MISCELLANEOUS SYSTEMS AND 
EQUIPMENT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Demineralized Water 
Storage Tank

Vertical, cylindrical, 
outdoor 2 0

2 Condensate Pumps Vertical canned 1 1

3 Deaerator and Storage 
Tank Horizontal spray type 1 0

4 Boiler Feed Pump and 
Steam Turbine Drive

Barrel type, multi-
stage, centrifugal 1 1

6 LP Feedwater Heater 
1A/1B Horizontal U-tube 2 0

7 LP Feedwater Heater 
2A/2B Horizontal U-tube 2 0

8 LP Feedwater Heater 
3A/3B Horizontal U-tube 2 0

9 LP Feedwater Heater 
4A/4B Horizontal U-tube 2 0

10 HP Feedwater Heater 6 Horizontal U-tube 1 0

11 HP Feedwater Heater 7 Horizontal U-tube 1 0

12 HP Feedwater heater 8 Horizontal U-tube 1 0

13 Auxiliary Boiler Shop fabricated, water 
tube 1 0

14 Fuel Oil System No. 2 fuel oil for light 
off 1 0

15 Service Air 
Compressors Flooded Screw 2 1

16 Instrument Air Dryers Duplex, regenerative 2 1

17 Closed Cycle Cooling 
Heat Exchangers Shell and tube 2 0

18 Closed Cycle Cooling 
Water Pumps Horizontal centrifugal 2 1

19 Engine-Driven Fire 
Pump

Vertical turbine, diesel 
engine 1 1

20 Fire Service Booster 
Pump

Two-stage horizontal 
centrifugal 1 1

21 Raw Water Pumps Stainless steel, single 
suction 2 1

22 Filtered Water Pumps Stainless steel, single 
suction 2 1

23 Filtered Water Tank Vertical, cylindrical 1 0

24 Makeup Water 
Demineralizer

Multi-media filter, 
cartridge filter, RO 
membrane assembly, 
electrodeionization unit

1 1

25 Liquid Waste Treatment 
System -- 1 0

Design Condition

1,097,778 liters (290,000 gal)

23,091 lpm @ 213 m H2O
(6,100 gpm @ 700 ft H2O)

1,828,433 kg/h (4,031,000 lb/h)
5 min. tank

30,662 lpm @ 3,475 m H2O
(8,100 gpm @ 11,400 ft H2O)

18,144 kg/h, 2.8 MPa, 343°C
(40,000 lb/h, 400 psig, 650°F)

28 m3/min @ 0.7 MPa
(1,000 scfm @ 100 psig)

689,461 kg/h (1,520,000 lb/h)

689,461 kg/h (1,520,000 lb/h)

689,461 kg/h (1,520,000 lb/h)

689,461 kg/h (1,520,000 lb/h)

1,827,979 kg/h (4,030,000 lb/h)

1,827,979 kg/h (4,030,000 lb/h)

1,135,632 liter (300,000 gal)

1,377,901 liter (364,000 gal)

606 lpm (160 gpm)

10 years, 24-hour storm

1,438 lpm @ 49 m H2O
(380 gpm @ 160 ft H2O)

05
Startup Boiler Feed 
Pump, Electric Motor 
Driven

Barrel type, multi-
stage, centrifugal

9,085 lpm @ 3,475 m H2O
(2,400 gpm @ 11,400 ft H2O) 1

53 MMkJ/h  (50 MMBtu/h) each

20,820 lpm @ 30 m H2O
(5,500 gpm @ 100 ft H2O)

1,827,979 kg/h (4,030,000 lb/h)

28 m3/min (1,000 scfm)

3,785 lpm @ 88 m H2O
(1,000 gpm @ 290 ft H2O)

2,650 lpm @ 64 m H2O
(700 gpm @ 210 ft H2O)
11,470 lpm @ 43 m H2O

(3,030 gpm @ 140 ft H2O)
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ACCOUNT 4  BOILER AND ACCESSORIES 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Boiler
Supercritical, drum, 
wall-fired, low NOx 
burners, overfire air

1 0

2 Primary Air Fan Centrifugal 2 0

3 Forced Draft Fan Centrifugal 2 0

4 Induced Draft Fan Centrifugal 2 0

5 SCR Reactor Vessel Space for spare layer 2 0

6 SCR Catalyst -- 3 0

7 Dilution Air Blower Centrifugal 2 1

8 Ammonia Storage Horizontal tank 5 0

9 Ammonia Feed 
Pump Centrifugal 2 1

133 m3/min @ 108 cm WG
(4,700 acfm @ 42 in. WG)

147,632 liter  (39,000 gal)

28 lpm @ 91 m H2O
(7 gpm @ 300 ft H2O)

1,119,467 kg/h, 23,769 m3/min @ 
90 cm WG  (2,468,000 lb/h, 
839,400 acfm @ 36 in. WG)

2,240,749 kg/h  (4,940,000 lb/h)

--

Design Condition

1,827,979 kg/h steam @ 24.1 
MPa/593°C/593°C        

(4,030,000 lb/h steam @ 3,500 
psig/1,100°F/1,100°F)

237,229 kg/h, 3,245 m3/min @ 
123 cm WG  (523,000 lb/h, 
114,600 acfm @ 48 in. WG)

772,015 kg/h, 10,568 m3/min @ 
47 cm WG  (1,702,000 lb/h, 
373,200 acfm @ 19 in. WG)
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ACCOUNT 5 FLUE GAS CLEANUP 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Fabric Filter

Single stage, high-
ratio with pulse-
jet online cleaning 
system

2 0

2 Absorber Module Counter-current 
open spray 1 0

3 Recirculation Pumps Horizontal 
centrifugal 5 1

4 Bleed Pumps Horizontal 
centrifugal 2 1

5 Oxidation Air Blowers Centrifugal 2 1

6 Agitators Side entering 5 1

7 Dewatering Cyclones Radial assembly, 
5 units each 2 0

8 Vacuum Filter Belt Horizontal belt 2 1

9 Filtrate Water Return 
Pumps

Horizontal 
centrifugal 1 1

10 Filtrate Water Return 
Storage Tank Vertical, lined 1 0

11 Process Makeup Water 
Pumps

Horizontal 
centrifugal 1 1

168 m3/min @ 0.3 MPa
(5,930 acfm @ 42 psia)

32 tonne/h  (35 tph)
50 wt % slurry

4,013 lpm  (1,060 gpm) at 
20 wt% solids

50 hp

1,022 lpm  (270 gpm) per cyclone

606 lpm @ 12 m H2O
(160 gpm @ 40 ft H2O)

416,399 lpm  (110,000 gal)

2,271 lpm @ 21 m H2O
(600 gpm @ 70 ft H2O)

Design Condition

1,119,467 kg/h  (2,468,000 lb/h)  
99.8% efficiency

37,662 m3/min  (1,330,000 acfm)

132,490 lpm @ 64 m H2O
(35,000 gpm @ 210 ft H2O)

 
 

ACCOUNT 6 COMBUSTION TURBINE/ACCESSORIES  
 N/A 

 

ACCOUNT 7 HRSG, DUCTING & STACK 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Stack Reinforced concrete 
with FRP liner 1 0

Design Condition

152 m (500 ft) high x
5.8 m (19 ft) diameter
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ACCOUNT 8  STEAM TURBINE GENERATOR AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Steam Turbine
Commercially 
available advanced 
steam turbine

1 0

2 Steam Turbine Generator Hydrogen cooled, 
static excitation 1 0

3 Surface Condenser
Single pass, divided 
waterbox including 
vacuum pumps

1 0

680 MVA @ 0.9 p.f.,    
24 kV, 60 Hz

Design Condition

610 MW               
24.1 MPa/593°C/593°C 

(3500 psig/ 
1100°F/1100°F)

2,541 MMkJ/h (2,410 
MMBtu/h), Inlet water 

temperature 16ºC (60ºF), 
Water temperature rise 

11ºC (20ºF)
 

 

ACCOUNT 9 COOLING WATER SYSTEM 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Circulating 
Water Pumps Vertical, wet pit 2 1

2 Cooling Tower
Evaporative, 
mechanical draft, 
multi-cell

1 0

Design Condition

476,966 lpm @ 30.5 m
(126,000 gpm @ 100 ft)

11°C  (51.5°F) wet bulb / 16°C  
(60°F) CWT / 27°C  (80°F) HWT 
2,657 MMkJ/h (2,520 MMBtu/h) 

heat load  
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ACCOUNT 10 ASH/SPENT SORBENT RECOVERY AND HANDLING 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Economizer Hopper (part of 
boiler scope of supply) -- 4 0

2 Bottom Ash Hopper (part of 
boiler scope of supply) -- 2 0

3 Clinker Grinder -- 1 1

4
Pyrites Hopper (part of 
pulverizer scope of supply 
included with boiler)

-- 6 0

5 Hydroejectors -- 12

6 Economizer /Pyrites Transfer 
Tank -- 1 0

7 Ash Sluice Pumps Vertical, wet pit 1 1

8 Ash Seal Water Pumps Vertical, wet pit 1 1

9 Hydrobins -- 1 1

10 Baghouse Hopper (part of 
baghouse scope of supply) -- 24 0

11 Air Heater Hopper (part of 
boiler scope of supply) -- 10 0

12 Air Blower -- 1 1

13 Fly Ash Silo Reinforced 
concrete 2 0

14 Slide Gate Valves -- 2 0

15 Unloader -- 1 0

16 Telescoping Unloading 
Chute -- 1 0

151 lpm  (40 gpm)

--

--

--

--

14 m3/min @ 0.2 MPa
(510 scfm @ 24 psi)

499 tonne  (1,100 ton)

91 tonne/h  (100 tph)

--

--

151 lpm @ 17 m H2O
(40 gpm @ 56 ft H2O)

7,571 lpm @ 9 m H2O
(2000 gpm @ 28 ft H2O)

--

Design Condition

--

--

3.6 tonne/h  (4 tph)
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ACCOUNT 11 ACCESSORY ELECTRIC PLANT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 STG Transformer Oil-filled 1 0

2 Auxiliary 
Transformer Oil-filled 1 1

3 Low Voltage 
Transformer Dry ventilated 1 1

4
STG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 1 0

5 Medium Voltage 
Switchgear Metal clad 1 1

6 Low Voltage 
Switchgear Metal enclosed 1 1

7 Emergency Diesel 
Generator

Sized for emergency 
shutdown 1 0

24 kV/4.16 kV, 10 MVA,      
3-ph, 60 Hz

4.16 kV/480 V, 5 MVA,       
3-ph, 60 Hz

Design Condition

24 kV/345 kV, 640 MVA,      
3-ph, 60 Hz

750 kW, 480 V, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

4.16 kV, 3-ph, 60 Hz

480 V, 3-ph, 60 Hz

 
 

ACCOUNT 12 INSTRUMENTATION AND CONTROL 
Equipment 

No. Description Type Operating 
Qty. Spares

1 DCS - Main 
Control

Monitor/keyboard; 
Operator printer (laser 
color); Engineering 
printer (laser B&W)

1 0

3 DCS - Data 
Highway Fiber optic 1 0

1 0

Fully redundant, 25% spare

Design Condition

Operator stations/printers and 
engineering stations/printers

2 DCS - Processor
Microprocessor with 
redundant 
input/output

N/A
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4.3.6 CASE 11 – COSTS ESTIMATING RESULTS 
The cost estimating methodology was described previously in Section 2.6.  Exhibit 4-33 shows 
the total plant capital cost summary organized by cost account and Exhibit 4-34 shows a more 
detailed breakdown of the capital costs.  Exhibit 4-35 shows the initial and annual O&M costs. 

The estimated TPC of the supercritical PC boiler with no CO2 capture is $1,574/kW.  No process 
contingency was included in this case because all elements of the technology are commercially 
proven.  The project contingency is 10.7 percent of the TPC.  The 20-year LCOE is 63.3 
mills/kWh. 
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Exhibit 4-33  Case 11 Total Plant Cost Summary 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 11 - Supercritical PC w/o CO2
Plant Size: 550.2 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING $15,481 $4,183 $9,376 $0 $0 $29,040 $2,602 $0 $4,746 $36,389 $66

 2 COAL & SORBENT PREP & FEED $10,405 $603 $2,638 $0 $0 $13,646 $1,196 $0 $2,226 $17,068 $31

 3 FEEDWATER & MISC. BOP SYSTEMS $40,107 $0 $18,856 $0 $0 $58,963 $5,369 $0 $10,462 $74,795 $136

 4 PC BOILER
4.1 PC Boiler & Accessories $148,766 $0 $83,888 $0 $0 $232,654 $22,535 $0 $25,519 $280,708 $510
4.2 SCR (w/4.1) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.3 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

4.4-4.9 Boiler BoP (w/ ID Fans) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
SUBTOTAL  4 $148,766 $0 $83,888 $0 $0 $232,654 $22,535 $0 $25,519 $280,708 $510

 5 FLUE GAS CLEANUP $78,075 $0 $26,700 $0 $0 $104,775 $9,955 $0 $11,473 $126,203 $229

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0

6.2-6.9 Combustion Turbine Other $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
SUBTOTAL  6 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 7 HRSG, DUCTING & STACK
7.1 Heat Recovery Steam Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0

7.2-7.9 HRSG Accessories, Ductwork and Stack $16,653 $959 $11,402 $0 $0 $29,013 $2,656 $0 $4,132 $35,801 $65
SUBTOTAL  7 $16,653 $959 $11,402 $0 $0 $29,013 $2,656 $0 $4,132 $35,801 $65

 8 STEAM TURBINE GENERATOR 
8.1 Steam TG & Accessories $48,728 $0 $6,532 $0 $0 $55,260 $5,291 $0 $6,055 $66,606 $121

8.2-8.9 Turbine Plant Auxiliaries and Steam Piping $23,094 $1,042 $12,656 $0 $0 $36,792 $3,213 $0 $5,619 $45,625 $83
SUBTOTAL  8 $71,822 $1,042 $19,188 $0 $0 $92,052 $8,504 $0 $11,675 $112,231 $204

 9 COOLING WATER SYSTEM $11,816 $6,553 $11,613 $0 $0 $29,981 $2,799 $0 $4,503 $37,283 $68

10 ASH/SPENT SORBENT HANDLING SYS $4,232 $133 $5,628 $0 $0 $9,992 $951 $0 $1,126 $12,069 $22

11 ACCESSORY ELECTRIC PLANT $15,533 $5,832 $17,190 $0 $0 $38,556 $3,411 $0 $5,217 $47,183 $86

12 INSTRUMENTATION & CONTROL $8,069 $0 $8,480 $0 $0 $16,549 $1,515 $0 $2,222 $20,285 $37

13 IMPROVEMENTS TO SITE $2,827 $1,625 $5,741 $0 $0 $10,194 $1,001 $0 $2,239 $13,434 $24

14 BUILDINGS & STRUCTURES $0 $21,560 $20,672 $0 $0 $42,232 $3,805 $0 $6,906 $52,943 $96

TOTAL COST $423,786 $42,490 $241,370 $0 $0 $707,646 $66,300 $0 $92,445 $866,391 $1,575

TOTAL PLANT COST SUMMARY 
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Exhibit 4-34  Case 11 Total Plant Cost Details 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 11 - Supercritical PC w/o CO2
Plant Size: 550.2 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING
1.1 Coal Receive & Unload $3,183 $0 $1,469 $0 $0 $4,652 $415 $0 $760 $5,827 $11
1.2 Coal Stackout & Reclaim $4,113 $0 $942 $0 $0 $5,055 $442 $0 $825 $6,322 $11
1.3 Coal Conveyors $3,824 $0 $932 $0 $0 $4,756 $417 $0 $776 $5,949 $11
1.4 Other Coal Handling $1,001 $0 $216 $0 $0 $1,216 $106 $0 $198 $1,521 $3
1.5 Sorbent Receive & Unload $127 $0 $39 $0 $0 $166 $15 $0 $27 $208 $0
1.6 Sorbent Stackout & Reclaim $2,056 $0 $381 $0 $0 $2,437 $212 $0 $397 $3,047 $6
1.7 Sorbent Conveyors $734 $158 $182 $0 $0 $1,073 $93 $0 $175 $1,341 $2
1.8 Other Sorbent Handling $443 $103 $235 $0 $0 $781 $69 $0 $128 $978 $2
1.9 Coal & Sorbent Hnd.Foundations $0 $3,922 $4,982 $0 $0 $8,904 $832 $0 $1,460 $11,197 $20

SUBTOTAL  1. $15,481 $4,183 $9,376 $0 $0 $29,040 $2,602 $0 $4,746 $36,389 $66
 2 COAL & SORBENT PREP & FEED

2.1 Coal Crushing & Drying $1,823 $0 $359 $0 $0 $2,182 $190 $0 $356 $2,728 $5
2.2 Coal Conveyor to Storage $4,668 $0 $1,030 $0 $0 $5,698 $498 $0 $929 $7,125 $13
2.3 Coal Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.4 Misc.Coal Prep & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.5 Sorbent Prep Equipment $3,493 $150 $733 $0 $0 $4,376 $381 $0 $714 $5,470 $10
2.6 Sorbent Storage & Feed $421 $0 $163 $0 $0 $584 $52 $0 $95 $731 $1
2.7 Sorbent Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.8 Booster Air Supply System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.9 Coal & Sorbent Feed Foundation $0 $453 $353 $0 $0 $807 $74 $0 $132 $1,013 $2

SUBTOTAL  2. $10,405 $603 $2,638 $0 $0 $13,646 $1,196 $0 $2,226 $17,068 $31
 3 FEEDWATER & MISC. BOP SYSTEMS

3.1 FeedwaterSystem $17,490 $0 $5,725 $0 $0 $23,214 $2,033 $0 $3,787 $29,034 $53
3.2 Water Makeup & Pretreating $4,278 $0 $1,376 $0 $0 $5,654 $530 $0 $1,237 $7,420 $13
3.3 Other Feedwater Subsystems $5,404 $0 $2,293 $0 $0 $7,697 $686 $0 $1,257 $9,641 $18
3.4 Service Water Systems $844 $0 $456 $0 $0 $1,300 $121 $0 $284 $1,705 $3
3.5 Other Boiler Plant Systems $6,403 $0 $6,264 $0 $0 $12,667 $1,188 $0 $2,078 $15,933 $29
3.6 FO Supply Sys & Nat Gas $247 $0 $304 $0 $0 $551 $51 $0 $90 $692 $1
3.7 Waste Treatment Equipment $2,883 $0 $1,652 $0 $0 $4,535 $439 $0 $995 $5,969 $11
3.8 Misc. Equip.(cranes,AirComp.,Comm.) $2,558 $0 $788 $0 $0 $3,346 $321 $0 $733 $4,400 $8

SUBTOTAL  3. $40,107 $0 $18,856 $0 $0 $58,963 $5,369 $0 $10,462 $74,795 $136
 4 PC BOILER

4.1 PC Boiler & Accessories $148,766 $0 $83,888 $0 $0 $232,654 $22,535 $0 $25,519 $280,708 $510
4.2 SCR (w/4.1) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.3 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.4 Boiler BoP (w/ ID Fans) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.5 Primary Air System w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.6 Secondary Air System w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.8 Major Component Rigging $0 w/4.1 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.9 Boiler Foundations $0 w/14.1 w/14.1 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  4. $148,766 $0 $83,888 $0 $0 $232,654 $22,535 $0 $25,519 $280,708 $510

TOTAL PLANT COST SUMMARY 
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Exhibit 4-34  Case 11 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 11 - Supercritical PC w/o CO2
Plant Size: 550.2 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 5 FLUE GAS CLEANUP
5.1 Absorber Vessels & Accessories $54,227 $0 $11,683 $0 $0 $65,910 $6,238 $0 $7,215 $79,363 $144
5.2 Other FGD $2,830 $0 $3,209 $0 $0 $6,039 $582 $0 $662 $7,283 $13
5.3 Bag House & Accessories $15,654 $0 $9,942 $0 $0 $25,596 $2,448 $0 $2,804 $30,849 $56
5.4 Other Particulate Removal Materials $1,059 $0 $1,134 $0 $0 $2,194 $211 $0 $241 $2,646 $5
5.5 Gypsum Dewatering System $4,304 $0 $732 $0 $0 $5,036 $476 $0 $551 $6,063 $11
5.6 Mercury Removal System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5.9 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  5. $78,075 $0 $26,700 $0 $0 $104,775 $9,955 $0 $11,473 $126,203 $229
 6 COMBUSTION TURBINE/ACCESSORIES

6.1 Combustion Turbine Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
6.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.3 Compressed Air Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.9 Combustion Turbine Foundations $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  6. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 7 HRSG, DUCTING & STACK

7.1 Heat Recovery Steam Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
7.2 HRSG Accessories $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.3 Ductwork $8,242 $0 $5,379 $0 $0 $13,621 $1,190 $0 $2,222 $17,033 $31
7.4 Stack $8,411 $0 $4,925 $0 $0 $13,336 $1,274 $0 $1,461 $16,071 $29
7.9 Duct & Stack Foundations $0 $959 $1,097 $0 $0 $2,056 $192 $0 $449 $2,697 $5

SUBTOTAL  7. $16,653 $959 $11,402 $0 $0 $29,013 $2,656 $0 $4,132 $35,801 $65
 8 STEAM TURBINE GENERATOR 

8.1 Steam TG & Accessories $48,728 $0 $6,532 $0 $0 $55,260 $5,291 $0 $6,055 $66,606 $121
8.2 Turbine Plant Auxiliaries $334 $0 $716 $0 $0 $1,050 $102 $0 $115 $1,268 $2
8.3 Condenser & Auxiliaries $6,405 $0 $2,204 $0 $0 $8,610 $818 $0 $943 $10,370 $19
8.4 Steam Piping $16,354 $0 $8,078 $0 $0 $24,433 $2,039 $0 $3,971 $30,443 $55
8.9 TG Foundations $0 $1,042 $1,658 $0 $0 $2,699 $254 $0 $591 $3,544 $6

SUBTOTAL  8. $71,822 $1,042 $19,188 $0 $0 $92,052 $8,504 $0 $11,675 $112,231 $204
 9 COOLING WATER SYSTEM

9.1 Cooling Towers $8,669 $0 $2,702 $0 $0 $11,371 $1,079 $0 $1,245 $13,695 $25
9.2 Circulating Water Pumps $1,765 $0 $111 $0 $0 $1,876 $160 $0 $204 $2,239 $4
9.3 Circ.Water System Auxiliaries $515 $0 $69 $0 $0 $583 $55 $0 $64 $702 $1
9.4 Circ.Water Piping $0 $4,150 $3,958 $0 $0 $8,108 $747 $0 $1,328 $10,183 $19
9.5 Make-up Water System $457 $0 $605 $0 $0 $1,062 $101 $0 $174 $1,337 $2
9.6 Component Cooling Water Sys $411 $0 $324 $0 $0 $735 $69 $0 $121 $924 $2
9.9 Circ.Water System Foundations& Structures $0 $2,403 $3,844 $0 $0 $6,247 $588 $0 $1,367 $8,202 $15

SUBTOTAL  9. $11,816 $6,553 $11,613 $0 $0 $29,981 $2,799 $0 $4,503 $37,283 $68
10 ASH/SPENT SORBENT HANDLING SYS

10.1 Ash Coolers N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.2 Cyclone Ash Letdown N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.3 HGCU Ash Letdown N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.4 High Temperature Ash Piping N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.5 Other Ash Recovery Equipment N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.6 Ash Storage Silos $563 $0 $1,735 $0 $0 $2,298 $224 $0 $252 $2,774 $5
10.7 Ash Transport & Feed Equipment $3,669 $0 $3,735 $0 $0 $7,403 $700 $0 $810 $8,914 $16
10.8 Misc. Ash Handling Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.9 Ash/Spent Sorbent Foundation $0 $133 $158 $0 $0 $291 $27 $0 $64 $381 $1

SUBTOTAL 10. $4,232 $133 $5,628 $0 $0 $9,992 $951 $0 $1,126 $12,069 $22

TOTAL PLANT COST SUMMARY 
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Exhibit 4-34  Case 11 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 11 - Supercritical PC w/o CO2
Plant Size: 550.2 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

11 ACCESSORY ELECTRIC PLANT
11.1 Generator Equipment $1,524 $0 $249 $0 $0 $1,773 $164 $0 $145 $2,083 $4
11.2 Station Service Equipment $2,578 $0 $882 $0 $0 $3,460 $331 $0 $284 $4,075 $7
11.3 Switchgear & Motor Control $3,063 $0 $525 $0 $0 $3,588 $332 $0 $392 $4,312 $8
11.4 Conduit & Cable Tray $0 $1,967 $6,693 $0 $0 $8,660 $829 $0 $1,423 $10,913 $20
11.5 Wire & Cable $0 $3,568 $7,051 $0 $0 $10,619 $895 $0 $1,727 $13,241 $24
11.6 Protective Equipment $243 $0 $861 $0 $0 $1,104 $108 $0 $121 $1,333 $2
11.7 Standby Equipment $1,176 $0 $28 $0 $0 $1,204 $114 $0 $132 $1,450 $3
11.8 Main Power Transformers $6,950 $0 $165 $0 $0 $7,116 $541 $0 $766 $8,422 $15
11.9 Electrical Foundations $0 $297 $735 $0 $0 $1,032 $98 $0 $226 $1,356 $2

SUBTOTAL 11. $15,533 $5,832 $17,190 $0 $0 $38,556 $3,411 $0 $5,217 $47,183 $86
12 INSTRUMENTATION & CONTROL

12.1 PC Control Equipment w/12.7 $0 w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.2 Combustion Turbine Control N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
12.3 Steam Turbine Control w/8.1 $0 w/8.1 $0 $0 $0 $0 $0 $0 $0 $0
12.4 Other Major Component Control $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
12.5 Signal Processing Equipment      W/12.7 $0      w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.6 Control Boards,Panels & Racks $413 $0 $258 $0 $0 $671 $65 $0 $110 $846 $2
12.7 Distributed Control System Equipment $4,172 $0 $760 $0 $0 $4,932 $470 $0 $540 $5,942 $11
12.8 Instrument Wiring & Tubing $2,305 $0 $4,674 $0 $0 $6,979 $594 $0 $1,136 $8,710 $16
12.9 Other I & C Equipment $1,179 $0 $2,787 $0 $0 $3,966 $386 $0 $435 $4,788 $9

SUBTOTAL 12. $8,069 $0 $8,480 $0 $0 $16,549 $1,515 $0 $2,222 $20,285 $37
13 IMPROVEMENTS TO SITE

13.1 Site Preparation $0 $48 $958 $0 $0 $1,005 $99 $0 $221 $1,325 $2
13.2 Site Improvements $0 $1,578 $1,974 $0 $0 $3,552 $349 $0 $780 $4,681 $9
13.3 Site Facilities $2,827 $0 $2,809 $0 $0 $5,637 $553 $0 $1,238 $7,428 $14

SUBTOTAL 13. $2,827 $1,625 $5,741 $0 $0 $10,194 $1,001 $0 $2,239 $13,434 $24
14 BUILDINGS & STRUCTURES

14.1 Boiler Building $0 $7,843 $6,990 $0 $0 $14,833 $1,332 $0 $2,425 $18,590 $34
14.2 Turbine Building $0 $11,220 $10,597 $0 $0 $21,817 $1,964 $0 $3,567 $27,348 $50
14.3 Administration Building $0 $554 $594 $0 $0 $1,147 $104 $0 $188 $1,439 $3
14.4 Circulation Water Pumphouse $0 $159 $128 $0 $0 $286 $26 $0 $47 $359 $1
14.5 Water Treatment Buildings $0 $565 $471 $0 $0 $1,036 $93 $0 $169 $1,299 $2
14.6 Machine Shop $0 $370 $252 $0 $0 $623 $55 $0 $102 $780 $1
14.7 Warehouse $0 $251 $255 $0 $0 $506 $46 $0 $83 $635 $1
14.8 Other Buildings & Structures $0 $205 $177 $0 $0 $382 $34 $0 $62 $479 $1
14.9 Waste Treating Building & Str. $0 $393 $1,208 $0 $0 $1,601 $151 $0 $263 $2,015 $4

SUBTOTAL 14. $0 $21,560 $20,672 $0 $0 $42,232 $3,805 $0 $6,906 $52,943 $96

TOTAL COST $423,786 $42,490 $241,370 $0 $0 $707,646 $66,300 $0 $92,445 $866,391 $1,575

TOTAL PLANT COST SUMMARY 
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Exhibit 4-35  Case 11 Initial and Annual Operating and Maintenance Costs 
INITIAL & ANNUAL O&M EXPENSES Cost Base (Dec) 2006

Case 11 - Supercritical PC w/o CO2 Heat Rate-net(Btu/kWh): 8,721
 MWe-net: 550

           Capacity Factor: (%): 85
                                                OPERATING & MAINTENANCE LABOR

Operating Labor
  Operating Labor Rate(base): 33.00 $/hour
  Operating Labor Burden: 30.00 % of base
  Labor O-H Charge Rate: 25.00 % of labor

Total

       Skilled Operator 2.0 2.0
       Operator 9.0 9.0
       Foreman 1.0 1.0
       Lab Tech's, etc. 2.0 2.0
          TOTAL-O.J.'s 14.0 14.0

Annual Cost Annual Unit Cost
$ $/kW-net

Annual Operating Labor Cost $5,261,256 $9.563
Maintenance Labor Cost $5,818,574 $10.576
Administrative & Support Labor $2,769,958 $5.035
TOTAL FIXED OPERATING COSTS $13,849,788 $25.175
VARIABLE OPERATING COSTS

$/kWh-net
Maintenance Material Cost $8,727,862 $0.00213

Consumables Consumption Unit Initial
  Initial       /Day      Cost  Cost

  Water(/1000 gallons) 0 3,918 1.03 $0 $1,251,873 $0.00031

  Chemicals
    MU & WT Chem.(lb) 132,743 18,963 0.16 $21,876 $969,578 $0.00024
    Limestone (ton) 3,429 490 20.60 $70,633 $3,130,564 $0.00076
    Carbon (Mercury Removal) (lb) 0 0 1.00 $0 $0 $0.00000
    MEA Solvent (ton) 0 0 2,142.40 $0 $0 $0.00000
    NaOH (tons) 0 0 412.96 $0 $0 $0.00000
    H2SO4 (tons) 0 0 132.15 $0 $0 $0.00000
    Corrosion Inhibitor 0 0 0.00 $0 $0 $0.00000
    Activated Carbon(lb) 0 0 1.00 $0 $0 $0.00000
    Ammonia (28% NH3) ton 517 74 123.60 $63,883 $2,831,382 $0.00069

Subtotal Chemicals $156,392 $6,931,524 $0.00169

  Other
    Supplemental Fuel(MBtu) 0 0 0.00 $0 $0 $0.00000
    SCR Catalyst(m3) w/equip. 0.44 5,500.00 $0 $747,563 $0.00018
    Emission Penalties 0 0 0.00 $0 $0 $0.00000

Subtotal Other $0 $747,563 $0.00018

  Waste Disposal
    Flyash (ton) 0 96 15.45 $0 $458,782 $0.00011
    Bottom Ash(ton) 0 383 15.45 $0 $1,835,187 $0.00045

      Subtotal-Waste Disposal $0 $2,293,969 $0.00056

  By-products & Emissions 
     Gypsum (tons) 0 739 0.00 $0 $0 $0.00000

Subtotal By-Products $0 $0 $0.00000

TOTAL VARIABLE OPERATING COSTS $156,392 $19,952,791 $0.00487

 Fuel(ton) 148,057 4,935 42.11 $6,234,675 $64,476,927 $0.01574  
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4.3.7 CASE 12 – SUPERCRITICAL PC WITH CO2 CAPTURE 
The plant configuration for Case 12, supercritical PC, is the same as Case 11 with the exception 
that the Econamine FG Plus CDR technology was added for CO2 capture.  The nominal net 
output is maintained at 550 MW by increasing the boiler size and turbine/generator size to 
account for the greater auxiliary load imposed by the CDR facility.  Unlike the IGCC cases 
where gross output was fixed by the available size of the combustion turbines, the PC cases 
utilize boilers and steam turbines that can be procured at nearly any desired output making it 
possible to maintain a constant net output. 

The process description for Case 12 is essentially the same as Case 11 with one notable 
exception, the addition of CO2 capture.  A BFD and stream tables for Case 12 are shown in 
Exhibit 4-36 and Exhibit 4-37, respectively.  Since the CDR facility process description was 
provided in Section 4.1.7, it is not repeated here. 

4.3.8 CASE 12 PERFORMANCE RESULTS 
The Case 12 modeling assumptions were presented previously in Section 4.3.2. 

The plant produces a net output of 546 MW at a net plant efficiency of 27.2 percent (HHV 
basis).  Overall plant performance is summarized in Exhibit 4-38 which includes auxiliary power 
requirements.  The CDR facility, including CO2 compression, accounts for over 58 percent of the 
auxiliary plant load.  The circulating water system (circulating water pumps and cooling tower 
fan) accounts for over 15 percent of the auxiliary load, largely due to the high cooling water 
demand of the CDR facility. 
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Exhibit 4-36  Case 12 Process Flow Diagram, Supercritical Unit with CO2 Capture 
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Exhibit 4-37  Case 12 Stream Table, Supercritical Unit with CO2 Capture 
1 2 3 4 5 6 7 8 9 10 11

V-L Mole Fractions            
  Ar 0.0092 0.0092 0.0092 0.0092 0.0092 0.0000 0.0000 0.0087 0.0000 0.0087 0.0087

  CO2 0.0003 0.0003 0.0003 0.0003 0.0003 0.0000 0.0000 0.1450 0.0000 0.1450 0.1450

  H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

  H2O 0.0099 0.0099 0.0099 0.0099 0.0099 0.0000 0.0000 0.0870 0.0000 0.0870 0.0870

  N2 0.7732 0.7732 0.7732 0.7732 0.7732 0.0000 0.0000 0.7324 0.0000 0.7324 0.7324

  O2 0.2074 0.2074 0.2074 0.2074 0.2074 0.0000 0.0000 0.0247 0.0000 0.0247 0.0247

  SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0021 0.0000 0.0021 0.0021
Total 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 1.0000 0.0000 1.0000 1.0000

V-L Flow (lbmol/hr) 153,570 153,570 47,175 47,175 2,650 0 0 215,146 0 215,146 215,146

V-L Flow (lb/hr) 4,431,560 4,431,560 1,361,330 1,361,330 76,466 0 0 6,399,090 0 6,399,090 6,399,090
Solids Flowrate 0 0 0 0 0 586,627 11,377 45,507 45,507 0 0

Temperature (°F) 59 66 59 78 59 59 350 350 350 350 370
Pressure (psia) 14.70 15.25 14.70 16.14 14.70 14.70 14.40 14.40 14.20 14.20 15.26

Enthalpy (BTU/lb)A 13.1 14.9 13.1 17.7 13.1 11,676 51.4 135.6 51.4 136.2 141.5
Density (lb/ft3) 0.08 0.08 0.08 0.08 0.08 --- --- 0.05 --- 0.05 0.05

Avg. Molecular Weight 28.86 28.86 28.86 28.86 28.86 --- --- 29.74 --- 29.74 29.74

12 13 14 15 16 17 18 19 20 21
V-L Mole Fraction    

Ar 0.0000 0.0000 0.0092 0.0000 0.0080 0.0000 0.0000 0.0000 0.0000 0.0109
CO2 0.0000 0.0000 0.0003 0.0015 0.1326 0.0000 0.0000 0.9862 1.0000 0.0180

H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

H2O 1.0000 1.0000 0.0099 0.9977 0.1668 1.0000 1.0000 0.0138 0.0000 0.0281

N2 0.0000 0.0000 0.7732 0.0008 0.6690 0.0000 0.0000 0.0000 0.0000 0.9109

O2 0.0000 0.0000 0.2074 0.0000 0.0235 0.0000 0.0000 0.0000 0.0000 0.0320
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 7,537 34,486 2,535 20,128 238,453 100,792 100,792 28,856 28,458 175,090

V-L Flowrate (lb/hr) 135,788 621,279 73,155 363,564 6,833,360 1,815,800 1,815,800 1,259,600 1,252,440 4,951,450
Solids Flowrate (lb/hr) 58,054 0 0 90,446 0 0 0 0 0 0

Temperature (°F) 59 60 59 135 135 692 348 69 124 74
Pressure (psia) 14.70 14.70 14.70 15.20 15.20 130.86 130.86 23.52 2215.00 14.70
Enthalpy (BTU/lb)A --- 33.3 13.1 88.0 139.4 1373.8 319.5 11.4 -70.8 29.6
Density (lb/ft3) 62.62 62.59 0.08 39.94 0.07 0.19 55.67 0.18 40.76 0.07
Molecular Weight 18.02 18.02 28.86 18.06 28.66 18.02 18.02 43.65 44.01 28.28

A - Reference conditions are 32.02 F & 0.089 PSIA  
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Exhibit 4-38  Case 12 Plant Performance Summary 

POWER SUMMARY (Gross Power at Generator Terminals, kWe) 
TOTAL (STEAM TURBINE) POWER, kWe 663,445 
AUXILIARY LOAD SUMMARY, kWe (Note 1)  

Coal Handling and Conveying 490 
Limestone Handling & Reagent Preparation 1,270 
Pulverizers 3,990 
Ash Handling 760 
Primary Air Fans 1,870 
Forced Draft Fans 2,380 
Induced Draft Fans 10,120 
SCR 70 
Baghouse 100 
FGD Pumps and Agitators 4,250 
Econamine FG Plus Auxiliaries 21,320 
CO2 Compression 46,900 
Miscellaneous Balance of Plant (Note 2) 2,000 
Steam Turbine Auxiliaries 400 
Condensate Pumps 630 
Circulating Water Pumps 12,260 
Cooling Tower Fans 6,340 
Transformer Loss 2,300 

TOTAL AUXILIARIES, kWe 117,450 
NET POWER, kWe 545,995 

Net Plant Efficiency (HHV) 27.2% 
Net Plant Heat Rate (Btu/kWh) 12,534 

CONDENSER COOLING DUTY, 106 kJ/h (106 Btu/h) 1,884 (1,787) 
CONSUMABLES  

As-Received Coal Feed, kg/h (lb/h) 266,090 (586,627) 
Limestone Sorbent Feed, kg/h (lb/h) 26,333 (58,054) 
Thermal Input, kWt 2,005,660 
Makeup Water, m3/min (gpm) 46.0 (12,159) 

Notes:  1. Boiler feed pumps are steam turbine driven 
 2. Includes plant control systems, lighting, HVAC and miscellanous low voltage loads  
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Environmental Performance 
The environmental targets for emissions of Hg, NOx, SO2, and particulate matter were presented 
in Section 2.4.  A summary of the plant air emissions for Case 12 is presented in Exhibit 4-39. 

Exhibit 4-39  Case 12 Air Emissions 

 kg/GJ 
(lb/106 Btu) 

Tonne/year 
(ton/year)  

85% capacity factor 

kg/MWh 
(lb/MWh) 

SO2 Negligible Negligible Negligible 
NOX 0.030 (0.070) 1,618 (1,784) 0.328 (0.722) 
Particulates 0.006 (0.013) 300 (331) 0.061 (0.134) 

Hg 0.49 x 10-6 
(1.14 x 10-6) 0.026 (0.029) 5.3 x 10-6     

(11.8 x 10-6) 
CO2 8.7 (20) 468,000 (516,000) 95 (209) 
CO2

1   115 (254) 
1 CO2 emissions based on net power instead of gross power 

SO2 emissions are controlled using a wet limestone forced oxidation scrubber that achieves a 
removal efficiency of 98 percent.  The byproduct calcium sulfate is dewatered and stored on site.  
The wallboard grade material can potentially be marketed and sold, but since it is highly 
dependent on local market conditions, no byproduct credit was taken.  The SO2 emissions are 
further reduced to 10 ppmv using a NaOH based polishing scrubber in the CDR facility.  The 
remaining low concentration of SO2 is essentially completely removed in the CDR absorber 
vessel resulting in negligible SO2 emissions. 

NOx emissions are controlled to about 0.5 lb/106 Btu through the use of LNBs and OFA.  An 
SCR unit then further reduces the NOx concentration by 86 percent to 0.07 lb/106 Btu. 

Particulate emissions are controlled using a pulse jet fabric filter which operates at an efficiency 
of 99.8 percent. 

Co-benefit capture results in a 90 percent reduction of mercury emissions.  Ninety percent of the 
CO2 in the flue gas is removed in CDR facility. 

Exhibit 4-40 shows the overall water balance for the plant.  Raw water is obtained from 
groundwater (50 percent) and from municipal sources (50 percent).  The water usage represents 
only the contribution of raw water makeup.  In some cases the water demand is greater than raw 
water makeup because of internal water recycle streams.  For example, the boiler feedwater 
blowdown stream and condensate recovered from cooling the flue gas prior to the CO2 absorber 
are re-used as makeup to the cooling tower, thus reducing the raw water requirement by that 
amount. 
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Exhibit 4-40  Case 12 Water Balance 

Water Use Water Demand, 
m3/min (gpm) 

Internal Recycle, 
m3/min (gpm) 

Raw Water Makeup, 
m3/min (gpm) 

FGD Makeup 2.9 (779) 0 2.9 (779) 

BFW Makeup 0.4 (105) 0 0.4 (105) 

Cooling Tower Makeup 41.2 (10,885) 5.0 (1,324) 36.2 (9,561) 

Total 44.5 (11,769) 5.0 (1,324) 39.5 (10,444) 

 

Heat and Mass Balance Diagrams 
A heat and mass balance diagram is shown for the Case 12 PC boiler, the FGD unit, CDR system 
and steam cycle in Exhibit 4-41. 

An overall plant energy balance is provided in tabular form in Exhibit 4-42.  The power out is 
the steam turbine power prior to generator losses.  The power at the generator terminals (shown 
in Exhibit 4-38) is calculated by multiplying the power out by a generator efficiency of 98.5 
percent.  The Econamine process heat out stream represents heat rejected to cooling water and 
ultimately to ambient via the cooling tower.  The same is true of the condenser heat out stream.  
The CO2 compressor intercooler load is included in the Econamine process heat out stream. 
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Exhibit 4-41  Case 12 Heat and Mass Balance, Supercritical PC Boiler with CO2 Capture 
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Exhibit 4-42  Case 12 Overall Energy Balance (0°C [32°F] Reference) 

 HHV Sensible + 
Latent Power Total 

Heat In (MMBtu/hr) 
Coal 6,843.6 5.7  6,849.3 
Ambient Air  76.1  76.1 
Infiltration Air  1.0  1.0 
Limestone  87.1  87.1 
FGD Oxidant  1.0  1.0 
Raw Water Makeup  136.4  136.4 
Auxiliary Power   424.2 424.2 
Totals 6,843.6 307.3 424.2 7,575.0 
Heat Out (MMBtu/hr) 
Bottom Ash  0.6  0.6 
Fly Ash  2.3  2.3 
Flue Gas Exhaust  229.1  229.1 
CO2 Product  (88.7)  (88.7) 
Condenser  1,787.0  1,787.0 
Econamime Process  3154.6  3154.6 
Cooling Tower Blowdown  63.3  63.3 
Gypsum Slurry  2.8  2.8 
Process Losses (1)  124.5  124.5 
Power   2,299.5 2,299.5 
Totals 0.0 5,275.6 2,299.5 7,575.0 

(1) Process Losses are calculated by difference and reflect various boiler, turbine, and other 
heat and work losses.  Aspen flowsheet balance is within 0.5 percent. 
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4.3.9 CASE 12 – MAJOR EQUIPMENT LIST 
Major equipment items for the supercritical PC plant with CO2 capture are shown in the 
following tables.  The accounts used in the equipment list correspond to the account numbers 
used in the cost estimates in Section 4.3.10.  In general, the design conditions include a 10 
percent contingency for flows and heat duties and a 21 percent contingency for heads on pumps 
and fans. 

ACCOUNT 1 FUEL AND SORBENT HANDLING 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Bottom Trestle Dumper and 
Receiving Hoppers N/A 2 0

2 Feeder Belt 2 0

3 Conveyor No. 1 Belt 1 0

4 Transfer Tower No. 1 Enclosed 1 0

5 Conveyor No. 2 Belt 1 0

6 As-Received Coal Sampling 
System Two-stage 1 0

7 Stacker/Reclaimer Traveling, linear 1 0

8 Reclaim Hopper N/A 2 1

9 Feeder Vibratory 2 1

10 Conveyor No. 3 Belt w/ tripper 1 0

11 Crusher Tower N/A 1 0

12 Coal Surge Bin w/ Vent Filter Dual outlet 2 0

13 Crusher Impactor 
reduction 2 0

14 As-Fired Coal Sampling 
System Swing hammer 1 1

15 Conveyor No. 4 Belt w/tripper 1 0

16 Transfer Tower No. 2 Enclosed 1 0

17 Conveyor No. 5 Belt w/ tripper 1 0

18 Coal Silo w/ Vent Filter and 
Slide Gates Field erected 3 0

19 Limestone Truck Unloading 
Hopper N/A 1 0

20 Limestone Feeder Belt 1 0

21 Limestone Conveyor No. L1 Belt 1 0

22 Limestone Reclaim Hopper N/A 1 0

23 Limestone Reclaim Feeder Belt 1 0

24 Limestone Conveyor No. L2 Belt 1 0

25 Limestone Day Bin w/ actuator 2 0

Design Condition

181 tonne  (200 ton)

N/A

1,134 tonne/h  (1,250 tph)

N/A

1,134 tonne/h  (1,250 tph)

572 tonne/h  (630 tph)

1,134 tonne/h  (1,250 tph)

54 tonne  (60 ton)

218 tonne/h  (240 tph)

8 cm x 0 - 3 cm x 0
(3" x 0 - 1-1/4" x 0)

435 tonne/h  (480 tph)

218 tonne  (240 ton)

N/A

435 tonne/h  (480 tph)

998 tonne  (1,100 ton)

N/A

435 tonne/h  (480 tph)

N/A

36 tonne  (40 ton)

109 tonne/h  (120 tph)

109 tonne/h  (120 tph)

345 tonne  (380 ton)

18 tonne  (20 ton)

91 tonne/h  (100 tph)

91 tonne/h  (100 tph)
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ACCOUNT 2 COAL AND SORBENT PREPARATION AND FEED 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Coal Feeder Gravimetric 6 0

2 Coal Pulverizer Ball type or 
equivalent 6 0

3 Limestone Weigh Feeder Gravimetric 1 1

4 Limestone Ball Mill Rotary 1 1

5 Limestone Mill Slurry Tank 
with Agitator N/A 1 1

6 Limestone Mill Recycle 
Pumps

Horizontal 
centrifugal 1 1

7 Hydroclone Classifier
4 active 
cyclones in a 5 
cyclone bank

1 1

8 Distribution Box 2-way 1 1

9 Limestone Slurry Storage 
Tank with Agitator Field erected 1 1

10 Limestone Slurry Feed 
Pumps

Horizontal 
centrifugal 1 1

109,778 liters  (29,000 gal)

Design Condition

45 tonne/h  (50 tph)

45 tonne/h  (50 tph)

29 tonne/h  (32 tph)

29 tonne/h  (32 tph)

624,598 liters  (165,000 gal)

445 lpm @ 12m H2O
(490 gpm @ 40 ft H2O)

N/A

308 lpm @ 9m H2O
(340 gpm @ 30 ft H2O)

109 lpm  (120 gpm) per cyclone
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ACCOUNT 3  FEEDWATER AND MISCELLANEOUS SYSTEMS AND 
EQUIPMENT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Demineralized Water 
Storage Tank

Vertical, cylindrical, 
outdoor 2 0

2 Condensate Pumps Vertical canned 1 1

3 Deaerator and Storage 
Tank Horizontal spray type 1 0

4 Boiler Feed Pump and 
Steam Turbine Drive

Barrel type, multi-
stage, centrifugal 1 1

6 LP Feedwater Heater 
1A/1B Horizontal U-tube 2 0

7 LP Feedwater Heater 
2A/2B Horizontal U-tube 2 0

8 LP Feedwater Heater 
3A/3B Horizontal U-tube 2 0

9 LP Feedwater Heater 
4A/4B Horizontal U-tube 2 0

10 HP Feedwater Heater 6 Horizontal U-tube 1 0

11 HP Feedwater Heater 7 Horizontal U-tube 1 0

12 HP Feedwater heater 8 Horizontal U-tube 1 0

13 Auxiliary Boiler Shop fabricated, water 
tube 1 0

14 Fuel Oil System No. 2 fuel oil for light 
off 1 0

15 Service Air 
Compressors Flooded Screw 2 1

16 Instrument Air Dryers Duplex, regenerative 2 1

17 Closed Cycle Cooling 
Heat Exchangers Shell and tube 2 0

18 Closed Cycle Cooling 
Water Pumps Horizontal centrifugal 2 1

19 Engine-Driven Fire 
Pump

Vertical turbine, diesel 
engine 1 1

20 Fire Service Booster 
Pump

Two-stage horizontal 
centrifugal 1 1

21 Raw Water Pumps Stainless steel, single 
suction 2 1

22 Filtered Water Pumps Stainless steel, single 
suction 2 1

23 Filtered Water Tank Vertical, cylindrical 1 0

24 Makeup Water 
Demineralizer

Multi-media filter, 
cartridge filter, RO 
membrane assembly, 
electrodeionization unit

1 1

25 Liquid Waste Treatment 
System -- 1 0

28 m3/min (1,000 scfm)

3,785 lpm @ 88 m H2O
(1,000 gpm @ 290 ft H2O)

2,650 lpm @ 64 m H2O
(700 gpm @ 210 ft H2O)
25,514 lpm @ 43 m H2O

(6,740 gpm @ 140 ft H2O)

2,120 lpm @ 49 m H2O
(560 gpm @ 160 ft H2O)

05
Startup Boiler Feed 
Pump, Electric Motor 
Driven

Barrel type, multi-
stage, centrifugal

13,249 lpm @ 3,475 m H2O
(3,500 gpm @ 11,400 ft H2O) 1

53 MMkJ/h  (50 MMBtu/h) each

20,820 lpm @ 30 m H2O
(5,500 gpm @ 100 ft H2O)

2,612,695 kg/h (5,760,000 lb/h)

2,040,353 liter (539,000 gal)

1,022 lpm (270 gpm)

10 years, 24-hour storm

43,911 lpm @ 3,475 m H2O
(11,600 gpm @ 11,400 ft H2O)

18,144 kg/h, 2.8 MPa, 343°C
(40,000 lb/h, 400 psig, 650°F)

28 m3/min @ 0.7 MPa
(1,000 scfm @ 100 psig)

557,919 kg/h (1,230,000 lb/h)

557,919 kg/h (1,230,000 lb/h)

557,919 kg/h (1,230,000 lb/h)

557,919 kg/h (1,230,000 lb/h)

2,612,695 kg/h (5,760,000 lb/h)

2,612,695 kg/h (5,760,000 lb/h)

1,135,632 liter (300,000 gal)

Design Condition

1,570,958 liters (415,000 gal)

18,927 lpm @ 213 m H2O
(5,000 gpm @ 700 ft H2O)

2,614,963 kg/h (5,765,000 lb/h)
5 min. tank

 



Cost and Performance Comparison of Fossil Energy Power Plants 

 413  

ACCOUNT 4 BOILER AND ACCESSORIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Boiler
Supercritical, drum, 
wall-fired, low NOx 
burners, overfire air

1 0

2 Primary Air Fan Centrifugal 2 0

3 Forced Draft Fan Centrifugal 2 0

4 Induced Draft Fan Centrifugal 2 0

5 SCR Reactor Vessel Space for spare layer 2 0

6 SCR Catalyst -- 3 0

7 Dilution Air Blower Centrifugal 2 1

8 Ammonia Storage Horizontal tank 5 0

9 Ammonia Feed 
Pump Centrifugal 2 1

1,596,647 kg/h, 33,898 m3/min @ 
90 cm WG  (3,520,000 lb/h, 

1,197,100 acfm @ 36 in. WG)

3,193,294 kg/h  (7,040,000 lb/h)

--

Design Condition

2,612,695 kg/h steam @ 24.1 
MPa/593°C/593°C        

(5,760,000 lb/h steam @ 3,500 
psig/1,100°F/1,100°F)

339,741 kg/h, 4,650 m3/min @ 
123 cm WG  (749,000 lb/h, 
164,200 acfm @ 48 in. WG)

1,105,406 kg/h, 15,135 m3/min @ 
47 cm WG  (2,437,000 lb/h, 
534,500 acfm @ 19 in. WG)

190 m3/min @ 108 cm WG
(6,700 acfm @ 42 in. WG)

208,199 liter  (55,000 gal)

40 lpm @ 91 m H2O
(11 gpm @ 300 ft H2O)  
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ACCOUNT 5 FLUE GAS CLEANUP 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Fabric Filter

Single stage, high-
ratio with pulse-
jet online cleaning 
system

2 0

2 Absorber Module Counter-current 
open spray 1 0

3 Recirculation Pumps Horizontal 
centrifugal 5 1

4 Bleed Pumps Horizontal 
centrifugal 2 1

5 Oxidation Air Blowers Centrifugal 2 1

6 Agitators Side entering 5 1

7 Dewatering Cyclones Radial assembly, 
5 units each 2 0

8 Vacuum Filter Belt Horizontal belt 2 1

9 Filtrate Water Return 
Pumps

Horizontal 
centrifugal 1 1

10 Filtrate Water Return 
Storage Tank Vertical, lined 1 0

11 Process Makeup Water 
Pumps

Horizontal 
centrifugal 1 1

Design Condition

1,596,647 kg/h  (3,520,000 lb/h)  
99.8% efficiency

52,160 m3/min  (1,842,000 acfm)

181,701 lpm @ 64 m H2O
(48,000 gpm @ 210 ft H2O)

250 m3/min @ 0.3 MPa
(8,820 acfm @ 42 psia)

45 tonne/h  (50 tph)
50 wt % slurry

5,716 lpm  (1,510 gpm)
20 wt% solids

50 hp

1,438 lpm  (380 gpm) per cyclone

871 lpm @ 12 m H2O
(230 gpm @ 40 ft H2O)

567,816 lpm  (150,000 gal)

3,255 lpm @ 21 m H2O
(860 gpm @ 70 ft H2O)  

 

ACCOUNT 5C  CARBON DIOXIDE RECOVERY 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Econamine FG 
Plus

Amine-based CO2 
capture technology 2 0

2 CO2 
Compressor

Integrally geared, 
multi-stage 
centrifugal

2 0

Design Condition

1,704,602 kg/h  (3,758,000 lb/h)  
20.4 wt % CO2

inlet concentration

312,453 kg/h @ 15.3 MPa
(688,840 lb/h @ 2,215 psia)
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ACCOUNT 6 COMBUSTION TURBINE/ACCESSORIES  
 N/A 

 

ACCOUNT 7 HRSG, DUCTING & STACK 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Stack Reinforced concrete 
with FRP liner 1 0

Design Condition

152 m (500 ft) high x
5.5 m (18 ft) diameter

 
 

ACCOUNT 8  STEAM TURBINE GENERATOR AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Steam Turbine
Commercially 
available advanced 
steam turbine

1 0

2 Steam Turbine Generator Hydrogen cooled, 
static excitation 1 0

3 Surface Condenser
Single pass, divided 
waterbox including 
vacuum pumps

1 0

780 MVA @ 0.9 p.f.,    
24 kV, 60 Hz

Design Condition

700 MW               
24.1 MPa/593°C/593°C 

(3500 psig/ 
1100°F/1100°F)

2,077 MMkJ/h (1,970 
MMBtu/h), Inlet water 

temperature 16ºC (60ºF), 
Water temperature rise 

11ºC (20ºF)
 

 

ACCOUNT 9 COOLING WATER SYSTEM 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Circulating 
Water Pumps Vertical, wet pit 4 2

2 Cooling Tower
Evaporative, 
mechanical draft, 
multi-cell

1 0

Design Condition

613,241 lpm @ 30.5 m
(162,000 gpm @ 100 ft)

11°C  (51.5°F) wet bulb / 16°C  
(60°F) CWT / 27°C  (80°F) HWT 
5,914 MMkJ/h (5,610 MMBtu/h) 

heat load  
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ACCOUNT 10 ASH/SPENT SORBENT RECOVERY AND HANDLING 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Economizer Hopper (part of 
boiler scope of supply) -- 4 0

2 Bottom Ash Hopper (part of 
boiler scope of supply) -- 2 0

3 Clinker Grinder -- 1 1

4
Pyrites Hopper (part of 
pulverizer scope of supply 
included with boiler)

-- 6 0

5 Hydroejectors -- 12

6 Economizer /Pyrites Transfer 
Tank -- 1 0

7 Ash Sluice Pumps Vertical, wet pit 1 1

8 Ash Seal Water Pumps Vertical, wet pit 1 1

9 Hydrobins -- 1 1

10 Baghouse Hopper (part of 
baghouse scope of supply) -- 24 0

11 Air Heater Hopper (part of 
boiler scope of supply) -- 10 0

12 Air Blower -- 1 1

13 Fly Ash Silo Reinforced 
concrete 2 0

14 Slide Gate Valves -- 2 0

15 Unloader -- 1 0

16 Telescoping Unloading 
Chute -- 1 0

Design Condition

--

--

5.4 tonne/h  (6 tph)

--

--

227 lpm @ 17 m H2O
(60 gpm @ 56 ft H2O)

7,571 lpm @ 9 m H2O
(2000 gpm @ 28 ft H2O)

--

227 lpm  (60 gpm)

--

--

--

--

21 m3/min @ 0.2 MPa
(730 scfm @ 24 psi)

680 tonne  (1,500 ton)

127 tonne/h  (140 tph)
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ACCOUNT 11 ACCESSORY ELECTRIC PLANT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 STG Transformer Oil-filled 1 0

2 Auxiliary 
Transformer Oil-filled 1 1

3 Low Voltage 
Transformer Dry ventilated 1 1

4
STG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 1 0

5 Medium Voltage 
Switchgear Metal clad 1 1

6 Low Voltage 
Switchgear Metal enclosed 1 1

7 Emergency Diesel 
Generator

Sized for emergency 
shutdown 1 0750 kW, 480 V, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

4.16 kV, 3-ph, 60 Hz

480 V, 3-ph, 60 Hz

24 kV/4.16 kV, 128 MVA,     
3-ph, 60 Hz

4.16 kV/480 V, 19 MVA,      
3-ph, 60 Hz

Design Condition

24 kV/345 kV, 640 MVA,      
3-ph, 60 Hz

 
 

ACCOUNT 12 INSTRUMENTATION AND CONTROL 
Equipment 

No. Description Type Operating 
Qty. Spares

1 DCS - Main 
Control

Monitor/keyboard; 
Operator printer (laser 
color); Engineering 
printer (laser B&W)

1 0

3 DCS - Data 
Highway Fiber optic 1 0

1 0

Fully redundant, 25% spare

Design Condition

Operator stations/printers and 
engineering stations/printers

2 DCS - Processor
Microprocessor with 
redundant 
input/output

N/A
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4.3.10 CASE 12 – COST ESTIMATING BASIS 
The cost estimating methodology was described previously in Section 2.6.  Exhibit 4-43 shows 
the total plant capital cost summary organized by cost account and Exhibit 4-44 shows a more 
detailed breakdown of the capital costs.  Exhibit 4-45 shows the initial and annual O&M costs. 

The estimated TPC of the subcritical PC boiler with CO2 capture is $2,868/kW.  Process 
contingency represents 3.5 percent of the TPC and project contingency represents 12.4 percent.  
The 20-year LCOE, including CO2 TS&M costs of 3.9 mills/kWh, is 114.8 mills/kWh. 
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Exhibit 4-43  Case 12 Total Plant Cost Summary 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 12 - Supercritical PC  w/ CO2
Plant Size: 546.0 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING $19,316 $5,215 $11,691 $0 $0 $36,222 $3,246 $0 $5,920 $45,389 $83

 2 COAL & SORBENT PREP & FEED $13,126 $758 $3,326 $0 $0 $17,210 $1,508 $0 $2,808 $21,527 $39

 3 FEEDWATER & MISC. BOP SYSTEMS $54,477 $0 $25,648 $0 $0 $80,126 $7,317 $0 $14,428 $101,870 $187

 4 PC BOILER
4.1 PC Boiler & Accessories $190,969 $0 $107,678 $0 $0 $298,647 $28,927 $0 $32,757 $360,332 $660
4.2 SCR (w/4.1) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.3 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

4.4-4.9 Boiler BoP (w/ ID Fans) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
SUBTOTAL  4 $190,969 $0 $107,678 $0 $0 $298,647 $28,927 $0 $32,757 $360,332 $660

 5 FLUE GAS CLEANUP $101,747 $0 $34,963 $0 $0 $136,710 $12,990 $0 $14,970 $164,670 $302

 5B CO2 REMOVAL & COMPRESSION $229,832 $0 $69,851 $0 $0 $299,683 $28,443 $52,879 $76,201 $457,207 $837

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0

6.2-6.9 Combustion Turbine Other $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
SUBTOTAL  6 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 7 HRSG, DUCTING & STACK
7.1 Heat Recovery Steam Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0

7.2-7.9 HRSG Accessories, Ductwork and Stack $17,889 $981 $12,221 $0 $0 $31,091 $2,840 $0 $4,457 $38,388 $70
SUBTOTAL  7 $17,889 $981 $12,221 $0 $0 $31,091 $2,840 $0 $4,457 $38,388 $70

 8 STEAM TURBINE GENERATOR 
8.1 Steam TG & Accessories $53,763 $0 $7,192 $0 $0 $60,956 $5,836 $0 $6,679 $73,471 $135

8.2-8.9 Turbine Plant Auxiliaries and Steam Piping $26,923 $1,148 $14,942 $0 $0 $43,013 $3,724 $0 $6,698 $53,436 $98
SUBTOTAL  8 $80,687 $1,148 $22,134 $0 $0 $103,969 $9,561 $0 $13,377 $126,907 $232

 9 COOLING WATER SYSTEM $21,479 $11,200 $19,881 $0 $0 $52,559 $4,900 $0 $7,796 $65,255 $120

10 ASH/SPENT SORBENT HANDLING SYS $5,154 $162 $6,854 $0 $0 $12,169 $1,158 $0 $1,371 $14,699 $27

11 ACCESSORY ELECTRIC PLANT $20,196 $10,240 $29,287 $0 $0 $59,723 $5,331 $0 $8,288 $73,343 $134

12 INSTRUMENTATION & CONTROL $9,195 $0 $9,662 $0 $0 $18,857 $1,726 $943 $2,648 $24,174 $44

13 IMPROVEMENTS TO SITE $3,162 $1,818 $6,421 $0 $0 $11,402 $1,120 $0 $2,504 $15,026 $28

14 BUILDINGS & STRUCTURES $0 $23,760 $22,735 $0 $0 $46,495 $4,189 $0 $7,603 $58,287 $107

TOTAL COST $767,230 $55,282 $382,352 $0 $0 $1,204,865 $113,256 $53,822 $195,130 $1,567,073 $2,870

TOTAL PLANT COST SUMMARY 
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Exhibit 4-44  Case 12 Total Plant Cost Details 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 12 - Supercritical PC  w/ CO2
Plant Size: 546.0 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING
1.1 Coal Receive & Unload $3,967 $0 $1,831 $0 $0 $5,797 $518 $0 $947 $7,262 $13
1.2 Coal Stackout & Reclaim $5,126 $0 $1,174 $0 $0 $6,300 $551 $0 $1,028 $7,879 $14
1.3 Coal Conveyors $4,766 $0 $1,161 $0 $0 $5,927 $520 $0 $967 $7,414 $14
1.4 Other Coal Handling $1,247 $0 $269 $0 $0 $1,516 $132 $0 $247 $1,895 $3
1.5 Sorbent Receive & Unload $160 $0 $49 $0 $0 $208 $18 $0 $34 $260 $0
1.6 Sorbent Stackout & Reclaim $2,576 $0 $477 $0 $0 $3,053 $266 $0 $498 $3,817 $7
1.7 Sorbent Conveyors $919 $198 $228 $0 $0 $1,345 $116 $0 $219 $1,680 $3
1.8 Other Sorbent Handling $555 $129 $294 $0 $0 $979 $87 $0 $160 $1,225 $2
1.9 Coal & Sorbent Hnd.Foundations $0 $4,888 $6,210 $0 $0 $11,097 $1,037 $0 $1,820 $13,955 $26

SUBTOTAL  1. $19,316 $5,215 $11,691 $0 $0 $36,222 $3,246 $0 $5,920 $45,389 $83
 2 COAL & SORBENT PREP & FEED

2.1 Coal Crushing & Drying $2,305 $0 $454 $0 $0 $2,759 $241 $0 $450 $3,449 $6
2.2 Coal Conveyor to Storage $5,901 $0 $1,301 $0 $0 $7,203 $630 $0 $1,175 $9,007 $16
2.3 Coal Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.4 Misc.Coal Prep & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.5 Sorbent Prep Equipment $4,391 $188 $922 $0 $0 $5,501 $479 $0 $897 $6,878 $13
2.6 Sorbent Storage & Feed $529 $0 $205 $0 $0 $734 $65 $0 $120 $919 $2
2.7 Sorbent Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.8 Booster Air Supply System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.9 Coal & Sorbent Feed Foundation $0 $570 $444 $0 $0 $1,014 $93 $0 $166 $1,274 $2

SUBTOTAL  2. $13,126 $758 $3,326 $0 $0 $17,210 $1,508 $0 $2,808 $21,527 $39
 3 FEEDWATER & MISC. BOP SYSTEMS

3.1 FeedwaterSystem $22,090 $0 $7,230 $0 $0 $29,320 $2,567 $0 $4,783 $36,670 $67
3.2 Water Makeup & Pretreating $7,572 $0 $2,435 $0 $0 $10,007 $938 $0 $2,189 $13,134 $24
3.3 Other Feedwater Subsystems $6,826 $0 $2,896 $0 $0 $9,722 $866 $0 $1,588 $12,176 $22
3.4 Service Water Systems $1,495 $0 $807 $0 $0 $2,301 $214 $0 $503 $3,018 $6
3.5 Other Boiler Plant Systems $8,357 $0 $8,175 $0 $0 $16,533 $1,551 $0 $2,713 $20,796 $38
3.6 FO Supply Sys & Nat Gas $267 $0 $329 $0 $0 $596 $55 $0 $98 $749 $1
3.7 Waste Treatment Equipment $5,103 $0 $2,923 $0 $0 $8,027 $778 $0 $1,761 $10,565 $19
3.8 Misc. Equip.(cranes,AirComp.,Comm.) $2,768 $0 $853 $0 $0 $3,621 $348 $0 $794 $4,762 $9

SUBTOTAL  3. $54,477 $0 $25,648 $0 $0 $80,126 $7,317 $0 $14,428 $101,870 $187
 4 PC BOILER

4.1 PC Boiler & Accessories $190,969 $0 $107,678 $0 $0 $298,647 $28,927 $0 $32,757 $360,332 $660
4.2 SCR (w/4.1) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.3 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.4 Boiler BoP (w/ ID Fans) $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.5 Primary Air System w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.6 Secondary Air System w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.8 Major Component Rigging $0 w/4.1 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.9 Boiler Foundations $0 w/14.1 w/14.1 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  4. $190,969 $0 $107,678 $0 $0 $298,647 $28,927 $0 $32,757 $360,332 $660

TOTAL PLANT COST SUMMARY 

 



Cost and Performance Comparison of Fossil Energy Power Plants 

 421  

Exhibit 4-44  Case 12 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 12 - Supercritical PC  w/ CO2
Plant Size: 546.0 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 5 FLUE GAS CLEANUP
5.1 Absorber Vessels & Accessories $70,491 $0 $15,186 $0 $0 $85,677 $8,109 $0 $9,379 $103,165 $189
5.2 Other FGD $3,679 $0 $4,172 $0 $0 $7,850 $756 $0 $861 $9,467 $17
5.3 Bag House & Accessories $20,751 $0 $13,179 $0 $0 $33,931 $3,245 $0 $3,718 $40,894 $75
5.4 Other Particulate Removal Materials $1,404 $0 $1,504 $0 $0 $2,908 $280 $0 $319 $3,507 $6
5.5 Gypsum Dewatering System $5,422 $0 $922 $0 $0 $6,344 $599 $0 $694 $7,638 $14
5.6 Mercury Removal System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5.9 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  5. $101,747 $0 $34,963 $0 $0 $136,710 $12,990 $0 $14,970 $164,670 $302
 5B CO2 REMOVAL & COMPRESSION

5B.1 CO2 Removal System $202,944 $0 $61,453 $0 $0 $264,397 $25,093 $52,879 $68,474 $410,843 $752

5B.2 CO2 Compression & Drying $26,888 $0 $8,398 $0 $0 $35,286 $3,350 $0 $7,727 $46,363 $85
SUBTOTAL  5. $229,832 $0 $69,851 $0 $0 $299,683 $28,443 $52,879 $76,201 $457,207 $837

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
6.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.3 Compressed Air Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.9 Combustion Turbine Foundations $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  6. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 7 HRSG, DUCTING & STACK

7.1 Heat Recovery Steam Generator N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
7.2 HRSG Accessories $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.3 Ductwork $9,280 $0 $6,057 $0 $0 $15,337 $1,340 $0 $2,501 $19,178 $35
7.4 Stack $8,609 $0 $5,041 $0 $0 $13,650 $1,304 $0 $1,495 $16,450 $30
7.9 Duct & Stack Foundations $0 $981 $1,123 $0 $0 $2,104 $196 $0 $460 $2,760 $5

SUBTOTAL  7. $17,889 $981 $12,221 $0 $0 $31,091 $2,840 $0 $4,457 $38,388 $70
 8 STEAM TURBINE GENERATOR 

8.1 Steam TG & Accessories $53,763 $0 $7,192 $0 $0 $60,956 $5,836 $0 $6,679 $73,471 $135
8.2 Turbine Plant Auxiliaries $368 $0 $789 $0 $0 $1,158 $112 $0 $127 $1,397 $3
8.3 Condenser & Auxiliaries $5,563 $0 $1,956 $0 $0 $7,519 $715 $0 $823 $9,057 $17
8.4 Steam Piping $20,992 $0 $10,369 $0 $0 $31,362 $2,617 $0 $5,097 $39,076 $72
8.9 TG Foundations $0 $1,148 $1,827 $0 $0 $2,975 $280 $0 $651 $3,906 $7

SUBTOTAL  8. $80,687 $1,148 $22,134 $0 $0 $103,969 $9,561 $0 $13,377 $126,907 $232
 9 COOLING WATER SYSTEM

9.1 Cooling Towers $15,181 $0 $4,731 $0 $0 $19,911 $1,890 $0 $2,180 $23,982 $44
9.2 Circulating Water Pumps $3,928 $0 $285 $0 $0 $4,213 $361 $0 $457 $5,031 $9
9.3 Circ.Water System Auxiliaries $907 $0 $121 $0 $0 $1,028 $97 $0 $112 $1,237 $2
9.4 Circ.Water Piping $0 $7,315 $6,977 $0 $0 $14,292 $1,317 $0 $2,341 $17,950 $33
9.5 Make-up Water System $740 $0 $981 $0 $0 $1,721 $163 $0 $283 $2,167 $4
9.6 Component Cooling Water Sys $723 $0 $571 $0 $0 $1,294 $121 $0 $212 $1,628 $3
9.9 Circ.Water System Foundations& Structures $0 $3,884 $6,215 $0 $0 $10,099 $951 $0 $2,210 $13,260 $24

SUBTOTAL  9. $21,479 $11,200 $19,881 $0 $0 $52,559 $4,900 $0 $7,796 $65,255 $120
10 ASH/SPENT SORBENT HANDLING SYS

10.1 Ash Coolers N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.2 Cyclone Ash Letdown N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.3 HGCU Ash Letdown N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.4 High Temperature Ash Piping N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.5 Other Ash Recovery Equipment N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
10.6 Ash Storage Silos $685 $0 $2,113 $0 $0 $2,799 $273 $0 $307 $3,379 $6
10.7 Ash Transport & Feed Equipment $4,468 $0 $4,548 $0 $0 $9,016 $853 $0 $987 $10,856 $20
10.8 Misc. Ash Handling Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.9 Ash/Spent Sorbent Foundation $0 $162 $192 $0 $0 $354 $33 $0 $77 $464 $1

SUBTOTAL 10. $5,154 $162 $6,854 $0 $0 $12,169 $1,158 $0 $1,371 $14,699 $27

TOTAL PLANT COST SUMMARY 
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Exhibit 4-44  Case 12 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 09-May-07

Project: Bituminous Baseline Study

Case: Case 12 - Supercritical PC  w/ CO2
Plant Size: 546.0 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

11 ACCESSORY ELECTRIC PLANT
11.1 Generator Equipment $1,647 $0 $270 $0 $0 $1,917 $178 $0 $157 $2,251 $4
11.2 Station Service Equipment $4,617 $0 $1,581 $0 $0 $6,197 $593 $0 $509 $7,299 $13
11.3 Switchgear & Motor Control $5,487 $0 $940 $0 $0 $6,427 $595 $0 $702 $7,724 $14
11.4 Conduit & Cable Tray $0 $3,523 $11,989 $0 $0 $15,512 $1,485 $0 $2,549 $19,546 $36
11.5 Wire & Cable $0 $6,390 $12,630 $0 $0 $19,020 $1,603 $0 $3,093 $23,716 $43
11.6 Protective Equipment $243 $0 $861 $0 $0 $1,104 $108 $0 $121 $1,333 $2
11.7 Standby Equipment $1,253 $0 $30 $0 $0 $1,282 $121 $0 $140 $1,544 $3
11.8 Main Power Transformers $6,950 $0 $182 $0 $0 $7,132 $542 $0 $767 $8,441 $15
11.9 Electrical Foundations $0 $326 $806 $0 $0 $1,133 $108 $0 $248 $1,488 $3

SUBTOTAL 11. $20,196 $10,240 $29,287 $0 $0 $59,723 $5,331 $0 $8,288 $73,343 $134
12 INSTRUMENTATION & CONTROL

12.1 PC Control Equipment w/12.7 $0 w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.2 Combustion Turbine Control N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
12.3 Steam Turbine Control w/8.1 $0 w/8.1 $0 $0 $0 $0 $0 $0 $0 $0
12.4 Other Major Component Control $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
12.5 Signal Processing Equipment      W/12.7 $0      w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.6 Control Boards,Panels & Racks $471 $0 $294 $0 $0 $765 $74 $38 $131 $1,008 $2
12.7 Distributed Control System Equipment $4,754 $0 $866 $0 $0 $5,620 $535 $281 $644 $7,080 $13
12.8 Instrument Wiring & Tubing $2,626 $0 $5,327 $0 $0 $7,953 $677 $398 $1,354 $10,382 $19
12.9 Other I & C Equipment $1,343 $0 $3,176 $0 $0 $4,520 $440 $226 $519 $5,704 $10

SUBTOTAL 12. $9,195 $0 $9,662 $0 $0 $18,857 $1,726 $943 $2,648 $24,174 $44
13 IMPROVEMENTS TO SITE

13.1 Site Preparation $0 $53 $1,071 $0 $0 $1,124 $111 $0 $247 $1,482 $3
13.2 Site Improvements $0 $1,765 $2,208 $0 $0 $3,973 $390 $0 $873 $5,236 $10
13.3 Site Facilities $3,162 $0 $3,142 $0 $0 $6,305 $619 $0 $1,385 $8,308 $15

SUBTOTAL 13. $3,162 $1,818 $6,421 $0 $0 $11,402 $1,120 $0 $2,504 $15,026 $28
14 BUILDINGS & STRUCTURES

14.1 Boiler Building $0 $8,384 $7,472 $0 $0 $15,857 $1,424 $0 $2,592 $19,873 $36
14.2 Turbine Building $0 $12,152 $11,477 $0 $0 $23,629 $2,128 $0 $3,864 $29,621 $54
14.3 Administration Building $0 $608 $651 $0 $0 $1,259 $114 $0 $206 $1,579 $3
14.4 Circulation Water Pumphouse $0 $279 $225 $0 $0 $503 $45 $0 $82 $631 $1
14.5 Water Treatment Buildings $0 $999 $834 $0 $0 $1,833 $164 $0 $300 $2,297 $4
14.6 Machine Shop $0 $406 $277 $0 $0 $683 $61 $0 $112 $855 $2
14.7 Warehouse $0 $275 $280 $0 $0 $555 $50 $0 $91 $696 $1
14.8 Other Buildings & Structures $0 $225 $194 $0 $0 $419 $38 $0 $69 $525 $1
14.9 Waste Treating Building & Str. $0 $431 $1,325 $0 $0 $1,756 $166 $0 $288 $2,210 $4

SUBTOTAL 14. $0 $23,760 $22,735 $0 $0 $46,495 $4,189 $0 $7,603 $58,287 $107

TOTAL COST $767,230 $55,282 $382,352 $0 $0 $1,204,865 $113,256 $53,822 $195,130 $1,567,073 $2,870

TOTAL PLANT COST SUMMARY 
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Exhibit 4-45  Case 12 Initial and Annual Operating and Maintenance Costs 
INITIAL & ANNUAL O&M EXPENSES Cost Base (Dec) 2006

Case 12 - Supercritical PC  w/ CO2 Heat Rate-net(Btu/kWh): 12,534
 MWe-net: 546

           Capacity Factor: (%): 85
                                                   OPERATING & MAINTENANCE LABOR

Operating Labor
  Operating Labor Rate(base): 33.00 $/hour
  Operating Labor Burden: 30.00 % of base
  Labor O-H Charge Rate: 25.00 % of labor

Total

       Skilled Operator 2.0 2.0
       Operator 11.3 11.3
       Foreman 1.0 1.0
       Lab Tech's, etc. 2.0 2.0
          TOTAL-O.J.'s 16.3 16.3

Annual Cost Annual Unit Cost
$ $/kW-net

Annual Operating Labor Cost $6,138,007 $11.242
Maintenance Labor Cost $10,271,860 $18.813
Administrative & Support Labor $4,102,467 $7.514
TOTAL FIXED OPERATING COSTS $20,512,333 $37.569
VARIABLE OPERATING COSTS

$/kWh-net
Maintenance Material Cost $15,407,790 $0.00379

Consumables Consumption Unit Initial
  Initial       /Day      Cost  Cost

  Water(/1000 gallons) 0 8,755 1.03 $0 $2,797,790 $0.00069

  Chemicals
    MU & WT Chem.(lb) 296,665 42,381 0.16 $48,890 $2,166,895 $0.00053
    Limestone (ton) 4,877 697 20.60 $100,457 $4,452,382 $0.00110
    Carbon (Mercury Removal) (lb) 0 0 1.00 $0 $0 $0.00000
    MEA Solvent (ton) 1,065 1.51 2,142.40 $2,281,656 $1,004,996 $0.00025
    NaOH (tons) 74 7.36 412.96 $30,559 $942,457 $0.00023
    H2SO4 (tons) 72 7.18 132.15 $9,515 $294,213 $0.00007
    Corrosion Inhibitor 0 0 0.00 $147,250 $7,000 $0.00000
    Activated Carbon(lb) 657,450 1,800 1.00 $657,450 $558,450 $0.00014
    Ammonia (28% NH3) ton 813 116 123.60 $100,439 $4,451,615 $0.00109

Subtotal Chemicals $3,376,216 $13,878,007 $0.00341

  Other
    Supplemental Fuel(MBtu) 0 0 0.00 $0 $0 $0.00000
    SCR Catalyst(m3) w/equip. 0.62 5,500.00 $0 $1,058,976 $0.00026
    Emission Penalties 0 0 0.00 $0 $0 $0.00000

Subtotal Other $0 $1,058,976 $0.00026

  Waste Disposal
    Flyash (ton) 0 137 15.45 $0 $654,409 $0.00016
    Bottom Ash(ton) 0 546 15.45 $0 $2,617,579 $0.00064

      Subtotal-Waste Disposal $0 $3,271,988 $0.00080

  By-products & Emissions 
     Gypsum (tons) 0 1,085 0.00 $0 $0 $0.00000

Subtotal By-Products $0 $0 $0.00000

TOTAL VARIABLE OPERATING COSTS $3,376,216 $36,414,550 $0.00896

 Fuel(ton) 211,183 7,039 42.11 $8,892,927 $91,967,691 $0.02262  
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4.4 PC CASE SUMMARY 
The performance results of the four PC plant configurations modeled in this study are 
summarized in Exhibit 4-46. 

Exhibit 4-46  Estimated Performance and Cost Results for Pulverized Coal Cases 

Case 9 Case 10 Case 11 Case 12
CO2 Capture No Yes No Yes

Gross Power Output (kWe) 583,315 679,923 580,260 663,445
Auxiliary Power Requirement (kWe) 32,870 130,310 30,110 117,450
Net Power Output (kWe) 550,445 549,613 550,150 545,995
Coal Flowrate (lb/hr) 437,699 646,589 411,282 586,627
Natural Gas Flowrate (lb/hr) N/A N/A N/A N/A
HHV Thermal Input (kWth) 1,496,479 2,210,668 1,406,161 2,005,660
Net Plant HHV Efficiency (%) 36.8% 24.9% 39.1% 27.2%
Net Plant HHV Heat Rate (Btu/kW-hr) 9,276 13,724 8,721 12,534
Raw Water Usage, gpm 6,212 12,187 5,441 10,444
Total Plant Cost ($ x 1,000) 852,612 1,591,277 866,391 1,567,073
Total Plant Cost ($/kW) 1,549 2,895 1,575 2,870
LCOE (mills/kWh)1

64.0 118.8 63.3 114.8

CO2 Emissions (lb/MWh)2 1,780 225 1,681 209

CO2 Emissions (lb/MWh)3 1,886 278 1,773 254

SO2 Emissions (lb/MWh)2 0.7426 Negligible 0.7007 Negligible

NOx Emissions (lb/MWh)2 0.613 0.777 0.579 0.722
PM Emissions (lb/MWh)2 0.114 0.144 0.107 0.134
Hg Emissions (lb/MWh)2

1.00E-05 1.27E-05 9.45E-06 1.18E-05
1 Based on an 85% capacity factor
2 Value is based on gross output
3 Value is based on net output

Pulverized Coal Boiler
PC Subcritical PC Supercritical

 
The TPC for each of the PC cases is shown in Exhibit 4-47. 

The following observations can be made: 

• The TPC of the non-capture supercritical PC case is only incrementally greater than 
subcritical PC (less than 2 percent).  The TPC of supercritical PC with CO2 capture is 0.9 
percent less than subcritical PC. 

• The capital cost penalty for adding CO2 capture in the subcritical case is 87 percent and 
in the supercritical case is 82 percent.  The Econamine FG Plus cost includes a process 
contingency of approximately $100/kW in both the subcritical and supercritical cases.  
Eliminating the process contingency results in a CO2 capture cost penalty of 76 and 80 
percent for the supercritical and subcritical PC cases, respectively.  In addition to the high 
cost of the Econamine process, there is a significant increase in the cost of the cooling 
towers and circulating water pumps in the CO2 capture cases because of the larger 
cooling water demand discussed previously.  In addition, the gross output of the two PC 
plants increases by 97 MW (subcritical) and 83 MW (supercritical) to maintain the net 



Cost and Performance Comparison of Fossil Energy Power Plants 

425 

output at 550 MW.  The increased gross output results in higher coal flow rate and 
consequent higher costs for all cost accounts in the estimate. 

 

Exhibit 4-47  Total Plant Cost for PC Cases 
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The LCOE is shown for the four PC cases in Exhibit 4-48.  The following observations can be 
made: 

• Capital costs represent the largest fraction of LCOE in all cases, but particularly so in the 
CO2 capture cases.  Fuel cost is the second largest component of LCOE, and capital 
charges and fuel costs combined represent about 83 percent of the total in all cases. 

• In the non-capture case the slight increase in capital cost in the supercritical case is more 
than offset by the efficiency gain so that the LCOE for supercritical PC is 1 percent less 
than subcritical despite having a nearly 2 percent higher TPC. 

• In the CO2 capture case, the cost differential between subcritical and supercritical PC is 
negligible (less than 1 percent), but the supercritical PC has a 3 percent lower LCOE 
because of the higher efficiency. 
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Exhibit 4-48  LCOE for PC Cases 
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The sensitivity of LCOE to capacity factor is shown in Exhibit 4-49.  Implicit in the curves is the 
assumption that an efficiency of greater than 85 percent can be achieved without the expenditure 
of additional capital.  The subcritical and supercritical cases with no CO2 capture are nearly 
identical making it difficult to distinguish between the two lines.  The LCOE increases more 
steeply at low capacity factor because the relatively high capital component is spread over fewer 
kilowatt-hours of generation. 

The sensitivity of LCOE to coal price is shown in Exhibit 4-50.  As in the IGCC cases, the 
LCOE in the PC cases is relatively insensitive to coal price. 

As presented in Section 2.4 the cost of CO2 capture was calculated in two ways, CO2 removed 
and CO2 avoided.  The results for the PC carbon capture cases are shown in Exhibit 4-51. 

The cost of CO2 captured and avoided is nearly identical for the subcritical and supercritical PC 
cases.  The avoided cost is significantly higher than the captured cost because the gross output of 
the capture case is 83-96 MW higher than the non-capture case which reduces the amount of CO2 
avoided between cases. 
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Exhibit 4-49  Sensitivity of LCOE to Capacity Factor for PC Cases 
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Exhibit 4-50  Sensitivity of LCOE to Coal Price for PC Cases 
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Exhibit 4-51  Cost of CO2 Captured and Avoided in PC Cases 
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The following observations can be made regarding plant performance with reference to 
Exhibit 4-46: 

• The efficiency of the supercritical PC plant is 2.3 percentage points higher than than the 
equivalent subcritical PC plant (39.1 percent compared to 36.8 percent).  The efficiencies 
are comparable to those reported in other studies once steam cycle conditions are 
considered.  For example, in an EPA study [62] comparing PC and IGCC plant 
configurations the subcritical PC plant using bituminous coal had an efficiency of 35.9 
percent with a steam cycle of 16.5 MPa/538°C/538°C (2400 psig/1000°F/1000°F).  The 
higher steam cycle temperature in this study 566°C/566°C (1050°F/1050°F) results in a 
higher net efficiency.  The same study reported a supercritical plant efficiency of 38.3 
percent with a steam cycle of 24.1 MPa/566°C/566°C (3500 psig/1050°F/1050°F).  
Again, the more aggressive steam conditions in this study, 593°C/593°C 
(1100°F/1100°F) resulted in a higher net efficiency. 

Similar results from an EPRI study using Illinois No. 6 coal were reported as follows 
[63]: 

o Subcritical PC efficiency of 35.7 percent with a steam cycle of 16.5 
MPa/538°C/538°C (2400 psig/1000°F/1000°F). 

o Supercritical PC efficiency of 38.3 percent with a steam cycle of 24.8 
MPa/593°C/593°C (3600 psig/1100°F/1100°F). 
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• The addition of CO2 capture to the two PC cases results in the same absolute efficiency 
impact, namely an 11.9 percentage point decrease.  The efficiency is negatively impacted 
by the large auxiliary loads of the Econamine process and CO2 compression, as well as 
the large increase in cooling water requirement, which increases the circulating water 
pump and cooling tower fan auxiliary loads.  The auxiliary load increases by 97 MW in 
the subcritical PC case and by 87 MW in the supercritical PC case. 

• NOx, PM and Hg emissions are the same for all four PC cases on a heat input basis 
because of the environmental target assumptions of fixed removal efficiencies for each 
case (86 percent SCR efficiency, 99.8 percent baghouse efficiency and 90 percent co-
benefit capture).  The emissions on a mass basis or normalized by gross output are higher 
for subcritical cases than supercritical cases and are higher for CO2 capture cases than 
non-capture cases because of the higher efficiencies of supercritical PC and non-capture 
PC cases. 

• SO2 emissions are likewise constant on a heat input basis for the non-capture cases, but 
the Econamine process polishing scrubber and absorber vessel result in negligible SO2 
emissions in CO2 capture cases.  The SO2 emissions for subcritical PC are higher than 
supercritical on a mass basis and when normalized by gross output because of the lower 
efficiency. 

• Uncontrolled CO2 emissions on a mass basis are greater for subcritical PC compared to 
supercritical because of the lower efficiency.  The capture cases result in a 90% reduction 
of CO2 for both subcritical and supercritical PC. 

• Raw water usage for all cases is dominated by cooling tower makeup requirements, 
which accounts for about 89 percent of raw water in non-capture cases and 92 percent of 
raw water in CO2 capture cases.  The amount of raw water usage in the CO2 capture cases 
is greatly increased by the cooling water requirements of the Econamine process.  
Cooling water is required to: 

o Reduce the flue gas temperature from 57°C (135°F) (FGD exit temperature) to 
32°C (89°F) (Econamine absorber operating temperature), which also requires 
condensing water from the flue gas that comes saturated from the FGD unit. 

o Remove the heat input by the stripping steam to cool the solvent 

o Remove the heat input from the auxiliary electric loads 

o Remove heat in the CO2 compressor intercoolers 

The normalized water demand, internal recycle and raw water usage are shown in 
Exhibit 4-52 for each of the PC cases.  The only internal recycle stream that affects the 
overall balance in the non-capture cases is the boiler feedwater blowdown stream which is 
recycled to the cooling tower as makeup water.  In the CO2 capture cases, additional water is 
recovered from the flue gas as it is cooled to the absorber temperature of 32°C (89°F).  The 
condensate is treated and also used as cooling tower makeup. 
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Exhibit 4-52  Water Usage in PC Cases 
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5 NATURAL GAS COMBINED CYCLE PLANTS 
Two natural gas combined cycle (NGCC) power plant configurations were evaluated and are 
presented in this section.  Each design is based on a market-ready technology that is assumed to 
be commercially available in time to support a 2010 start up date.  Each design consists of two 
advanced F class combustion turbine generators (CTG), two HRSG’s and one steam turbine 
generator (STG) in a multi-shaft 2x2x1 configuration.   

The NGCC cases are evaluated with and without carbon capture on a common thermal input 
basis.  The NGCC designs that include CDR have a smaller plant net output resulting from the 
additional CDR facility auxiliary loads.  Like in the IGCC cases, the sizes of the NGCC designs 
were determined by the output of the commercially available combustion turbine.  Hence, 
evaluation of the NGCC designs on a common net output basis was not possible.   

The Rankine cycle portion of both designs uses a single reheat 16.5 MPa/566°C/510°C 
(2400 psig/1050°F/950°F) steam cycle.  A more aggressive steam cycle was considered but not 
chosen because there are very few HRSGs in operation that would support such conditions. [54] 

5.1 NGCC COMMON PROCESS AREAS 
The two NGCC cases are nearly identical in configuration with the exception that Case 14 
includes CO2 capture while Case 13 does not.  The process areas that are common to the two 
plant configurations are presented in this section. 

5.1.1 NATURAL GAS SUPPLY SYSTEM 
It was assumed that a natural gas main with adequate capacity is in close proximity (within 16 
km [10 miles]) to the site fence line and that a suitable right of way is available to install a 
branch line to the site.  For the purposes of this study it was also assumed that the gas will be 
delivered to the plant custody transfer point at 3.0 MPa (435 psig) and 38°C (100ºF), which 
matches the advanced F Class fuel system requirements.  Hence, neither a pressure reducing 
station with gas preheating (to prevent moisture and hydrocarbon condensation), nor a fuel 
booster compressor are required.   

A new gas metering station is assumed to be added on the site, adjacent to the new combustion 
turbine.  The meter may be of the rate-of-flow type, with input to the plant computer for 
summing and recording, or may be of the positive displacement type.  In either case, a complete 
time-line record of gas consumption rates and cumulative consumption is provided. 

5.1.2 COMBUSTION TURBINE 

The combined cycle plant is based on two CTG’s.  The combustion turbine generator is 
representative of the advanced F Class turbines with an ISO base rating of 184,400 kW when 
firing natural gas. [64]  This machine is an axial flow, single spool, constant speed unit, with 
variable inlet guide vanes and dry LNB combustion system. 

Each combustion turbine generator is provided with inlet air filtration systems; inlet silencers; 
lube and control oil systems including cooling; electric motor starting systems; acoustical 
enclosures including heating and ventilation; control systems including supervisory, fire 
protection, and fuel systems.  No back up fuel was envisioned for this project. 



Cost and Performance Comparison of Fossil Energy Power Plants 

432 

The CTG is typically supplied in several fully shop-fabricated modules, complete with all 
mechanical, electrical, and control systems required for CTG operation.  Site CTG installation 
involves module interconnection and linking CTG modules to the plant systems.  The CTG 
package scope of supply for combined cycle application, while project specific, does not vary 
much from project-to-project.  A typical scope of supply is presented in Exhibit 5-1. 

Exhibit 5-1  Combustion Turbine Typical Scope of Supply 

System System Scope 

ENGINE 
ASSEMBLY 

Coupling to Generator, Dry Chemical Exhaust Bearing Fire Protection System, 
Insulation Blankets, Platforms, Stairs and Ladders 

Engine Assembly 
with Bedplate 

Variable Inlet Guide Vane System, Compressor, Bleed System, Purge Air System, 
Bearing Seal Air System, Combustors, Dual Fuel Nozzles, Turbine Rotor Cooler 

Walk-in acoustical 
enclosure 

HVAC, Lighting, and Low Pressure CO2 Fire Protection System 

MECHANICAL 
PACKAGE 

HVAC and Lighting, Air Compressor for Pneumatic System, Low Pressure CO2 
Fire Protection System 

Lubricating Oil 
System and 
Control Oil System 

Lube Oil Reservoir, Accumulators, 2x100% AC Driven Oil Pumps, DC Emergency 
Oil Pump with Starter, 2x100% Oil Coolers, Duplex Oil Filter, Oil Temperature and 
Pressure Control Valves, Oil Vapor Exhaust Fans and Demister, Oil Heaters, Oil 
Interconnect Piping (SS and CS), Oil System Instrumentation, Oil for Flushing and 
First Filling 

ELECTRICAL 
PACKAGE 

HVAC and Lighting, AC and DC Motor Control Centers, Generator Voltage 
Regulating Cabinet, Generator Protective Relay Cabinet, DC Distribution Panel, 
Battery Charger, Digital Control System with Local Control Panel (all control and 
monitoring functions as well as data logger and sequence of events recorder), 
Control System Valves and Instrumentation Communication link for interface with 
plant DCS Supervisory System, Bentley Nevada Vibration Monitoring System, Low 
Pressure CO2 Fire Protection System, Cable Tray and Conduit Provisions for 
Performance Testing including Test Ports, Thermowells, Instrumentation and DCS 
interface cards 

INLET AND 
EXHAUST 
SYSTEMS 

Inlet Duct Trash Screens, Inlet Duct and Silencers, Self Cleaning Filters, Hoist 
System For Filter Maintenance, Evaporative Cooler System, Exhaust Duct 
Expansion Joint, Exhaust Silencers Inlet and Exhaust Flow, Pressure and 
Temperature Ports and Instrumentation 

FUEL SYSTEMS  

N. Gas System 
Gas Valves Including Vent, Throttle and Trip Valves, Gas Filter/Separator, Gas 
Supply Instruments and Instrument Panel 

STARTING 
SYSTEM 

Enclosure, Starting Motor or Static Start System, Turning Gear and Clutch 
Assembly, Starting Clutch, Torque Converter 

GENERATOR 

Static or Rotating Exciter (Excitation transformer to be included for a static 
system), Line Termination Enclosure with CTs, VTs, Surge Arrestors, and Surge 
Capacitors, Neutral Cubicle with CT, Neutral Tie Bus, Grounding Transformer, and 
Secondary Resistor, Generator Gas Dryer, Seal Oil System (including Defoaming 
Tank, Reservoir, Seal Oil Pump, Emergency Seal Oil Pump, Vapor Extractor, and 
Oil Mist Eliminator), Generator Auxiliaries Control Enclosure, Generator Breaker, 
Iso-Phase bus connecting generator and breaker, Grounding System Connectors 

Generator Cooling  

TEWAC System (including circulation system, interconnecting piping and controls), 
or Hydrogen Cooling System (including H2 to Glycol and Glycol to Air heat 
exchangers, liquid level detector circulation system, interconnecting piping and 
controls) 

MISCELLANEOUS 
Interconnecting Pipe, Wire, Tubing and Cable Instrument Air System Including Air 
Dryer On Line and Off Line Water Wash System LP CO2 Storage Tank Drain 
System Drain Tanks Coupling, Coupling Cover and Associated Hardware 
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The generators would typically be provided with the combustion turbine package.  The 
generators are assumed to be 24 kV, 3-phase, 60 hertz, constructed to meet American National 
Standards Institute (ANSI) and National Electrical Manufacturers Association (NEMA) 
standards for turbine-driven synchronous generators.  The generator is totally enclosed, water-air 
cooled (TEWAC), complete with excitation system, cooling, and protective relaying. 

5.1.3 HEAT RECOVERY STEAM GENERATOR 
The HRSG is configured with HP, IP, and LP steam drums, and superheater, reheater, and 
economizer sections.  The HP drum is supplied with feedwater by the HP boiler feed pump to 
generate HP steam, which passes to the superheater section for heating to 566°C (1050°F).  The 
IP drum is supplied with feedwater from an interstage bleed on the HP boiler feed pump.  The IP 
steam from the drum is superheated to 482°C (900°F) and mixed with hot reheat steam from the 
reheat section at 510°C (950ºF) and a portion of HP steam also at 510°C (950ºF).  The combined 
flows are admitted into the IP section of the steam turbine.  The LP drum provides steam to the 
integral deaerator, and also to the LP turbine. 

The economizer sections heat condensate and feedwater (in separate tube bundles).  The HRSG 
tubes are typically comprised of bare surface and/or finned tubing or pipe material.  The high-
temperature portions are type P91 or P22 ferritic alloy material; the low-temperature portions 
(< 399°C [750°F]) are carbon steel.  Each HRSG exhausts directly to the stack, which is 
fabricated from carbon steel plate materials and lined with Type 409 stainless steel.  The stack 
for the NGCC cases is assumed to be 46 m (150 ft) high, and the cost is included in the HRSG 
account. 

5.1.4 NOX CONTROL SYSTEM 
This reference plant is designed to achieve 2.5 ppmvd NOx emissions (expressed as NO2 and 
referenced to 15 percent O2).  Two measures are taken to reduce the NOx.  The first is a dry low 
NOx burner in the CTG.  The dry LNB burners are a low NOx design and reduce the emissions 
to about 25 ppmvd (referenced to 15 percent O2). [65] 

The second measure taken to reduce the NOx emissions was the installation of a SCR system.  
SCR uses ammonia and a catalyst to reduce NOx to N2 and H2O.  The SCR system consists of 
reactor, and ammonia supply and storage system.  The SCR system is designed for 90 percent 
reduction while firing natural gas.  This along with the dry LNB achieves the emission limit of 
2.5 ppmvd (referenced to 15 percent O2). 

Operation Description - The SCR reactor is located in the flue gas path inside the HRSG 
between the high pressure and intermediate pressure sections.  The SCR reactor is equipped with 
one catalyst layer consisting of catalyst modules stacked in line on a supporting structural frame.  
The SCR reactor has space for installation of an additional layer.  Ammonia is injected into the 
gas immediately prior to entering the SCR reactor.  The ammonia injection grid is arranged into 
several sections, and consists of multiple pipes with nozzles.  Ammonia flow rate into each 
injection grid section is controlled taking into account imbalances in the flue gas flow 
distribution across the HRSG.  The catalyst contained in the reactor enhances the reaction 
between the ammonia and the NOx in the gas.  The catalyst consists of various active materials 
such as titanium dioxide, vanadium pentoxide, and tungsten trioxide.  The optimum inlet flue gas 
temperature range for the catalyst is 260°C (500°F) to 343°C (650°F).   



Cost and Performance Comparison of Fossil Energy Power Plants 

434 

The ammonia storage and injection system consists of the unloading facilities, bulk storage tank, 
vaporizers, and dilution air skid. 

5.1.5 CARBON DIOXIDE RECOVERY FACILITY 

A CDR facility is used in Case 14 to remove 90 percent of the CO2 in the flue gas exiting the 
HRSG, purify it, and compress it to a supercritical condition.  It is assumed that all of the carbon 
in the natural gas is converted to CO2.  The CDR is comprised of flue gas supply, CO2 
absorption, solvent stripping and reclaiming, and CO2 compression and drying. 

The CO2 absorption/stripping/solvent reclaim process for Case 14 is based on the Fluor 
Econamine FG Plus technology as previously described in Section 4.1.7 with the exception that 
no SO2 polishing step is required in the NGCC case.  If the pipeline natural gas used in this study 
contained the maximum amount of sulfur allowed per EPA specifications (0.6 gr S/100 scf), the 
flue gas would contain 0.4 ppmv of SO2, which is well below the limit where a polishing 
scrubber would be required (10 ppmv).  A description of the basic process steps is repeated here 
for completeness with minor modifications to reflect application in an NGCC system as opposed 
to PC. 

Flue Gas Cooling and Supply  
The function of the flue gas cooling and supply system is to transport flue gases from the HRSG 
to the CO2 absorption tower, and condition flue gas pressure, temperature and moisture content 
so it meets the requirements of the Econamine process.  Temperature and hence moisture content 
of the flue gas exiting the HRSG is reduced in the Direct Contact Flue Gas Cooler, where flue 
gas is cooled using cooling water.   

The water condensed from the flue gas is collected in the bottom of the Direct Contact Flue Gas 
Cooler section and re-circulated to the top of the Direct Contact Flue Gas Cooler section via the 
Flue Gas Circulation Water Cooler, which rejects heat to the plant circulating water system.  
Level in the Direct Contact Flue Gas Cooler is controlled by directing the excess water to the 
cooling water return line.  In the Direct Contact Flue Gas Cooler, flue gas is cooled beyond the 
CO2 absorption process requirements to 33°C (91°F) to account for the subsequent flue gas 
temperature increase of 14°C (25°F) in the flue gas blower.  Downstream from the Direct 
Contact Flue Gas Cooler flue gas pressure is boosted in the flue gas blowers by approximately 
0.01 MPa (2 psi) to overcome pressure drop in the CO2 absorber tower. 

Circulating Water System 
Cooling water is provided from the NGCC plant circulating water system and returned to the 
NGCC plant cooling tower.  The CDR facility requires a significant amount of cooling water for 
flue gas cooling, water wash cooling, absorber intercooling, reflux condenser duty, reclaimer 
cooling, the lean solvent cooler, and CO2 compression interstage cooling.  The cooling water 
requirements for the CDR facility in the NGCC capture case is about 681,380 lpm (180,000 
gpm), which greatly exceeds the NGCC plant cooling water requirement of about 227,125 lpm 
(60,000 gpm). 
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CO2 Absorption  
The cooled flue gas enters the bottom of the CO2 Absorber and flows up through the tower 
countercurrent to a stream of lean MEA-based solvent called Econamine FG Plus.  
Approximately 90 percent of the CO2 in the feed gas is absorbed into the lean solvent, and the 
rest leaves the top of the absorber section and flows into the water wash section of the tower.  
The lean solvent enters the top of the absorber, absorbs the CO2 from the flue gases and leaves 
the bottom of the absorber with the absorbed CO2. 

Water Wash Section 
The purpose of the Water Wash section is to minimize solvent losses due to mechanical 
entrainment and evaporation.  The flue gas from the top of the CO2 Absorption section is 
contacted with a re-circulating stream of water for the removal of most of the lean solvent.  The 
scrubbed gases, along with unrecovered solvent, exit the top of the wash section for discharge to 
the atmosphere via the vent stack.  The water stream from the bottom of the wash section is 
collected on a chimney tray.  A portion of the water collected on the chimney tray spills over to 
the absorber section as water makeup for the amine with the remainder pumped via the Wash 
Water Pump and cooled by the Wash Water Cooler, and recirculated to the top of the CO2 
Absorber.  The wash water level is maintained by water makeup from the Wash Water Makeup 
Pump.  

Rich/Lean Amine Heat Exchange System 
The rich solvent from the bottom of the CO2 Absorber is preheated by the lean solvent from the 
Solvent Stripper in the Rich Lean Solvent Exchanger.  The heated rich solvent is routed to the 
Solvent Stripper for removal of the absorbed CO2.  The stripped solvent from the bottom of the 
Solvent Stripper is pumped via the Hot Lean Solvent Pumps through the Rich Lean Exchanger to 
the Solvent Surge Tank.  Prior to entering the Solvent Surge Tank, a slipstream of the lean 
solvent is pumped via the Solvent Filter Feed Pump through the Solvent Filter Package to 
prevent buildup of contaminants in the solution.  From the Solvent Surge Tank the lean solvent is 
pumped via the Warm Lean Solvent Pumps to the Lean Solvent Cooler for further cooling, after 
which the cooled lean solvent is returned to the CO2 Absorber, completing the circulating solvent 
circuit. 

Solvent Stripper 
The purpose of the Solvent Stripper is to separate the CO2 from the rich solvent feed exiting the 
bottom of the CO2 Absorber.  The rich solvent is collected on a chimney tray below the bottom 
packed section of the Solvent Stripper and routed to the Solvent Stripper Reboilers where the 
rich solvent is heated by steam, stripping the CO2 from the solution.  Steam is provided from the 
LP section of the steam turbine at about 0.47 MPa (68 psia) and 291°C (555°F).  The hot wet 
vapor from the top of the stripper containing CO2, steam, and solvent vapor, is partially 
condensed in the Solvent Stripper Condenser by cross exchanging the hot wet vapor with cooling 
water. The partially condensed stream then flows to the Solvent Stripper Reflux Drum where the 
vapor and liquid are separated. The uncondensed CO2-rich gas is then delivered to the CO2 
product compressor.  The condensed liquid from the Solvent Stripper Reflux Drum is pumped 
via the Solvent Stripper Reflux Pumps where a portion of condensed overhead liquid is used as 
make-up water for the Water Wash section of the CO2 Absorber. The rest of the pumped liquid is 
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routed back to the Solvent Stripper as reflux, which aids in limiting the amount of solvent vapors 
entering the stripper overhead system. 

Solvent Stripper Reclaimer  
A small slipstream of the lean solvent from the Solvent Stripper bottoms is fed to the Solvent 
Stripper Reclaimer for the removal of high-boiling nonvolatile impurities (heat stable salts – 
HSS), volatile acids and iron products from the circulating solvent solution.  The solvent bound 
in the HSS is recovered by reaction with caustic and heating with steam.  The solvent reclaimer 
system reduces corrosion, foaming and fouling in the solvent system.  The reclaimed solvent is 
returned to the Solvent Stripper and the spent solvent is pumped via the Solvent Reclaimer Drain 
Pump to the Solvent Reclaimer Drain Tank. 

Steam Condensate 
Steam condensate from the Solvent Stripper Reclaimer accumulates in the Solvent Reclaimer 
Condensate Drum and level controlled to the Solvent Reboiler Condensate Drum.  Steam 
condensate from the Solvent Stripper Reboilers is also collected in the Solvent Reboiler 
Condensate Drum and returned to the steam cycle just downstream of the deaerator via the 
Solvent Reboiler Condensate Pumps. 

Corrosion Inhibitor System 
A proprietary corrosion inhibitor is continuously injected into the CO2 Absorber rich solvent 
bottoms outlet line, the Solvent Stripper bottoms outlet line and the Solvent Stripper top tray.  
This constant injection is to help control the rate of corrosion throughout the CO2 recovery plant 
system. 

Gas Compression and Drying System 
In the compression section, the CO2 is compressed to 15.3 MPa (2,215 psia) by a six-stage 
centrifugal compressor.  The discharge pressures of the stages were balanced to give reasonable 
power distribution and discharge temperatures across the various stages as shown in Exhibit 5-2. 

Power consumption for this large compressor was estimated assuming an isentropic efficiency of 
84 percent.  During compression to 15.3 MPa (2,215 psia) in the multiple-stage, intercooled 
compressor, the CO2 stream is dehydrated to a dewpoint of -40ºC (-40°F) with triethylene glycol.  
The virtually moisture-free supercritical CO2 stream is delivered to the plant battery limit as 
sequestration ready.  CO2 TS&M costs were estimated and included in LCOE using the 
methodology described in Section 2.7. 

5.1.6 STEAM TURBINE 
The steam turbine consists of an HP section, an IP section, and one double-flow LP section, all 
connected to the generator by a common shaft.  The HP and IP sections are contained in a single 
span, opposed-flow casing, with the double-flow LP section in a separate casing.   

Main steam from the boiler passes through the stop valves and control valves and enters the 
turbine at 16.5 MPa/566°C (2400 psig/1050°F).  The steam initially enters the turbine near the 
middle of the high-pressure span, flows through the turbine, and returns to the HRSG for 
reheating.  The reheat steam flows through the reheat stop valves and intercept valves and enters 
the IP section at 2.3 MPa/510°C (328 psia/950°F).  After passing through the IP section, the 
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steam enters a cross-over pipe, which transports the steam to the LP section.  A branch line 
equipped with combined stop/intercept valves conveys LP steam from the HRSG LP drum to a 
tie-in at the cross-over line.  The steam divides into two paths and flows through the LP sections 
exhausting downward into the condenser. 

Exhibit 5-2  CO2 Compressor Interstage Pressures 

Stage Outlet Pressure, 
MPa (psia) 

1 0.36 (52) 

2 0.78 (113) 

3 1.71 (248) 

4 3.76 (545) 

5 8.27 (1,200) 

6 15.3 (2,215) 

 

Turbine bearings are lubricated by a closed-loop, water-cooled pressurized oil system.  Turbine 
shafts are sealed against air in-leakage or steam blowout using a modern positive pressure 
variable clearance shaft sealing design arrangement connected to a low-pressure steam seal 
system.  The generator is a hydrogen-cooled synchronous type, generating power at 24 kV.  A 
static, transformer type exciter is provided.  The generator is cooled with a hydrogen gas 
recirculation system using fans mounted on the generator rotor shaft.  The steam turbine 
generator is controlled by a triple-redundant microprocessor-based electro-hydraulic control 
system.  The system provides digital control of the unit in accordance with programmed control 
algorithms, color monitor/operator interfacing, and datalink interfaces to the balance-of-plant 
distributed control system (DCS), and incorporates on-line repair capability. 

5.1.7 WATER AND STEAM SYSTEMS 

Condensate 

The function of the condensate system is to pump condensate from the condenser hotwell to the 
deaerator, through the gland steam condenser; and the low-temperature economizer section in the 
HRSG. 

The system consists of one main condenser; two 50 percent capacity, motor-driven vertical 
multistage condensate pumps (total of two pumps for the plant); one gland steam condenser; 
condenser air removal vacuum pumps, condensate polisher, and a low-temperature tube bundle 
in the HRSG. 

Condensate is delivered to a common discharge header through two separate pump discharge 
lines, each with a check valve and a gate valve.  A common minimum flow recirculation line 
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discharging to the condenser is provided to maintain minimum flow requirements for the gland 
steam condenser and the condensate pumps. 

Feedwater 
The function of the feedwater (FW) system is to pump the various feedwater streams from the 
deaerator storage tank in the HRSG to the respective steam drums.  One 100 percent capacity 
motor-driven feed pump is provided per each HRSG (total of two pumps for the plant).  The FW 
pumps are equipped with an interstage takeoff to provide IP and LP feedwater.  Each pump is 
provided with inlet and outlet isolation valves, outlet check valves, and individual minimum flow 
recirculation lines discharging back to the deaerator storage tank.  The recirculation flow is 
controlled by pneumatic flow control valves.  In addition, the suctions of the boiler feed pumps 
are equipped with startup strainers, which are utilized during initial startup and following major 
outages or system maintenance. 

Steam System 
The steam system is comprised of main, reheat, intermediate, and low-pressure steam systems.  
The function of the main steam system is to convey main steam from the HRSG superheater 
outlet to the HP turbine stop valves.  The function of the reheat system is to convey steam from 
the HP turbine exhaust to the HRSG reheater and from the HRSG reheater outlet to the turbine 
reheat stop valves. 

Main steam exits the HRSG superheater through a motor-operated stop/check valve and a motor-
operated gate valve, and is routed to the HP turbine. 

Cold reheat steam exits the HP turbine, and flows through a motor-operated isolation gate valve 
to the HRSG reheater.  Hot reheat steam exits at the HRSG reheater through a motor-operated 
gate valve and is routed to the IP turbines.   

Circulating Water System 
The function of the circulating water system is to supply cooling water to condense the main 
turbine exhaust steam, for the auxiliary cooling system and for the CDR facility in Case 14.  The 
system consists of two 50 percent capacity vertical circulating water pumps (total of two pumps 
for the plant), a mechanical draft evaporative cooling tower, and interconnecting piping.  The 
condenser is a single pass, horizontal type with divided water boxes.  There are two separate 
circulating water circuits in each box.  One-half of the condenser can be removed from service 
for cleaning or plugging tubes.  This can be done during normal operation at reduced load.   

The auxiliary cooling system is a closed loop system.  Plate and frame heat exchangers with 
circulating water as the cooling medium are provided.  The system provides cooling water to the 
following systems: 

1. Combustion turbine generator lube oil coolers 

2. Combustion turbine generator air coolers 

3. Steam turbine generator lube oil coolers 

4. Steam turbine generator hydrogen coolers 

5. Boiler feed water pumps  

6. Air compressors 
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7. Generator seal oil coolers (as applicable) 

8. Sample room chillers 

9. Blowdown coolers 

10. Condensate extraction pump-motor coolers 

The CDR system in Case 14 requires a substantial amount of cooling water that is provided by 
the NGCC plant circulating water system.  The additional cooling load imposed by the CDR is 
reflected in the significantly larger circulating water pumps and cooling tower in that case. 

Buildings and Structures 
Structures assumed for NGCC cases can be summarized as follows: 

1. Generation Building housing the STG 

2. Circulating Water Pump House 

3. Administration / Office / Control Room /  Maintenance Building  

4. Water Treatment Building 

5. Fire Water Pump House 

5.1.8 ACCESSORY ELECTRIC PLANT 
The accessory electric plant consists of all switchgear and control equipment, generator 
equipment, station service equipment, conduit and cable trays, wire, and cable.  It also includes 
the main transformer, required foundations and standby equipment. 

5.1.9 INSTRUMENTATION AND CONTROL 
An integrated plant-wide DCS is provided.  The DCS is a redundant microprocessor-based, 
functionally distributed system.  The control room houses an array of video monitors and 
keyboard units.  The monitor/keyboard units are the primary interface between the generating 
process and operations personnel.  The DCS incorporates plant monitoring and control functions 
for all the major plant equipment.  The DCS is designed to provide 99.5 percent availability. 

The plant equipment and the DCS are designed for automatic response to load changes from 
minimum load to 100 percent.  Startup and shutdown routines are implemented as supervised 
manual procedures with operator selection of modular automation routines available. 
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5.2 NGCC CASES 
This section contains an evalution of plant designs for Cases 13 and 14.  These two cases are 
similar in design and are based on an NGCC plant with a constant thermal input.  Both plants use 
a single reheat 16.5 MPa/566°C/510°C (2400 psig/1050°F/950°F) cycle.  The only difference 
between the two plants is that Case 14 includes CO2 capture while Case 13 does not. 

The balance of Section 5.2 is organized as follows: 

• Process and System Description provides an overview of the technology operation as 
applied to Case 13.  The systems that are common to all NGCC cases were covered in 
Section 5.1 and only features that are unique to Case 13 are discussed further in this 
section. 

• Key Assumptions is a summary of study and modeling assumptions relavant to Cases 13 
and 14. 

• Sparing Philosophy is provided for both Cases 13 and 14. 

• Performance Results provides the main modeling results from Case 13, including the 
performance summary, environmental performance, water balance, mass and energy 
balance diagrams and energy balance table. 

• Equipment List provides an itemized list of major equipment for Case 13 with account 
codes that correspond to the cost accounts in the Cost Estimates section. 

• Cost Estimates provides a summary of capital and operating costs for Case 13. 

• Process and System Description, Performance Results, Equipment List and Cost 
Estimates are reported for Case 14. 

5.2.1 PROCESS DESCRIPTION 
In this section the NGCC process without CO2 capture is described.  The system description 
follows the block flow diagram (BFD) in Exhibit 5-3 and stream numbers reference the same 
Exhibit.  The tables in Exhibit 5-4 provide process data for the numbered streams in the BFD.  
The BFD shows only one of the two combustion turbine/HRSG combinations, but the flow rates 
in the stream table are the total for two systems. 

Ambient air (stream 1) and natural gas (stream 2) are combined in the dry LNB, which is 
operated to control the rotor inlet temperature at 1399°C (2550°F).  The flue gas exits the turbine 
at 631°C (1167°F) (stream 3) and passes into the HRSG.  The HRSG generates both the main 
steam and reheat steam for the steam turbine.  Flue gas exits the HRSG at 104°C (220°F) and 
passes to the plant stack 

 

 



Cost and Performance Comparison of Fossil Energy Power Plants 

441 

Exhibit 5-3  Case 13 Process Flow Diagram, NGCC without CO2 Capture  
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Exhibit 5-4  Case 13 Stream Table, NGCC without CO2 Capture 
1 2 3 4

V-L Mole Fraction     
Ar 0.0092 0.0000 0.0089 0.0089
CH4 0.0000 0.9390 0.0000 0.0000

C2H6 0.0000 0.0320 0.0000 0.0000

C3H8 0.0000 0.0070 0.0000 0.0000

C4H10 0.0000 0.0040 0.0000 0.0000

CO2 0.0003 0.0100 0.0405 0.0405

H2O 0.0099 0.0000 0.0869 0.0869

N2 0.7732 0.0080 0.7430 0.7430

O2 0.2074 0.0000 0.1207 0.1207
SO2 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 120,220 4,793 250,304 250,304
V-L Flowrate (lb/hr) 3,469,190 82,591 7,103,560 7,103,560

Temperature (°F) 59 100 1,167 220
Pressure (psia) 14.7 450.0 15.2 15.2
Enthalpy (BTU/lb)A 13.1 34.4 360.5 106.6
Density (lb/ft3) 0.076 1.291 0.025 0.059
Molecular Weight 28.857 17.232 28.380 28.380
A - Reference conditions are 32.02 F & 0.089 PSIA  
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5.2.2 KEY SYSTEM ASSUMPTIONS 
System assumptions for Cases 13 and 14, NGCC with and without CO2 capture, are compiled in 
Exhibit 5-5. 

Exhibit 5-5  NGCC Plant Study Configuration Matrix 

 Case 13  
w/o CO2 Capture  

Case 14  
w/CO2 Capture 

Steam Cycle, MPa/°C/°C (psig/°F/°F) 16.5/566/510 
(2400/1050/950) 

16.5/566/510 
(2400/1050/950) 

Fuel Natural Gas Natural Gas 
Fuel Pressure at Plant Battery Limit MPa 
(psig) 3.1 (450) 3.1 (450) 

Condenser Pressure, mm Hg (in Hg) 50.8 (2) 50.8 (2) 
Cooling Water to Condenser, °C (ºF) 16 (60) 16 (60) 
Cooling Water from Condenser, °C (ºF) 27 (80) 27 (80) 
Stack Temperature, °C (°F) 104 (220) 29 (85) 
SO2 Control Low Sulfur Fuel Low Sulfur Fuel 
NOx Control LNB and SCR LNB and SCR 
SCR Efficiency, % (A) 90 90 
Ammonia Slip (End of Catalyst Life), 
ppmv 10 10 

Particulate Control N/A N/A 
Mercury Control N/A N/A 
CO2 Control N/A Econamine FG Plus 
CO2 Capture, % (A) N/A 90 

CO2 Sequestration N/A Off-site Saline 
Formation 

A. Removal efficiencies are based on the flue gas content 
 

Balance of Plant – Cases 13 and 14 
The balance of plant assumptions are common to both NGCC cases and are presented in 
Exhibit 5-6. 
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Exhibit 5-6  NGCC Balance of Plant Assumptions 

Cooling System Recirculating Wet Cooling Tower 
Fuel and Other Storage  
Natural Gas Pipeline supply at 3.1 MPa (450 psia) and 38°C 

(100°F) 
Ash N/A 
Gypsum N/A 
Limestone N/A 
Plant Distribution Voltage  
Motors below 1 hp 110/220 volt 
Motors between 1 hp and 250 hp  480 volt 
Motors between 250 hp and 
5,000 hp 

4,160 volt 

Motors above 5,000 hp 13,800 volt 
Steam and Gas Turbine 
generators 

24,000 volt 

Grid Interconnection voltage 345 kV 
Water and Waste Water  
Makeup Water The water supply is 50 percent from a local Publicly 

Owned Treatment Works (POTW) and 50 percent 
from groundwater, and is assumed to be in sufficient 
quantities to meet plant makeup requirements. 
Makeup for potable, process, and de-ionized (DI) 
water is drawn from municipal sources. 

Process Wastewater Storm water that contacts equipment surfaces is 
collected and treated for discharge through a 
permitted discharge. 

Sanitary Waste Disposal Design includes a packaged domestic sewage 
treatment plant with effluent discharged to the 
industrial wastewater treatment system.  Sludge is 
hauled off site.  Packaged plant is sized for 5.68 
cubic meters per day (1,500 gallons per day) 

Water Discharge Most of the process wastewater is recycled to the 
cooling tower basin.  Blowdown is treated for 
chloride and metals, and discharged. 

5.2.3 SPARING PHILOSOPHY 
Dual trains are used to accommodate the size of commercial gas turbines.  There is no 
redundancy other than normal sparing of rotating equipment.  The plant design consists of the 
following major subsystems: 

• Two advanced F class combustion turbine generators (2 x 50%) 

• Two 3-pressure reheat HRSGs with self supporting stacks and SCR systems (2 x 50%) 

• One 3-pressure reheat, triple-admission steam turbine generator (1 x 100%) 
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• Two trains of Econamine FG Plus CO2 capture (2 x 50%) (Case 14 only) 

5.2.4 CASE 13 PERFORMANCE RESULTS 
The plant produces a net output of 560 MW at a net plant efficiency of 50.8 percent (HHV 
basis). 

Overall plant performance is summarized in Exhibit 5-7 which includes auxiliary power 
requirements. 

Exhibit 5-7  Case 13 Plant Performance Summary 

POWER SUMMARY (Gross Power at Generator Terminals, kWe) 
Gas Turbine Power 370,170 
Steam Turbine Power 200,030 

TOTAL POWER, kWe 570,200 
AUXILIARY LOAD SUMMARY, kWe  

Condensate Pumps 130 
Boiler Feedwater Pumps 2,970 
Miscellaneous Balance of Plant (Note 1) 500 
Gas Turbine Auxiliaries 700 
Steam Turbine Auxiliaries 100 
Amine System Auxiliaries N/A 
CO2 Compression N/A 
Circulating Water Pumps 2,450 
Cooling Tower Fans 1,260 
Transformer Loss 1,730 

TOTAL AUXILIARIES, kWe 9,840 
NET POWER, kWe 560,360 

Net Plant Efficiency (HHV) 50.8% 
Net Plant Heat Rate (Btu/kWh) 6,719 

CONDENSER COOLING DUTY, 106 kJ/h (106 Btu/h) 1,162 (1,102) 
CONSUMABLES  

Natural Gas, kg/h (lb/h) 74,926 (165,182) 
Thermal Input, kWt (HHV) 1,103,363 
Raw Water Usage, m3/min (gpm) 9.5 (2,512) 

Notes:  
1. Includes plant control systems, lighting, HVAC, and miscellaneous low voltage loads 
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Environmental Performance 
The environmental targets for emissions of NOx, SO2 and particulate matter were presented in 
Section 2.4.  A summary of the plant air emissions for Case 13 is presented in Exhibit 5-8. 

Exhibit 5-8  Case 13 Air Emissions 

 kg/GJ 
(lb/106 Btu) 

Tonne/year 
(ton/year)  

85% capacity factor 

kg/MWh 
(lb/MWh) 

SO2 Negligible Negligible Negligible 
NOX 0.004 (0.009) 115 (127) 0.027 (0.060) 

Particulates Negligible Negligible Negligible 

Hg Negligible Negligible Negligible 

CO2 51 (119) 1,507,000 
(1,662,000) 355 (783) 

CO2
1   361 (797) 

1 CO2 emissions based on net power instead of gross power 

The operation of the modern, state-of-the-art gas turbine fueled by natural gas, coupled to a 
HRSG, results in very low levels of NOx emissions and negligible levels of SO2, particulate and 
Hg emissions.  As noted in Section 2.4, if the fuel contains the maximum amount of sulfur 
compounds allowed in pipeline natural gas, the NGCC SO2 emissions would be 21 tonnes/yr (23 
tons/yr) at 85 percent capacity factor, or 0.00195 lb/MMBtu. 

The low level of NOx production (2.5 ppmvd at 15 percent O2) is achieved by utilizing a dry 
LNB coupled with an SCR system. 

CO2 emissions are reduced relative to those produced by burning coal given the same power 
output because of the higher heat content of natural gas, the lower carbon intensity of gas relative 
to coal, and the higher overall efficiency of the NGCC plant relative to a coal-fired plant. 

Exhibit 5-9 shows the overall water balance for the plant.  Raw water is obtained from 
groundwater (50 percent) and from municipal sources (50 percent).  The water usage represents 
only the contribution of raw water makeup.  In some cases the water demand is greater than raw 
water makeup because of internal water recycle streams.  For example, the boiler feedwater 
blowdown stream is re-used as makeup to the cooling tower, thus reducing the raw water 
requirement by that amount. 
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Exhibit 5-9  Case 13 Water Balance 

Water Use Water Demand, 
m3/min (gpm) 

Internal Recycle, 
m3/min (gpm) 

Raw Water Makeup, 
m3/min (gpm) 

BFW Makeup 0.1 (23) 0 0.1 (23) 

Cooling Tower Makeup 9.5 (2,511) 0.1 (23) 9.4 (2,488) 

Total 9.6 (2,534) 0.1 (23) 9.5 (2,511) 

 

Heat and Mass Balance Diagrams 
A heat and mass balance diagram is shown for the NGCC in Exhibit 5-10. 

An overall plant energy balance is provided in tabular form in Exhibit 5-11.  The power out is 
the combined combustion turbine and steam turbine power prior to generator losses.  The power 
at the generator terminals (shown in Exhibit 5-7) is calculated by multiplying the power out by a 
combined generator efficiency of 98.4 percent. 
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Exhibit 5-10  Case 13 Heat and Mass Balance, NGCC without CO2 Capture 
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Exhibit 5-11  Case 13 Overall Energy Balance (0°C [32°F] Reference) 

 HHV Sensible + Latent Power Total 

Heat In (MMBtu/hr) 
Natural Gas 3,764.8 5.7  3,770.5 
Ambient Air  91.1  91.1 
Water  0.3  0.3 
Auxiliary Power   33.6 33.6 
Totals 3,764.8 97.1 33.6 3,895.5 
Heat Out (MMBtu/hr) 
Flue Gas Exhaust  757.5  757.5 
Condenser  1,102.0  1,102.0 
Process Losses (1)  58.7  58.7 
Power   1,977.3 1,977.3 
Totals 0.0 1,918.2 1,977.3 3,895.5 
(1) Process Losses are calculated by difference and reflect various boiler, turbine, and other 

heat and work losses.  Aspen flowsheet balance is within 0.5 percent. 
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5.2.5 CASE 13 – MAJOR EQUIPMENT LIST 
Major equipment items for the NGCC plant with no CO2 capture are shown in the following 
tables.  The accounts used in the equipment list correspond to the account numbers used in the 
cost estimates in Section 5.2.6.  In general, the design conditions include a 10 percent 
contingency for flows and heat duties and a 21 percent contingency for heads on pumps and fans. 

 

ACCOUNT 1 COAL AND SORBENT HANDLING 
 N/A 

 

ACCOUNT 2 FUEL AND SORBENT PREPARATION AND FEED 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Gas Pipeline

Underground, 
coated carbon 
steel, wrapped 
cathodic 
protection

16 km     
(10 mile) 0

2 Gas Metering Station -- 1 0

Design Condition

56 m3/min @ 3.1 MPa
(1,991 acfm @ 450 psia)

41 cm  (16 in)  standard wall 
pipe

56 m3/min  (1,991 acfm)
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ACCOUNT 3 FEEDWATER AND MISCELLANEOUS SYSTEMS AND 
EQUIPMENT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Demineralized Water 
Storage Tank

Vertical, cylindrical, 
outdoor 2 0

2 Condensate Pumps Vertical canned 2 1

4 Auxiliary Boiler Shop fabricated, water 
tube 1 0

5 Service Air 
Compressors Flooded Screw 2 1

6 Instrument Air Dryers Duplex, regenerative 2 1

7 Closed Cycle Cooling 
Heat Exchangers Plate and frame 2 0

8 Closed Cycle Cooling 
Water Pumps Horizontal centrifugal 2 1

9 Engine-Driven Fire 
Pump

Vertical turbine, diesel 
engine 1 1

10 Fire Service Booster 
Pump

Two-stage horizontal 
centrifugal 1 1

11 Raw Water Pumps Stainless steel, single 
suction 2 1

12 Filtered Water Pumps Stainless steel, single 
suction 2 1

13 Filtered Water Tank Vertical, cylindrical 1 0

14 Makeup Water 
Demineralizer

Multi-media filter, 
cartridge filter, RO 
membrane assembly 
and electro-
deionization unit

1 0

15 Liquid Waste Treatment 
System 1 0

1

143,847 liter (38,000 gal)

341 lpm (90 gpm)

10 years, 24-hour storm

3,785 lpm @ 107 m H2O
(1,000 gpm @ 350 ft H2O)

2,650 lpm @ 76 m H2O
(700 gpm @ 250 ft H2O)
5,300 lpm @ 18 m H2O

(1,400 gpm @ 60 ft H2O)

151 lpm @ 49 m H2O
(40 gpm @ 160 ft H2O)

13 m3/min (450 scfm)

15,520 lpm @ 21 m H2O
(4,100 gpm @ 70 ft H2O)

2

HP water: 4,088 lpm @ 2,103 m 
H2O  (1,080 gpm @ 6,900 ft 

H2O)

IP water: 114 lpm @ 274 m H2O 
(30 gpm @ 900 ft H2O)

18,144 kg/h, 2.8 MPa, 343°C
(40,000 lb/h, 400 psig, 650°F)

13 m3/min @ 0.7 MPa
(450 scfm @ 100 psig)

LP water: 681 lpm @ 9.1 m H2O 
(180 gpm @ 30 ft H2O)

Design Condition

696,521 liters (184,000 gal)

4,883 lpm @ 85 m H2O
(1,290 gpm @ 280 ft H2O)

40 MMkJ/hr  (38 MMBtu/hr)

3 Boiler Feedwater Pump

Horizontal, split case, 
multi-stage, 
centrifugal, with 
interstage bleed for IP 
and LP feedwater
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ACCOUNT 4 GASIFIER, BOILER AND ACCESSORIES  
 N/A 

 

ACCOUNT 5 FLUE GAS CLEANUP 

 N/A 
 

ACCOUNT 6 COMBUSTION TURBINE GENERATORS AND AUXILIARIES 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Gas Turbine Advanced F class w/ 
dry low-NOx burner 2 0

2 Gas Turbine 
Generator TEWAC 2 0

Design Condition

185 MW 

210 MVA @ 0.9 p.f., 24 kV, 60 
Hz, 3-phase

 
 

ACCOUNT 7 WASTE HEAT BOILER, DUCTING, AND STACK  

Equipment 
No. Description Type Operating 

Qty. Spares

1 Stack CS plate, type 409SS 
liner 2 0

3 SCR Reactor Space for spare layer 2 0

4 SCR Catalyst -- 1 layer 0

5 Dilution Air 
Blowers Centrifugal 2 1

6 Ammonia Feed 
Pump Centrifugal 2 1

7 Ammonia 
Storage Tank Horizontal tank 1 0

2 02 Heat Recovery 
Steam Generator

Drum, multi-pressure 
with economizer 
section and integral 
deaerator

   Reheat steam - 231,539 kg/h, 2.3 
MPa/510°C  (510,456 lb/h, 335 

psig/950°F)

Design Condition

46 m (150 ft) high x
5.2 m (17 ft) diameter

Main steam - 240,660 kg/h, 16.5 
MPa/566°C  (530,564 lb/h, 2,400 

psig/1,050°F)

1,773,548 kg/h  (3,910,000 lb/h)

Space available for an additional 
catalyst layer

21 m3/min @ 91 cm WG
(750 scfm @ 36 in WG)

3.8 lpm @ 82 m H2O
(1 gpm @ 270 ft H2O)

87,065 liter  (23,000 gal)
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ACCOUNT 8 STEAM TURBINE GENERATOR AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Steam Turbine
Tandem compound, 
HP, IP, and two-
flow LP turbines

1 0

2 Steam Turbine Generator Hydrogen cooled, 
static excitation 1 0

3 Steam Bypass One per HRSG 2 0

4 Surface Condenser
Single pass, divided 
waterbox including 
vacuum pumps

1 0

211 MW               
16.5 MPa/566°C/510°C 

(2400 psig/ 
1050°F/950°F)

1,276 MMkJ/hr, (1,210 
MMBtu/hr), Inlet water 

temperature 16°C (60°F), 
Water temperature rise 

11°C (20°F)

230 MVA @ 0.9 p.f.,   24 
kV, 60 Hz, 3-phase

50% steam flow @ design 
steam conditions

Design Condition

 
 

ACCOUNT 9 COOLING WATER SYSTEM 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Circulating 
Water Pumps Vertical, wet pit 2 1

2 Cooling Tower
Evaporative, 
mechanical draft, multi-
cell

1 0

Design Condition

246,054 lpm @ 30.5 m
(65,000 gpm @ 100 ft)

11°C  (51.5°F) wet bulb / 16°C  
(60°F) CWT / 27°C  (80°F) HWT  
1,365 MMkJ/hr (1,295 MMBtu/hr) 

heat load
 

 

ACCOUNT 10 ASH/SPENT SORBENT RECOVERY AND HANDLING 

 N/A 
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ACCOUNT 11 ACCESSORY ELECTRIC PLANT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 CTG Transformer Oil-filled 2 0

3 Auxiliary 
Transformer Oil-filled 1 1

4 Low Voltage 
Transformer Dry ventilated 1 1

5
CTG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 2 0

6
STG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 1 0

7 Medium Voltage 
Switchgear Metal clad 1 1

8 Low Voltage 
Switchgear Metal enclosed 1 1

9 Emergency Diesel 
Generator

Sized for emergency 
shutdown 1 0

2 STG Transformer Oil-filled 1 0

24 kV/4.16 kV, 09 MVA,      
3-ph, 60 Hz

Design Condition

24 kV/345 kV, 210 MVA,      
3-ph, 60 Hz

24 kV/345 kV, 220 MVA,      
3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

4.16 kV, 3-ph, 60 Hz

480 V, 3-ph, 60 Hz

4.16 kV/480 V, 1 MVA,       
3-ph, 60 Hz

750 kW, 480 V, 3-ph, 60 Hz
 

 

ACCOUNT 12 INSTRUMENTATION AND CONTROL 
Equipment 

No. Description Type Operating 
Qty. Spares

1 DCS - Main 
Control

Monitor/keyboard; 
Operator printer (laser 
color); Engineering 
printer (laser B&W)

1 0

3 DCS - Data 
Highway Fiber optic 1 0

2 DCS - Processor
Microprocessor with 
redundant 
input/output

N/A 0

Fully redundant, 25% spare

Design Condition

Operator stations/printers and 
engineering stations/printers

1
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5.2.6 CASE 13 – COST ESTIMATING 
The cost estimating methodology was described previously in Section 2.6.  Exhibit 5-12 shows 
the total plant capital cost summary organized by cost account and Exhibit 5-13 shows a more 
detailed breakdown of the capital costs.  Exhibit 5-14 shows the initial and annual O&M costs. 

The estimated TPC of the NGCC with no CO2 capture is $554/kW.  No process contingency was 
included in this case because all elements of the technology are commercially proven.  The 
project contingency is 10.7 percent of TPC.  The 20-year LCOE is 68.4 mills/kWh. 
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Exhibit 5-12  Case 13 Total Plant Cost Summary 
Client: USDOE/NETL Report Date: 10-May-07

Project: Bituminous Baseline Study

Case: Case 13 - NGCC w/o CO2
Plant Size: 560.4 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 2 COAL & SORBENT PREP & FEED $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 3 FEEDWATER & MISC. BOP SYSTEMS $21,803 $4,553 $6,567 $0 $0 $32,923 $2,758 $0 $5,693 $41,374 $74

 4 GASIFIER & ACCESSORIES
4.1 Gasifier, Syngas Cooler & Auxiliaries $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.2 Syngas Cooling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $0 $0 w/equip. $0 $0 $0 $0 $0 $0 $0 $0

4.4-4.9 Other Gasification Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
SUBTOTAL  4 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 5 Gas Cleanup & Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 5B CO2 REMOVAL & COMPRESSION $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator $72,000 $0 $4,588 $0 $0 $76,589 $6,456 $0 $8,304 $91,349 $163

6.2-6.9 Combustion Turbine Other $0 $681 $709 $0 $0 $1,390 $116 $0 $301 $1,807 $3
SUBTOTAL  6 $72,000 $681 $5,298 $0 $0 $77,979 $6,571 $0 $8,606 $93,156 $166

 7 HRSG, DUCTING & STACK
7.1 Heat Recovery Steam Generator $32,000 $0 $4,200 $0 $0 $36,200 $3,060 $0 $3,926 $43,186 $77

7.2-7.9 SCR System, Ductwork and Stack $1,177 $881 $1,044 $0 $0 $3,101 $263 $0 $544 $3,908 $7
SUBTOTAL  7 $33,177 $881 $5,244 $0 $0 $39,301 $3,323 $0 $4,470 $47,094 $84

 8 STEAM TURBINE GENERATOR 
8.1 Steam TG & Accessories $22,464 $0 $3,675 $0 $0 $26,139 $2,244 $0 $2,838 $31,222 $56

8.2-8.9 Turbine Plant Auxiliaries and Steam Piping $8,415 $755 $5,340 $0 $0 $14,511 $1,171 $0 $2,151 $17,834 $32
SUBTOTAL  8 $30,880 $755 $9,016 $0 $0 $40,651 $3,415 $0 $4,989 $49,055 $88

 9 COOLING WATER SYSTEM $5,474 $4,330 $3,883 $0 $0 $13,686 $1,128 $0 $2,107 $16,921 $30

10 ASH/SPENT SORBENT HANDLING SYS $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

11 ACCESSORY ELECTRIC PLANT $15,227 $3,466 $7,567 $0 $0 $26,261 $1,986 $0 $3,074 $31,321 $56

12 INSTRUMENTATION & CONTROL $5,308 $555 $4,596 $0 $0 $10,459 $884 $0 $1,301 $12,643 $23

13 IMPROVEMENTS TO SITE $1,635 $888 $4,384 $0 $0 $6,907 $608 $0 $1,503 $9,017 $16

14 BUILDINGS & STRUCTURES $0 $3,920 $4,225 $0 $0 $8,145 $661 $0 $1,321 $10,127 $18

TOTAL COST $185,504 $20,029 $50,779 $0 $0 $256,312 $21,334 $0 $33,064 $310,710 $554

TOTAL PLANT COST SUMMARY
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Exhibit 5-13  Case 13 Total Plant Cost Details 
Client: USDOE/NETL Report Date: 10-May-07

Project: Bituminous Baseline Study

Case: Case 13 - NGCC w/o CO2
Plant Size: 560.4 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING
1.1 Coal Receive & Unload $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.2 Coal Stackout & Reclaim $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.3 Coal Conveyors $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.4 Other Coal Handling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.5 Sorbent Receive & Unload $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.6 Sorbent Stackout & Reclaim $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.7 Sorbent Conveyors $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.8 Other Sorbent Handling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.9 Coal & Sorbent Hnd.Foundations $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  1. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 2 COAL & SORBENT PREP & FEED

2.1 Coal Crushing & Drying incl w/2.3 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.2 Prepared Coal Storage & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.3 Slurry Prep & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.4 Misc.Coal Prep & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.5 Sorbent Prep Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.6 Sorbent Storage & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.7 Sorbent Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.8 Booster Air Supply System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.9 Coal & Sorbent Feed Foundation $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  2. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 3 FEEDWATER & MISC. BOP SYSTEMS

3.1 FeedwaterSystem $2,501 $2,609 $2,147 $0 $0 $7,256 $597 $0 $1,178 $9,030 $16
3.2 Water Makeup & Pretreating $1,459 $152 $761 $0 $0 $2,373 $201 $0 $515 $3,088 $6
3.3 Other Feedwater Subsystems $1,151 $390 $328 $0 $0 $1,869 $150 $0 $303 $2,321 $4
3.4 Service Water Systems $174 $355 $1,151 $0 $0 $1,679 $145 $0 $365 $2,190 $4
3.5 Other Boiler Plant Systems $1,167 $448 $1,037 $0 $0 $2,652 $222 $0 $431 $3,305 $6
3.6 FO Supply Sys & Nat Gas $13,960 $483 $421 $0 $0 $14,864 $1,251 $0 $2,417 $18,533 $33
3.7 Waste Treatment Equipment $524 $0 $300 $0 $0 $824 $71 $0 $179 $1,074 $2
3.8 Misc. Equip.(cranes,AirComp.,Comm.) $869 $117 $421 $0 $0 $1,406 $121 $0 $306 $1,833 $3

SUBTOTAL  3. $21,803 $4,553 $6,567 $0 $0 $32,923 $2,758 $0 $5,693 $41,374 $74
 4 GASIFIER & ACCESSORIES

4.1 Gasifier, Syngas Cooler & Auxiliaries (E-GAS $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.2 Syngas  Cooling ( w/ 4.1 w/4.1 $0 w/4.1 w/4.1 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $0 $0 w/equip. $0 $0 $0 $0 $0 $0 $0 $0
4.4 LT Heat Recovery & FG Saturation $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.5 Misc. Gasification Equipment w/4.1&4.2 $0 w/4.1&4.2 $0 $0 $0 $0 $0 $0 $0 $0
4.6 Other Gasification Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.8 Major Component Rigging $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.9 Gasification Foundations $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  4. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

TOTAL PLANT COST SUMMARY
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Exhibit 5-13  Case 13 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 10-May-07

Project: Bituminous Baseline Study

Case: Case 13 - NGCC w/o CO2
Plant Size: 560.4 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 5A GAS CLEANUP & PIPING
5A.1 Double Stage Selexol $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.2 Elemental Sulfur Plant $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.3 Mercury Removal $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.4 Shift Reactors $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.6 Blowback Gas Systems $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.7 Fuel Gas Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.9 HGCU Foundations $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  5. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 5B CO2 REMOVAL & COMPRESSION

5B.1 CO2 Removal System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5B.2 CO2 Compression & Drying $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  5. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 6 COMBUSTION TURBINE/ACCESSORIES

6.1 Combustion Turbine Generator $72,000 $0 $4,588 $0 $0 $76,589 $6,456 $0 $8,304 $91,349 $163
6.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.3 Compressed Air Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.9 Combustion Turbine Foundations $0 $681 $709 $0 $0 $1,390 $116 $0 $301 $1,807 $3

SUBTOTAL  6. $72,000 $681 $5,298 $0 $0 $77,979 $6,571 $0 $8,606 $93,156 $166
 7 HRSG, DUCTING & STACK

7.1 Heat Recovery Steam Generator $32,000 $0 $4,200 $0 $0 $36,200 $3,060 $0 $3,926 $43,186 $77
7.2 SCR System $1,177 $494 $694 $0 $0 $2,365 $202 $0 $385 $2,952 $5
7.3 Ductwork $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.4 Stack $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.9 HRSG,Duct & Stack Foundations $0 $386 $349 $0 $0 $736 $61 $0 $159 $956 $2

SUBTOTAL  7. $33,177 $881 $5,244 $0 $0 $39,301 $3,323 $0 $4,470 $47,094 $84
 8 STEAM TURBINE GENERATOR 

8.1 Steam TG & Accessories $22,464 $0 $3,675 $0 $0 $26,139 $2,244 $0 $2,838 $31,222 $56
8.2 Turbine Plant Auxiliaries $153 $0 $352 $0 $0 $505 $44 $0 $55 $604 $1
8.3 Condenser & Auxiliaries $4,112 $0 $1,053 $0 $0 $5,165 $439 $0 $560 $6,164 $11
8.4 Steam Piping $4,150 $0 $2,733 $0 $0 $6,884 $524 $0 $1,111 $8,519 $15
8.9 TG Foundations $0 $755 $1,202 $0 $0 $1,957 $165 $0 $424 $2,547 $5

SUBTOTAL  8. $30,880 $755 $9,016 $0 $0 $40,651 $3,415 $0 $4,989 $49,055 $88
 9 COOLING WATER SYSTEM

9.1 Cooling Towers $3,850 $0 $525 $0 $0 $4,375 $370 $0 $474 $5,219 $9
9.2 Circulating Water Pumps $1,122 $0 $67 $0 $0 $1,189 $91 $0 $128 $1,409 $3
9.3 Circ.Water System Auxiliaries $93 $0 $12 $0 $0 $105 $9 $0 $11 $125 $0
9.4 Circ.Water Piping $0 $2,752 $656 $0 $0 $3,409 $270 $0 $552 $4,230 $8
9.5 Make-up Water System $228 $0 $302 $0 $0 $529 $45 $0 $86 $661 $1
9.6 Component Cooling Water Sys $181 $217 $143 $0 $0 $541 $45 $0 $88 $674 $1
9.9 Circ.Water System Foundations& Structures $0 $1,361 $2,177 $0 $0 $3,538 $298 $0 $767 $4,603 $8

SUBTOTAL  9. $5,474 $4,330 $3,883 $0 $0 $13,686 $1,128 $0 $2,107 $16,921 $30
10 ASH/SPENT SORBENT HANDLING SYS

10.1 Slag Dewatering & Cooling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.2 Gasifier Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.3 Cleanup Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.4 High Temperature Ash Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.5 Other Ash Rrecovery Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.6 Ash Storage Silos $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.7 Ash Transport & Feed Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.8 Misc. Ash Handling Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.9 Ash/Spent Sorbent Foundation $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL 10. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

TOTAL PLANT COST SUMMARY
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Exhibit 5-13  Case 13 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 10-May-07

Project: Bituminous Baseline Study

Case: Case 13 - NGCC w/o CO2
Plant Size: 560.4 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

11 ACCESSORY ELECTRIC PLANT
11.1 Generator Equipment $2,320 $0 $1,405 $0 $0 $3,724 $314 $0 $303 $4,342 $8
11.2 Station Service Equipment $1,115 $0 $98 $0 $0 $1,213 $103 $0 $99 $1,415 $3
11.3 Switchgear & Motor Control $1,421 $0 $243 $0 $0 $1,664 $138 $0 $180 $1,983 $4
11.4 Conduit & Cable Tray $0 $695 $2,110 $0 $0 $2,805 $240 $0 $457 $3,502 $6
11.5 Wire & Cable $0 $2,128 $1,338 $0 $0 $3,467 $225 $0 $554 $4,245 $8
11.6 Protective Equipment $0 $519 $1,838 $0 $0 $2,356 $206 $0 $256 $2,819 $5
11.7 Standby Equipment $95 $0 $90 $0 $0 $185 $16 $0 $20 $221 $0
11.8 Main Power Transformers $10,277 $0 $140 $0 $0 $10,416 $707 $0 $1,112 $12,236 $22
11.9 Electrical Foundations $0 $124 $306 $0 $0 $430 $37 $0 $93 $560 $1

SUBTOTAL 11. $15,227 $3,466 $7,567 $0 $0 $26,261 $1,986 $0 $3,074 $31,321 $56
12 INSTRUMENTATION & CONTROL

12.1 IGCC Control Equipment w/12.7 $0 w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.2 Combustion Turbine Control N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
12.3 Steam Turbine Control w/8.1 $0 w/8.1 $0 $0 $0 $0 $0 $0 $0 $0
12.4 Other Major Component Control $675 $0 $439 $0 $0 $1,114 $96 $0 $181 $1,391 $2
12.5 Signal Processing Equipment      W/12.7 $0      w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.6 Control Boards,Panels & Racks $202 $0 $126 $0 $0 $328 $28 $0 $53 $409 $1
12.7 Computer & Accessories $3,228 $0 $101 $0 $0 $3,329 $283 $0 $361 $3,973 $7
12.8 Instrument Wiring & Tubing $0 $555 $1,085 $0 $0 $1,640 $124 $0 $265 $2,028 $4
12.9 Other I & C Equipment $1,203 $0 $2,845 $0 $0 $4,049 $353 $0 $440 $4,842 $9

SUBTOTAL 12. $5,308 $555 $4,596 $0 $0 $10,459 $884 $0 $1,301 $12,643 $23
13 Improvements to Site

13.1 Site Preparation $0 $87 $1,757 $0 $0 $1,845 $163 $0 $401 $2,409 $4
13.2 Site Improvements $0 $801 $1,002 $0 $0 $1,803 $159 $0 $392 $2,353 $4
13.3 Site Facilities $1,635 $0 $1,624 $0 $0 $3,259 $287 $0 $709 $4,255 $8

SUBTOTAL 13. $1,635 $888 $4,384 $0 $0 $6,907 $608 $0 $1,503 $9,017 $16
14 Buildings & Structures

14.1 Combustion Turbine Area $0 $212 $113 $0 $0 $325 $26 $0 $53 $403 $1
14.2 Steam Turbine Building $0 $1,855 $2,503 $0 $0 $4,357 $357 $0 $707 $5,422 $10
14.3 Administration Building $0 $429 $294 $0 $0 $723 $57 $0 $117 $898 $2
14.4 Circulation Water Pumphouse $0 $143 $72 $0 $0 $215 $17 $0 $35 $267 $0
14.5 Water Treatment Buildings $0 $317 $293 $0 $0 $610 $49 $0 $99 $758 $1
14.6 Machine Shop $0 $372 $241 $0 $0 $613 $49 $0 $99 $761 $1
14.7 Warehouse $0 $240 $147 $0 $0 $387 $31 $0 $63 $480 $1
14.8 Other Buildings & Structures $0 $72 $53 $0 $0 $125 $10 $0 $20 $155 $0
14.9 Waste Treating Building & Str. $0 $281 $509 $0 $0 $791 $66 $0 $128 $985 $2

SUBTOTAL 14. $0 $3,920 $4,225 $0 $0 $8,145 $661 $0 $1,321 $10,127 $18

TOTAL COST $185,504 $20,029 $50,779 $0 $0 $256,312 $21,334 $0 $33,064 $310,710 $554

TOTAL PLANT COST SUMMARY
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Exhibit 5-14  Case 13 Initial and Annual Operating and Maintenance Cost Summary 
INITIAL & ANNUAL O&M EXPENSES Cost Base (Dec) 2006

Case 13 - NGCC w/o CO2 Heat Rate-net(Btu/kWh): 6,719
 MWe-net: 560

           Capacity Factor: (%): 85
                                                    OPERATING & MAINTENANCE LABOR

Operating Labor
  Operating Labor Rate(base): 33.00 $/hour
  Operating Labor Burden: 30.00 % of base
  Labor O-H Charge Rate: 25.00 % of labor

Total

       Skilled Operator 1.0 1.0
       Operator 2.0 2.0
       Foreman 1.0 1.0
       Lab Tech's, etc. 1.0 1.0
          TOTAL-O.J.'s 5.0 5.0

Annual Cost Annual Unit Cost
$ $/kW-net

Annual Operating Labor Cost $1,879,020 $3.353
Maintenance Labor Cost $2,521,575 $4.500
Administrative & Support Labor $1,100,149 $1.963
TOTAL FIXED OPERATING COSTS $5,500,743 $9.816
VARIABLE OPERATING COSTS

$/kWh-net
Maintenance Material Cost $3,782,362 $0.00091

Consumables Consumption Unit Initial
  Initial       /Day      Cost  Cost

  Water(/1000 gallons) 0 1,808 1.03 $0 $577,734 $0.00014

  Chemicals
    MU & WT Chem.(lb) 75,397 10,771 0.16 $12,425 $550,716 $0.00013
    Carbon (Mercury Removal) (lb.) 0 0 1.00 $0 $0 $0.00000
    COS Catalyst (lb) 0 0 0.60 $0 $0 $0.00000
    MEA Solvent (ton) 0 0 2,142.40 $0 $0 $0.00000
    Activated Carbon(lb) 0 0 1.00 $0 $0 $0.00000
    Corrosion Inhibitor 0 0 0.00 $0 $0 $0.00000
    SCR Catalyst (m3) w/equip. 0.08 5,500.00 $0 $140,093 $0.00003
    Ammonia (28% NH3) ton 55 8 190.00 $10,438 $462,620 $0.00011

Subtotal Chemicals $22,863 $1,153,429 $0.00028

  Other
    Supplemental Fuel(MBtu) 0 0 0.00 $0 $0 $0.00000
    Gases,N2 etc.(/100scf) 0 0 0.00 $0 $0 $0.00000
    L.P. Steam(/1000 pounds) 0 0 0.00 $0 $0 $0.00000

Subtotal Other $0 $0 $0.00000

  Waste Disposal
    Spent Mercury Catalyst (lb.) 0 0 0.00 $0 $0 $0.00000
    Flyash (ton) 0 0 0.00 $0 $0 $0.00000
    Bottom Ash(ton) 0 0 0.00 $0 $0 $0.00000

      Subtotal-Waste Disposal $0 $0 $0.00000

  By-products & Emissions 
     Sulfur(tons) 0 0 0.00 $0 $0 $0.00000

Subtotal By-Products $0 $0 $0.00000

TOTAL VARIABLE OPERATING COSTS $22,863 $5,513,526 $0.00132

 Fuel(MMBtu) 2,710,842 90,361 6.75 $18,298,186 $189,233,740 $0.04535  
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5.2.7 CASE 14 – NGCC WITH CO2 CAPTURE 
The plant configuration for Case 14 is the same as Case 13 with the exception that the 
Econamine FG Plus CDR technology was added for CO2 capture.  The nominal net output 
decreases to 482 MW because, like the IGCC cases, the combustion turbine fixes the output and 
the CDR facility significantly increases the auxiliary power load. 

The process description for Case 14 is essentially the same as Case 13 with one notable 
exception, the addition of CO2 capture.  A BFD and stream tables for Case 14 are shown in 
Exhibit 5-15 and Exhibit 5-16, respectively.  Since the CDR facility process description was 
provided in Section 4.1.7, it is not repeated here. 

5.2.8 CASE 14 PERFORMANCE  RESULTS 
The Case 14 modeling assumptions were presented previously in Section 5.2.2. 

The plant produces a net output of 482 MW at a net plant efficiency of 43.7 percent (HHV 
basis).  Overall plant performance is summarized in Exhibit 5-17 which includes auxiliary power 
requirements.  The CDR facility, including CO2 compression, accounts for over 64 percent of the 
auxiliary plant load.  The circulating water system (circulating water pumps and cooling tower 
fan) accounts for nearly 20 percent of the auxiliary load, largely due to the high cooling water 
demand of the CDR facility. 
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Exhibit 5-15  Case 14 Process Flow Diagram, NGCC with CO2 Capture 
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Exhibit 5-16 - Case 14 Stream Table, NGCC with CO2 Capture 
1 2 3 4 5 6 7 8 9

V-L Mole Fraction          
Ar 0.0092 0.0000 0.0089 0.0089 0.0098 0.0000 0.0000 0.0000 0.0000
CH4 0.0000 0.9390 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

C2H6 0.0000 0.0320 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

C3H8 0.0000 0.0070 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

C4H10 0.0000 0.0040 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

CO2 0.0003 0.0100 0.0405 0.0405 0.0045 0.9767 1.0000 0.0000 0.0000

H2O 0.0099 0.0000 0.0869 0.0869 0.0339 0.0233 0.0000 1.0000 1.0000

N2 0.7732 0.0080 0.7430 0.7430 0.8188 0.0000 0.0000 0.0000 0.0000

O2 0.2074 0.0000 0.1207 0.1207 0.1330 0.0000 0.0000 0.0000 0.0000
SO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V-L Flowrate (lbmol/hr) 120,220 4,793 125,152 250,304 227,129 9,347 9,130 34,122 34,122
V-L Flowrate (lb/hr) 3,469,190 82,591 3,551,780 7,103,560 6,448,730 405,714 401,794 614,710 614,710

Temperature (°F) 59 100 1,167 283 85 69 124 555 300
Pressure (psia) 14.7 450.0 15.2 15.2 14.7 23.5 2,214.7 67.5 67.5
Enthalpy (BTU/lb)A 13.1 34.4 360.5 122.6 36.1 11.2 -70.8 1309.6 270.3
Density (lb/ft3) 0.08 1.29 0.02 0.05 0.07 0.18 40.75 0.11 57.28
Molecular Weight 28.86 17.23 28.38 28.38 28.39 43.40 44.01 18.02 18.02

A - Reference conditions are 32.02 F & 0.089 PSIA  
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Exhibit 5-17  Case 14 Plant Performance Summary 

POWER SUMMARY (Gross Power at Generator Terminals, kWe) 
Gas Turbine Power 370,170 
Steam Turbine Power 149,920 

TOTAL POWER, kWe 520,090 
AUXILIARY LOAD SUMMARY, kWe  

Condensate Pumps 60 
Boiler Feedwater Pumps 2,920 
Miscellaneous Balance of Plant (Note 1) 500 
Gas Turbine Auxiliaries 700 
Steam Turbine Auxiliaries 100 
Amine System Auxiliaries 9,580 
CO2 Compression 15,040 
Circulating Water Pumps 5,040 
Cooling Tower Fans 2,600 
Transformer Loss 1,660 

TOTAL AUXILIARIES, kWe 38,200 
NET POWER, kWe 481,890 

Net Plant Efficiency (HHV) 43.7% 
Net Plant Heat Rate (Btu/kWh) 7,813 

CONDENSER COOLING DUTY, 106 kJ/h (106 Btu/h) 550 (522) 
CONSUMABLES  

Natural Gas kg/h (lb/h) 74,926 (165,182) 
Thermal Input, kWt (HHV) 1,103,363 
Raw Water Usage, m3/min (gpm) 17.7 (4,680) 

 Notes: 

1. Includes plant control systems, lighting, HVAC and miscellaneous low voltage 
loads 
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Environmental Performance 
The environmental targets for emissions of NOx, SO2 and particulate matter were presented in 
Section 2.4.  A summary of the plant air emissions for Case 14 is presented in Exhibit 5-18. 

Exhibit 5-18  Case 14 Air Emissions 

 kg/GJ 
(lb/106 Btu) 

Tonne/year 
(ton/year)  

85% capacity factor 

kg/MWh 
(lb/MWh) 

SO2 Negligible Negligible Negligible 
NOX 0.004 (0.009) 115 (127) 0.030 (0.066) 
Particulates Negligible Negligible Negligible 
Hg Negligible Negligible Negligible 
CO2 5.1 (12) 151,000 (166,000) 39 (86) 

CO2
1   42 (93) 

1 CO2 emissions based on net power instead of gross power 

The operation of the modern, state-of-the-art gas turbine fueled by natural gas, coupled to a 
HRSG, results in very low levels of NOx emissions and negligible levels of SO2, particulate and 
Hg emissions.  As noted in Section 2.4, if the fuel contains the maximum amount of sulfur 
compounds allowed in pipeline natural gas, the NGCC SO2 emissions would be 21 tonnes/yr (23 
tons/yr) at 85 percent capacity factor, or 0.00195 lb/MMBtu. 

The low level of NOx production (2.5 ppmvd at 15 percent O2) is achieved by utilizing a dry 
LNB coupled with an SCR system. 

Ninety percent of the CO2 in the flue gas is removed in CDR facility. 

Exhibit 5-19 shows the overall water balance for the plant.  Raw water is obtained from 
groundwater (50 percent) and from municipal sources (50 percent).  The water usage represents 
only the contribution of raw water makeup.  In some cases the water demand is greater than raw 
water makeup because of internal water recycle streams.  For example, the boiler feedwater 
blowdown stream and condensate recovered from the flue gas prior to the CO2 absorber are re-
used as makeup to the cooling tower, thus reducing the raw water requirement by that amount. 

Exhibit 5-19  Case 14 Water Balance 

Water Use Water Demand, 
m3/min (gpm) 

Internal Recycle, 
m3/min (gpm) 

Raw Water Makeup, 
m3/min (gpm) 

BFW Makeup 0.1 (23) 0 0.1 (23) 

Cooling Tower Makeup 16.6 (4,395) 2.0 (518) 14.7 (3,877) 

Total 16.7 (4,418) 2.0 (518) 14.8 (3,900) 
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Heat and Mass Balance Diagrams 
A heat and mass balance diagram is shown for the NGCC in Exhibit 5-20. 

An overall plant energy balance is provided in tabular form in Exhibit 5-21.  The power out is 
the combined combustion turbine and steam turbine power prior to generator losses.  The power 
at the generator terminals (shown in Exhibit 5-17) is calculated by multiplying the power out by 
a combined generator efficiency of 98.3 percent.  The Econamine process heat out stream 
represents heat rejected to cooling water and ultimately to ambient via the cooling tower.  The 
same is true of the condenser heat out stream.  The CO2 compressor intercooler load is included 
in the Econamine process heat out stream. 
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Exhibit 5-20  Case 14 Heat and Mass Balance, NGCC with CO2 Capture 
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Exhibit 5-21  Case 14 Overall Energy Balance (0°C [32°F] Reference) 

 HHV Sensible + Latent Power Total 

Heat In (MMBtu/hr) 
Natural Gas 3,764.8 5.7  3,770.5 
Ambient Air  91.1  91.1 
Raw Water Makeup  49.7  49.7 
Auxiliary Power   125.3 125.3 
Totals 3,764.8 146.5 125.3 4036.6 
Heat Out (MMBtu/hr) 
Flue Gas Exhaust  232.7  232.7 
Condenser  522.0  522.0 
Econamine Process  1463.8  1463.8 
Cooling Tower Blowdown  25.1  25.1 
CO2 Product  (28.4)  (28.4) 
Process Losses (1)  17.1  17.1 
Power   1,804.4 1,804.4 
Totals 0.0 2,232.2 1,804.4 4,036.6 
(1) Process Losses are calculated by difference and reflect various boiler, turbine, and other 

heat and work losses.  Aspen flowsheet balance is within 0.5 percent. 
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5.2.9 CASE 14 MAJOR EQUIPMENT LIST 
Major equipment items for the NGCC plant with CO2 capture are shown in the following tables.  
The accounts used in the equipment list correspond to the account numbers used in the cost 
estimates in Section 5.2.10.  In general, the design conditions include a 10 percent contingency 
for flows and heat duties and a 21 percent contingency for heads on pumps and fans. 

 

ACCOUNT 1 COAL AND SORBENT HANDLING 
 N/A 

 

ACCOUNT 2 FUEL AND SORBENT PREPARATION AND FEED 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Gas Pipeline

Underground, 
coated carbon 
steel, wrapped 
cathodic 
protection

16 km     
(10 mile) 0

2 Gas Metering Station -- 1 0

Design Condition

56 m3/min @ 3.1 MPa
(1,990 acfm @ 450 psia)

41 cm (16 in) standard wall pipe

56 m3/min  (1,990 acfm)
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ACCOUNT 3 FEEDWATER AND MISCELLANEOUS SYSTEMS AND 
EQUIPMENT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Demineralized Water 
Storage Tank

Vertical, cylindrical, 
outdoor 2 0

2 Condensate Pumps Vertical canned 2 1

4 Auxiliary Boiler Shop fabricated, water 
tube 1 0

5 Service Air 
Compressors Flooded Screw 2 1

6 Instrument Air Dryers Duplex, regenerative 2 1

7 Closed Cycle Cooling 
Heat Exchangers Plate and frame 2 0

8 Closed Cycle Cooling 
Water Pumps Horizontal centrifugal 2 1

9 Engine-Driven Fire 
Pump

Vertical turbine, diesel 
engine 1 1

10 Fire Service Booster 
Pump

Two-stage horizontal 
centrifugal 1 1

11 Raw Water Pumps Stainless steel, single 
suction 2 1

12 Filtered Water Pumps Stainless steel, single 
suction 2 1

13 Filtered Water Tank Vertical, cylindrical 1 0

14 Makeup Water 
Demineralizer

Multi-media filter, 
cartridge filter, RO 
membrane assembly 
and electro-
deionization unit

1 0

15 Liquid Waste Treatment 
System 1 0

1

166,559 liter (44,000 gal)

379 lpm (100 gpm)

10 years, 24-hour storm

3,785 lpm @ 107 m H2O
(1,000 gpm @ 350 ft H2O)

2,650 lpm @ 76 m H2O
(700 gpm @ 250 ft H2O)
10,978 lpm @ 18 m H2O
(2,900 gpm @ 60 ft H2O)

174 lpm @ 49 m H2O
(46 gpm @ 160 ft H2O)

13 m3/min (450 scfm)

15,520 lpm @ 21 m H2O
(4,100 gpm @ 70 ft H2O)

2

HP water: 3,937 lpm @ 2,103 m 
H2O  (1,040 gpm @ 6,900 ft 

H2O)

IP water: 757 lpm @ 274 m H2O 
(200 gpm @ 900 ft H2O)

18,144 kg/h, 2.8 MPa, 343°C
(40,000 lb/h, 400 psig, 650°F)

13 m3/min @ 0.7 MPa
(450 scfm @ 100 psig)

LP water: 303 lpm @ 09 m H2O  
(80 gpm @ 30 ft H2O)

Design Condition

348,261 liters (92,000 gal)

2,309 lpm @ 85 m H2O
(610 gpm @ 280 ft H2O)

40 MMkJ/hr  (38 MMBtu/hr)

3 Boiler Feedwater Pump

Horizontal, split case, 
multi-stage, 
centrifugal, with 
interstage bleed for IP 
and LP feedwater
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ACCOUNT 4 GASIFIER, BOILER AND ACCESSORIES  
 N/A 

 

ACCOUNT 5B CARBON DIOXIDE RECOVERY 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Econamine FG 
Plus

Amine-based carbon 
dioxide capture system 2 0

2
Carbon Dioxide 
Compression 
System

Integrally geared, multi-
stage centrifugal 2 0

Design Condition

Flue gas flow rate: 1,772,187 kg/h  
(3,907,000 lb/h),  Inlet CO2 

concentration: 6.3 wt%

100,698 kg/h @ 15.3 MPa
(222,000 lb/h @ 2,215 psia)

 
 

ACCOUNT 6 COMBUSTION TURBINE GENERATORS AND AUXILIARIES 
Equipment 

No. Description Type Operating 
Qty. Spares

1 Gas Turbine Advanced F class w/ 
dry low-NOx burner 2 0

2 Gas Turbine 
Generator TEWAC 2 0

Design Condition

185 MW 

210 MVA @ 0.9 p.f., 24 kV, 60 
Hz, 3-phase
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ACCOUNT 7 WASTE HEAT BOILER, DUCTING, AND STACK  

Equipment 
No. Description Type Operating 

Qty. Spares

1 Stack CS plate, type 409SS 
liner 2 0

3 SCR Reactor Space for spare layer 2 0

4 SCR Catalyst -- 1 layer 0

5 Dilution Air 
Blowers Centrifugal 2 1

6 Ammonia Feed 
Pump Centrifugal 2 1

7 Ammonia 
Storage Tank Horizontal tank 1 0

2 02 Heat Recovery 
Steam Generator

Drum, multi-pressure 
with economizer 
section and integral 
deaerator

   Reheat steam - 223,433 kg/h, 2.3 
MPa/510°C  (492,585 lb/h, 335 

psig/950°F)

Design Condition

46 m (150 ft) high x
4.5 m (15 ft) diameter

Main steam - 232,553 kg/h, 16.5 
MPa/566°C  (512,691 lb/h, 2,400 

psig/1,050°F)

1,610,255 kg/h  (3,550,000 lb/h)

Space available for an additional 
catalyst layer

21 m3/min @ 91 cm WG
(750 scfm @ 36 in WG)

3.8 lpm @ 82 m H2O
(1 gpm @ 270 ft H2O)

87,065 liter  (23,000 gal)
 

 

ACCOUNT 8 STEAM TURBINE GENERATOR AND AUXILIARIES 

Equipment 
No. Description Type Operating 

Qty.

1 Steam Turbine
Tandem compound, 
HP, IP, and two-
flow LP turbines

1

2 Steam Turbine Generator Hydrogen cooled, 
static excitation 1

3 Steam Bypass One per HRSG 2

4 Surface Condenser
Single pass, divided 
waterbox including 
vacuum pumps

1

180 MVA @ 0.9 p.f.,   24 
kV, 60 Hz, 3-phase

50% steam flow @ design 
steam conditions

Design Condition

158 MW               
16.5 MPa/566°C/510°C 

(2400 psig/ 
1050°F/950°F)

601 MMkJ/hr, (570 
MMBtu/hr), Inlet water 

temperature 16°C (60°F), 
Water temperature rise 

11°C (20°F)
 



Cost and Performance Comparison of Fossil Energy Power Plants 

 476  

ACCOUNT 9 COOLING WATER SYSTEM 

Equipment 
No. Description Type Operating 

Qty. Spares

1 Circulating 
Water Pumps Vertical, wet pit 2 1

2 Cooling Tower
Evaporative, 
mechanical draft, multi-
cell

1 0

Design Condition

503,464 lpm @ 30.5 m
(133,000 gpm @ 100 ft)

11°C  (51.5°F) wet bulb / 16°C  
(60°F) CWT / 27°C  (80°F) HWT  
2,393 MMkJ/hr (2,270 MMBtu/hr) 

heat load
 

 

ACCOUNT 10 ASH/SPENT SORBENT RECOVERY AND HANDLING 
 N/A 

 

ACCOUNT 11 ACCESSORY ELECTRIC PLANT 

Equipment 
No. Description Type Operating 

Qty. Spares

1 CTG Transformer Oil-filled 2 0

3 Auxiliary 
Transformer Oil-filled 1 1

4 Low Voltage 
Transformer Dry ventilated 1 1

5
CTG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 2 0

6
STG Isolated 
Phase Bus Duct 
and Tap Bus

Aluminum, self-cooled 1 0

7 Medium Voltage 
Switchgear Metal clad 1 1

8 Low Voltage 
Switchgear Metal enclosed 1 1

9 Emergency Diesel 
Generator

Sized for emergency 
shutdown 1 0

2 STG Transformer Oil-filled 1 0

24 kV/4.16 kV, 41 MVA,      
3-ph, 60 Hz

Design Condition

24 kV/345 kV, 210 MVA,      
3-ph, 60 Hz

24 kV/345 kV, 130 MVA,      
3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

24 kV, 3-ph, 60 Hz

4.16 kV, 3-ph, 60 Hz

480 V, 3-ph, 60 Hz

4.16 kV/480 V, 6 MVA,       
3-ph, 60 Hz

750 kW, 480 V, 3-ph, 60 Hz
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ACCOUNT 12 INSTRUMENTATION AND CONTROL 
Equipment 

No. Description Type Operating 
Qty. Spares

1 DCS - Main 
Control

Monitor/keyboard; 
Operator printer (laser 
color); Engineering 
printer (laser B&W)

1 0

3 DCS - Data 
Highway Fiber optic 1 0

1 0

Fully redundant, 25% spare

Design Condition

Operator stations/printers and 
engineering stations/printers

2 DCS - Processor
Microprocessor with 
redundant 
input/output

N/A
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5.2.10 CASE 14 – COST ESTIMATING 
The cost estimating methodology was described previously in Section 2.6.  Exhibit 5-22 shows 
the total plant capital cost summary organized by cost account and Exhibit 5-23 shows a more 
detailed breakdown of the capital costs.  Exhibit 5-24 shows the initial and annual O&M costs. 

The estimated TPC of the NGCC with CO2 capture is $1,169/kW.  Process contingency 
represents 5.0 percent of the TPC and project contingency represents 13.3 percent.  The 20-year 
LCOE, including CO2 TS&M costs of 2.9 mills/kWh, is 97.4 mills/kWh. 
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Exhibit 5-22  Case 14 Total Plant Cost Summary 
Client: USDOE/NETL Report Date: 10-May-07

Project: Bituminous Baseline Study

Case: Case 14 - NGCC  w/ CO2
Plant Size: 481.9 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 2 COAL & SORBENT PREP & FEED $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 3 FEEDWATER & MISC. BOP SYSTEMS $23,544 $4,970 $8,285 $0 $0 $36,798 $3,088 $0 $6,473 $46,360 $96

 4 GASIFIER & ACCESSORIES
4.1 Gasifier, Syngas Cooler & Auxiliaries $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.2 Syngas Cooling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $0 $0 w/equip. $0 $0 $0 $0 $0 $0 $0 $0

4.4-4.9 Other Gasification Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
SUBTOTAL  4 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 5 Gas Cleanup & Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

 5B CO2 REMOVAL & COMPRESSION $121,446 $0 $35,469 $0 $0 $156,915 $13,337 $27,564 $39,563 $237,380 $493

 6 COMBUSTION TURBINE/ACCESSORIES
6.1 Combustion Turbine Generator $72,000 $0 $4,588 $0 $0 $76,588 $6,456 $0 $8,304 $91,348 $190

6.2-6.9 Combustion Turbine Other $0 $681 $709 $0 $0 $1,390 $116 $0 $301 $1,807 $4
SUBTOTAL  6 $72,000 $681 $5,298 $0 $0 $77,979 $6,571 $0 $8,606 $93,156 $193

 7 HRSG, DUCTING & STACK
7.1 Heat Recovery Steam Generator $32,000 $0 $4,200 $0 $0 $36,200 $3,060 $0 $3,926 $43,186 $90

7.2-7.9 SCR System, Ductwork and Stack $1,177 $881 $1,044 $0 $0 $3,101 $263 $0 $544 $3,908 $8
SUBTOTAL  7 $33,177 $881 $5,244 $0 $0 $39,301 $3,323 $0 $4,470 $47,094 $98

 8 STEAM TURBINE GENERATOR 
8.1 Steam TG & Accessories $19,753 $0 $3,134 $0 $0 $22,887 $1,964 $0 $2,485 $27,336 $57

8.2-8.9 Turbine Plant Auxiliaries and Steam Piping $7,020 $606 $4,906 $0 $0 $12,532 $1,003 $0 $1,902 $15,437 $32
SUBTOTAL  8 $26,772 $606 $8,041 $0 $0 $35,419 $2,967 $0 $4,387 $42,774 $89

 9 COOLING WATER SYSTEM $8,060 $6,365 $5,482 $0 $0 $19,908 $1,638 $0 $3,040 $24,585 $51

10 ASH/SPENT SORBENT HANDLING SYS $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

11 ACCESSORY ELECTRIC PLANT $15,809 $5,267 $9,893 $0 $0 $30,969 $2,356 $0 $3,779 $37,104 $77

12 INSTRUMENTATION & CONTROL $6,914 $723 $5,986 $0 $0 $13,622 $1,151 $681 $1,772 $17,227 $36

13 IMPROVEMENTS TO SITE $1,643 $893 $4,406 $0 $0 $6,942 $611 $0 $1,511 $9,063 $19

14 BUILDINGS & STRUCTURES $0 $3,885 $4,066 $0 $0 $7,952 $644 $0 $1,289 $9,886 $21

TOTAL COST $309,365 $24,270 $92,170 $0 $0 $425,805 $35,687 $28,245 $74,891 $564,628 $1,172

TOTAL PLANT COST SUMMARY 
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Exhibit 5-23  Case 14 Total Plant Cost Details 
Client: USDOE/NETL Report Date: 10-May-07

Project: Bituminous Baseline Study

Case: Case 14 - NGCC  w/ CO2
Plant Size: 481.9 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 1 COAL & SORBENT HANDLING
1.1 Coal Receive & Unload $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.2 Coal Stackout & Reclaim $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.3 Coal Conveyors $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.4 Other Coal Handling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.5 Sorbent Receive & Unload $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.6 Sorbent Stackout & Reclaim $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.7 Sorbent Conveyors $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.8 Other Sorbent Handling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
1.9 Coal & Sorbent Hnd.Foundations $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  1. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 2 COAL & SORBENT PREP & FEED

2.1 Coal Crushing & Drying incl w/2.3 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.2 Prepared Coal Storage & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.3 Slurry Prep & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.4 Misc.Coal Prep & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.5 Sorbent Prep Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.6 Sorbent Storage & Feed $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.7 Sorbent Injection System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.8 Booster Air Supply System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
2.9 Coal & Sorbent Feed Foundation $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  2. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 3 FEEDWATER & MISC. BOP SYSTEMS

3.1 FeedwaterSystem $2,425 $2,530 $2,082 $0 $0 $7,037 $579 $0 $1,142 $8,758 $18
3.2 Water Makeup & Pretreating $2,271 $237 $1,185 $0 $0 $3,692 $312 $0 $801 $4,805 $10
3.3 Other Feedwater Subsystems $1,116 $378 $318 $0 $0 $1,813 $145 $0 $294 $2,252 $5
3.4 Service Water Systems $270 $552 $1,791 $0 $0 $2,613 $226 $0 $568 $3,407 $7
3.5 Other Boiler Plant Systems $1,815 $696 $1,614 $0 $0 $4,126 $346 $0 $671 $5,143 $11
3.6 FO Supply Sys & Nat Gas $13,946 $458 $399 $0 $0 $14,803 $1,246 $0 $2,407 $18,456 $38
3.7 Waste Treatment Equipment $815 $0 $467 $0 $0 $1,282 $111 $0 $279 $1,671 $3
3.8 Misc. Equip.(cranes,AirComp.,Comm.) $885 $119 $428 $0 $0 $1,432 $124 $0 $311 $1,866 $4

SUBTOTAL  3. $23,544 $4,970 $8,285 $0 $0 $36,798 $3,088 $0 $6,473 $46,360 $96
 4 GASIFIER & ACCESSORIES

4.1 Gasifier, Syngas Cooler & Auxiliaries (E-GAS $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.2 Syngas  Cooling ( w/ 4.1 w/4.1 $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.3 ASU/Oxidant Compression $0 $0 w/equip. $0 $0 $0 $0 $0 $0 $0 $0
4.4 LT Heat Recovery & FG Saturation $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.5 Misc. Gasification Equipment w/4.1&4.2 $0 w/4.1&4.2 $0 $0 $0 $0 $0 $0 $0 $0
4.6 Other Gasification Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
4.8 Major Component Rigging $0 w/4.1 $0 $0 $0 $0 $0 $0 $0 $0
4.9 Gasification Foundations $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  4. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

TOTAL PLANT COST SUMMARY 
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Exhibit 5-23  Case 14 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 10-May-07

Project: Bituminous Baseline Study

Case: Case 14 - NGCC  w/ CO2
Plant Size: 481.9 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

 5A GAS CLEANUP & PIPING
5A.1 Double Stage Selexol $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.2 Elemental Sulfur Plant $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.3 Mercury Removal $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.4 Shift Reactors $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.6 Blowback Gas Systems $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.7 Fuel Gas Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5A.9 HGCU Foundations $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL  5. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
 5B CO2 REMOVAL & COMPRESSION

5B.1 CO2 Removal System $106,600 $0 $31,220 $0 $0 $137,821 $11,715 $27,564 $35,420 $212,519 $441
5B.2 CO2 Compression & Drying $14,846 $0 $4,248 $0 $0 $19,094 $1,623 $0 $4,143 $24,860 $52

SUBTOTAL  5. $121,446 $0 $35,469 $0 $0 $156,915 $13,337 $27,564 $39,563 $237,380 $493
 6 COMBUSTION TURBINE/ACCESSORIES

6.1 Combustion Turbine Generator $72,000 $0 $4,588 $0 $0 $76,588 $6,456 $0 $8,304 $91,348 $190
6.2 Open $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.3 Compressed Air Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
6.9 Combustion Turbine Foundations $0 $681 $709 $0 $0 $1,390 $116 $0 $301 $1,807 $4

SUBTOTAL  6. $72,000 $681 $5,298 $0 $0 $77,979 $6,571 $0 $8,606 $93,156 $193
 7 HRSG, DUCTING & STACK

7.1 Heat Recovery Steam Generator $32,000 $0 $4,200 $0 $0 $36,200 $3,060 $0 $3,926 $43,186 $90
7.2 SCR System $1,177 $494 $694 $0 $0 $2,365 $202 $0 $385 $2,952 $6
7.3 Ductwork $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.4 Stack $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
7.9 HRSG,Duct & Stack Foundations $0 $386 $349 $0 $0 $736 $61 $0 $159 $956 $2

SUBTOTAL  7. $33,177 $881 $5,244 $0 $0 $39,301 $3,323 $0 $4,470 $47,094 $98
 8 STEAM TURBINE GENERATOR 

8.1 Steam TG & Accessories $19,753 $0 $3,134 $0 $0 $22,887 $1,964 $0 $2,485 $27,336 $57
8.2 Turbine Plant Auxiliaries $135 $0 $303 $0 $0 $438 $38 $0 $48 $524 $1
8.3 Condenser & Auxiliaries $2,643 $0 $845 $0 $0 $3,488 $297 $0 $378 $4,163 $9
8.4 Steam Piping $4,242 $0 $2,794 $0 $0 $7,036 $535 $0 $1,136 $8,707 $18
8.9 TG Foundations $0 $606 $964 $0 $0 $1,570 $132 $0 $341 $2,043 $4

SUBTOTAL  8. $26,772 $606 $8,041 $0 $0 $35,419 $2,967 $0 $4,387 $42,774 $89
 9 COOLING WATER SYSTEM

9.1 Cooling Towers $5,487 $0 $749 $0 $0 $6,236 $527 $0 $676 $7,439 $15
9.2 Circulating Water Pumps $1,832 $0 $117 $0 $0 $1,949 $149 $0 $210 $2,308 $5
9.3 Circ.Water System Auxiliaries $141 $0 $19 $0 $0 $160 $14 $0 $17 $191 $0
9.4 Circ.Water Piping $0 $4,191 $999 $0 $0 $5,191 $411 $0 $840 $6,442 $13
9.5 Make-up Water System $325 $0 $430 $0 $0 $755 $64 $0 $123 $942 $2
9.6 Component Cooling Water Sys $276 $330 $218 $0 $0 $824 $68 $0 $134 $1,026 $2
9.9 Circ.Water System Foundations& Structures $0 $1,844 $2,950 $0 $0 $4,794 $404 $0 $1,040 $6,238 $13

SUBTOTAL  9. $8,060 $6,365 $5,482 $0 $0 $19,908 $1,638 $0 $3,040 $24,585 $51
10 ASH/SPENT SORBENT HANDLING SYS

10.1 Slag Dewatering & Cooling $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.2 Gasifier Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.3 Cleanup Ash Depressurization $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.4 High Temperature Ash Piping $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.5 Other Ash Rrecovery Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.6 Ash Storage Silos $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.7 Ash Transport & Feed Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.8 Misc. Ash Handling Equipment $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
10.9 Ash/Spent Sorbent Foundation $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

SUBTOTAL 10. $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0

TOTAL PLANT COST SUMMARY 
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Exhibit 5-23  Case 14 Total Plant Cost Details (Continued) 
Client: USDOE/NETL Report Date: 10-May-07

Project: Bituminous Baseline Study

Case: Case 14 - NGCC  w/ CO2
Plant Size: 481.9 MW,net Estimate Type: Conceptual Cost Base (Dec) 2006 ($x1000)

Acct Equipment Material Labor Sales Bare Erected Eng'g CM Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct Indirect Tax Cost $ H.O.& Fee Process Project $ $/kW

11 ACCESSORY ELECTRIC PLANT
11.1 Generator Equipment $2,198 $0 $1,331 $0 $0 $3,529 $298 $0 $287 $4,114 $9
11.2 Station Service Equipment $1,829 $0 $160 $0 $0 $1,989 $169 $0 $162 $2,321 $5
11.3 Switchgear & Motor Control $2,330 $0 $399 $0 $0 $2,729 $226 $0 $296 $3,251 $7
11.4 Conduit & Cable Tray $0 $1,140 $3,460 $0 $0 $4,600 $393 $0 $749 $5,743 $12
11.5 Wire & Cable $0 $3,490 $2,194 $0 $0 $5,685 $369 $0 $908 $6,962 $14
11.6 Protective Equipment $0 $520 $1,844 $0 $0 $2,364 $207 $0 $257 $2,828 $6
11.7 Standby Equipment $91 $0 $86 $0 $0 $177 $15 $0 $19 $211 $0
11.8 Main Power Transformers $9,361 $0 $131 $0 $0 $9,492 $644 $0 $1,014 $11,150 $23
11.9 Electrical Foundations $0 $116 $287 $0 $0 $403 $34 $0 $87 $525 $1

SUBTOTAL 11. $15,809 $5,267 $9,893 $0 $0 $30,969 $2,356 $0 $3,779 $37,104 $77
12 INSTRUMENTATION & CONTROL

12.1 IGCC Control Equipment w/12.7 $0 w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.2 Combustion Turbine Control N/A $0 N/A $0 $0 $0 $0 $0 $0 $0 $0
12.3 Steam Turbine Control w/8.1 $0 w/8.1 $0 $0 $0 $0 $0 $0 $0 $0
12.4 Other Major Component Control $879 $0 $572 $0 $0 $1,451 $125 $73 $247 $1,896 $4
12.5 Signal Processing Equipment      W/12.7 $0      w/12.7 $0 $0 $0 $0 $0 $0 $0 $0
12.6 Control Boards,Panels & Racks $263 $0 $164 $0 $0 $427 $37 $21 $73 $557 $1
12.7 Computer & Accessories $4,205 $0 $131 $0 $0 $4,336 $368 $217 $492 $5,413 $11
12.8 Instrument Wiring & Tubing $0 $723 $1,413 $0 $0 $2,136 $161 $107 $361 $2,764 $6
12.9 Other I & C Equipment $1,568 $0 $3,706 $0 $0 $5,273 $460 $264 $600 $6,597 $14

SUBTOTAL 12. $6,914 $723 $5,986 $0 $0 $13,622 $1,151 $681 $1,772 $17,227 $36
13 Improvements to Site

13.1 Site Preparation $0 $88 $1,766 $0 $0 $1,854 $164 $0 $404 $2,421 $5
13.2 Site Improvements $0 $805 $1,007 $0 $0 $1,812 $159 $0 $394 $2,366 $5
13.3 Site Facilities $1,643 $0 $1,633 $0 $0 $3,276 $288 $0 $713 $4,277 $9

SUBTOTAL 13. $1,643 $893 $4,406 $0 $0 $6,942 $611 $0 $1,511 $9,063 $19
14 Buildings & Structures

14.1 Combustion Turbine Area $0 $222 $119 $0 $0 $341 $27 $0 $55 $423 $1
14.2 Steam Turbine Building $0 $1,593 $2,149 $0 $0 $3,742 $307 $0 $607 $4,656 $10
14.3 Administration Building $0 $437 $300 $0 $0 $736 $59 $0 $119 $914 $2
14.4 Circulation Water Pumphouse $0 $167 $84 $0 $0 $250 $20 $0 $40 $310 $1
14.5 Water Treatment Buildings $0 $484 $447 $0 $0 $931 $75 $0 $151 $1,157 $2
14.6 Machine Shop $0 $379 $245 $0 $0 $624 $49 $0 $101 $775 $2
14.7 Warehouse $0 $245 $150 $0 $0 $394 $31 $0 $64 $489 $1
14.8 Other Buildings & Structures $0 $73 $54 $0 $0 $127 $10 $0 $21 $158 $0
14.9 Waste Treating Building & Str. $0 $287 $519 $0 $0 $805 $67 $0 $131 $1,003 $2

SUBTOTAL 14. $0 $3,885 $4,066 $0 $0 $7,952 $644 $0 $1,289 $9,886 $21

TOTAL COST $309,365 $24,270 $92,170 $0 $0 $425,805 $35,687 $28,245 $74,891 $564,628 $1,172

TOTAL PLANT COST SUMMARY 
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Exhibit 5-24  Case 14 Initial and Annual Operating and Maintenance Cost Summary 
INITIAL & ANNUAL O&M EXPENSES Cost Base (Dec) 2006

Case 14 - NGCC  w/ CO2 Heat Rate-net(Btu/kWh): 7,813
 MWe-net: 482

           Capacity Factor: (%): 85
                                                 OPERATING & MAINTENANCE LABOR

Operating Labor
  Operating Labor Rate(base): 33.00 $/hour
  Operating Labor Burden: 30.00 % of base
  Labor O-H Charge Rate: 25.00 % of labor

Total

       Skilled Operator 1.0 1.0
       Operator 3.3 3.3
       Foreman 1.0 1.0
       Lab Tech's, etc. 1.0 1.0
          TOTAL-O.J.'s 6.3 6.3

Annual Cost Annual Unit Cost
$ $/kW-net

Annual Operating Labor Cost $2,378,839 $4.936
Maintenance Labor Cost $4,034,866 $8.373
Administrative & Support Labor $1,603,426 $3.327
TOTAL FIXED OPERATING COSTS $8,017,131 $16.637
VARIABLE OPERATING COSTS

$/kWh-net
Maintenance Material Cost $6,052,299 $0.00169

Consumables Consumption Unit Initial
  Initial       /Day      Cost  Cost

  Water(/1000 gallons) 0 3,370.32 1.00 $0 $1,045,642 $0.00029

  Chemicals
    MU & WT Chem.(lb) 140,555.73 20,079.39 0.16 $21,888 $970,101 $0.00027
    Carbon (Mercury Removal) (lb.) 0.00 0.00 1.00 $0 $0 $0.00000
    COS Catalyst (lb) 0.00 0.00 0.60 $0 $0 $0.00000
    MEA Solvent (ton) 342.00 0.48 2,142.40 $732,701 $319,046 $0.00009
    Activated Carbon(lb) 210,384.00 576.00 1.00 $210,384 $178,704 $0.00005
    Corrosion Inhibitor 1.00 0.00 0.00 $47,000 $2,250 $0.00000
    SCR Catalyst (m3) w/equip. 0.08 5,500.00 $0 $140,093 $0.00004
    Ammonia (28% NH3) ton 54.94 7.85 190.00 $10,438 $462,620 $0.00013

Subtotal Chemicals $1,022,410 $2,072,814 $0.00058

  Other
    Supplemental Fuel(MBtu) 0.00 0.00 0.00 $0 $0 $0.00000
    Gases,N2 etc.(/100scf) 0.00 0.00 0.00 $0 $0 $0.00000
    L.P. Steam(/1000 pounds) 0.00 0.00 0.00 $0 $0 $0.00000

Subtotal Other $0 $0 $0.00000

  Waste Disposal
    Spent Mercury Catalyst (lb.) 0.00 0.00 0.00 $0 $0 $0.00000
    Flyash (ton) 0.00 0.00 0.00 $0 $0 $0.00000
    Bottom Ash(ton) 0.00 0.00 0.00 $0 $0 $0.00000

      Subtotal-Waste Disposal $0 $0 $0.00000

  By-products & Emissions 
     Sulfur(tons) 0.00 0.00 0.00 $0 $0 $0.00000

Subtotal By-Products $0 $0 $0.00000

TOTAL VARIABLE OPERATING COSTS $1,022,410 $9,170,755 $0.00256

 Fuel(MMbtu) 2,710,805 90,360 6.75 $18,297,932 $189,231,113 $0.05274  
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5.3 NGCC CASE SUMMARY 
The performance results of the two NGCC plant configurations modeled in this study are 
summarized in Exhibit 5-25. 

Exhibit 5-25  Estimated Performance and Cost Results for NGCC Cases 

Case 13 Case 14
CO2 Capture No Yes

Gross Power Output (kWe) 570,200 520,090
Auxiliary Power Requirement (kWe) 9,840 38,200
Net Power Output (kWe) 560,360 481,890
Coal Flowrate (lb/hr) N/A N/A
Natural Gas Flowrate (lb/hr) 165,182 165,182
HHV Thermal Input (kWth) 1,103,363 1,103,363
Net Plant HHV Efficiency (%) 50.8% 43.7%
Net Plant HHV Heat Rate (Btu/kW-hr) 6,719 7,813
Raw Water Usage, gpm 2,511 3,901
Total Plant Cost ($ x 1,000) 310,710 564,628
Total Plant Cost ($/kW) 554 1,172
LCOE (mills/kWh)1

68.4 97.4

CO2 Emissions (lb/MWh)2 783 85.8

CO2 Emissions (lb/MWh)3 797 93

SO2 Emissions (lb/MWh)2 Negligible Negligible

NOx Emissions (lb/MWh)2 0.060 0.066
PM Emissions (lb/MWh)2 Negligible Negligible
Hg Emissions (lb/MWh)2

Negligible Negligible
1 Based on an 85% capacity factor
2 Value is based on gross output
3 Value is based on net output

NGCC
Advanced F Class

 
The TPC for the two NGCC cases is shown in Exhibit 5-26.  The capital cost of the non-capture 
case, $554/kW, is the lowest of all technologies studied by at least 64 percent.  Addition of CO2 
capture more than doubles the capital cost, but NGCC with capture is still the least capital 
intensive of all the capture technologies by at least 51 percent.  The process contingency 
included for the Econamine process totals $57/kW, which represents 5 percent of TPC. 

The LCOE for NGCC cases is heavily dependent on the price of natural gas as shown in 
Exhibit 5-27.  The fuel component of LCOE represents 78 percent of the total in the non-capture 
case and 63 percent of the total in the CO2 capture case.  Because LCOE has a small capital 
component, it is less sensitive to capacity factor than the more capital intensive PC and IGCC 
cases.  The decrease in net kilowatt-hours produced is nearly offset by a corresponding decrease 
in fuel cost.  The CO2 TS&M component of LCOE is only 3 percent of the total in the CO2 
capture case. 
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Exhibit 5-26  TPC of NGCC Cases 
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Exhibit 5-27  LCOE of NGCC Cases 
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The sensitivity of NGCC to capacity factor is shown in Exhibit 5-28.  Unlike the PC and IGCC 
case, NGCC is relatively insensitive to capacity factor but highly sensitive to fuel cost as shown 
in Exhibit 5-29.  A 33 percent increase in natural gas price (from $6 to $8/MMBtu) results in a 
LCOE increase of 25 percent in the non-capture case and 20 percent in the CO2 capture case.  
Because of the higher capital cost in the CO2 capture case, the impact of fuel price changes is 
slightly diminished. 

As presented in Section 2.4 the cost of CO2 capture was calculated in two ways, CO2 removed 
and CO2 avoided.  In the NGCC case the cost of CO2 removed is $70/ton and the cost of CO2 
avoided is $83/ton.  The high cost relative to PC and IGCC technologies is mainly due to the 
much smaller amount of CO2 generated by NGCC and therefore captured in the Econamine 
process. 

Exhibit 5-28  Sensitivity of LCOE to Capacity Factor in NGCC Cases 
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The following observations can be made regarding plant performance with reference to 
Exhibit 5-25: 

• The efficiency of the NGCC case with no CO2 capture is 50.8 percent (HHV basis).  Gas 
Turbine World provides estimated performance for an advanced F class turbine operated 
on natural gas in a combined cycle mode, and the reported efficiency is 57.5 percent 
(LHV basis). [66]  Adjusting the result from this study to an LHV basis results in an 
efficiency of 56.3 percent. 
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Exhibit 5-29  Sensitivity of LCOE to Fuel Price in NGCC Cases 
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• The efficiency penalty to add CO2 capture in the NGCC case is 7.1 percentage points.  
The efficiency reduction is caused primarily by the auxiliary loads of the Econamine 
system and CO2 compression as well as the significantly increased cooling water 
requirement, which increases the auxiliary load of the circulating water pumps and 
the cooling tower fan.  CO2 capture results in a 28 MW increase in auxiliary load 
compared to the non-capture case. 

• The energy penalty for NGCC is less than PC (7.1 percentage points for NGCC 
compared to 11.9 percentage points for PC) mainly because natural gas has a lower 
carbon intensity than coal.  In the PC cases, about 589,670 kg/h (1.3 million lb/h) of 
CO2 must be captured and compressed while in the NGCC case only about 181,437 
kg/h (400,000 lb/h) is captured and compressed. 

• A study assumption is that the natural gas contains no PM or Hg, resulting in 
negligible emissions of both. 

• This study also assumes that the natural gas contains no sulfur compounds, resulting 
in negligible emissions of SO2.  As noted previously in the report, if the natural gas 
contained the maximum allowable amount of sulfur per EPA’s pipeline natural gas 
specification, the resulting SO2 emissions would be 21 tonnes/yr (23 tons/yr), or 
0.00195 lb/MMBtu. 
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• NOx emissions are identical for the two NGCC cases on a heat input and mass basis.  
This is a result of the fixed output from the gas turbine (25 ppmv at 15 percent O2) 
and the fixed efficiency of the SCR (90 percent). 

The normalized water demand, internal recycle and raw water usage are shown in Exhibit 5-30 
for the NGCC cases.  The following observations can be made: 

• Normalized water demand increases 103 percent and normalized raw water usage 81 
percent in the CO2 capture case.  The high cooling water demand of the Econamine 
process results in a large increase in cooling tower makeup requirements. 

• Cooling tower makeup comprises over 99 percent of the raw water usage in both 
NGCC cases.  The only internal recycle stream in the non-capture case is the boiler 
feedwater blowdown, which is recycled to the cooling tower.  In the CO2 capture case 
condensate is recovered from the flue gas as it is cooled to the absorber temperature 
of 32°C (89°F) and is also recycled to the cooling tower. 

Exhibit 5-30  Water Usage in NGCC Cases 
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6 REVISION CONTROL 
The initial issue of this report was made public on May 15, 2007.  Subsequent to the issue date, 
updates have been made to various report sections.  These additions were made for clarification 
and aesthetic purposes and to correct an error made in determining the Econamine cooling water 
requirement in the PC and NGCC CO2 capture cases.  The water balances and water usage 
comparison exhibits were updated accordingly.  In addition, the PC and NGCC energy balance 
tables contained errors which have been corrected in this version of the report.  None of the 
changes affect the conclusions previously drawn.  Exhibit 6-1 contains information added, 
changed or deleted in successive revisions. 

Exhibit 6-1  Record of Revisions 

Revision 
Number 

Revision 
Date Description of Change Comments 

Added disclaimer to 
Executive Summary and 
Introduction 

Disclaimer involves clarification on extent 
of participation of technology vendors. 

Removed reference to 
Cases 7 and 8 in Exhibits 
ES-1 and 1-1. 

SNG cases moved to Volume 2 of this report 
as explained in the Executive Summary and 
Section 1. 

Added Section 2.8 
Explains differences in IGCC TPC estimates 
in this study versus costs reported by other 
sources. 

Added Exhibit ES-14 
Mercury emissions are now shown in a 
separate exhibit from SO2, NOx and PM 
because of the different y-axis scale. 

Corrected PC and NGCC 
CO2 capture case water 
balances 

The Econamine process cooling water 
requirement for the PC and NGCC CO2 
capture cases was overstated and has been 
revised. 

Replaced Exhibits ES-4, 
3-121, 4-52 and 5-30 

The old water usage figures were in gpm 
(absolute) and in the new figures the water 
numbers are normalized by net plant output. 

1 8/23/07 

Update Selexol process 
description 

Text was added to Section 3.1.5 to describe 
how H2 slip was handled in the models. 
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Revision 
Number 

Revision 
Date Description of Change Comments 

Revised PC and NGCC 
CO2 capture case energy 
balances (Exhibits 4-21, 
4-42 and 5-21) 

The earlier version of the energy balances 
improperly accounted for the Econamine 
process heat losses.  The heat removed from 
the Econamine process is rejected to the 
cooling tower. 

Corrected Exhibit 5-11 
and Exhibit 5-21 

Sensible heat for combustion air in the two 
NGCC cases was for only one of the two 
combustion turbines – corrected to account 
for both turbines 
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