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BIG IDEAS

By 2050 solar power could end U.S. dependence on
foreign oil and slash greenhouse gas emissions

By Ken Zweibel, James Mason and Vasilis Fthenakis

KEY CONCEPTS

m A massive switch from
coal, oil, natural gas and
nuclear power plants to so-
lar power plants could sup-
ply 69 percent of the U.S.'s
electricity and 35 percent
of its total energy by 2050.

A vast area of photovoltaic
cells would have to be
erected in the Southwest.
Excess daytime energy
would be stored as com-
pressed air in underground
caverns to be tapped dur-
ing nighttime hours.

Large solar concentrator
power plants would be
built as well.

A new direct-current pow-
er transmission backbone
would deliver solar elec-
tricity across the country.

But $420 billion in subsi-
dies from 2011 to 2050
would be required to fund
the infrastructure and
make it cost-competitive.

—The Editors
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igh prices for gasoline and home heating oil are here to stay.

The U.S. is at war in the Middle East at least in part to protect

its foreign oil interests. And as China, India and other nations
rapidly increase their demand for fossil fuels, future fighting over
energy looms large. In the meantime, power plants that burn coal,
oil and natural gas, as well as vehicles everywhere, continue to pour
millions of tons of pollutants and greenhouse gases into the atmo-
sphere annually, threatening the planet.

Well-meaning scientists, engineers, economists and politicians
have proposed various steps that could slightly reduce fossil-fuel use
and emissions. These steps are not enough. The U.S. needs a bold
plan to free itself from fossil fuels. Our analysis convinces us that a
massive switch to solar power is the logical answer.

Solar energy’s potential is off the chart. The energy in sunlight
striking the earth for 40 minutes is equivalent to global energy con-
sumption for a year. The U.S. is lucky to be endowed with a vast re-
source; at least 250,000 square miles of land in the Southwest alone
are suitable for constructing solar power plants, and that land receives
more than 4,500 quadrillion British thermal units (Btu) of solar ra-
diation a year. Converting only 2.5 percent of that radiation into elec-
tricity would match the nation’s total energy consumption in 2006.

To convert the country to solar power, huge tracts of land would
have to be covered with photovoltaic panels and solar heating
troughs. A direct-current (DC) transmission backbone would also
have to be erected to send that energy efficiently across the nation.

The technology is ready. On the following pages we present a
grand plan that could provide 69 percent of the U.S.’s electricity and
35 percent of its total energy (which includes transportation) with
solar power by 2050. We project that this energy could be sold to
consumers at rates equivalent to today’s rates for conventional pow-
er sources, about five cents per kilowatt-hour (kWh). If wind, bio-
mass and geothermal sources were also developed, renewable ener-
gy could provide 100 percent of the nation’s electricity and 90 per-
cent of its energy by 2100.

The federal government would have to invest more than $400 bil-
lion over the next 40 years to complete the 2050 plan. That invest-
ment is substantial, but the payoff is greater. Solar plants consume
little or no fuel, saving billions of dollars year after year. The infra-
structure would displace 300 large coal-fired power plants and 300
more large natural gas plants and all the fuels they consume. The
plan would effectively eliminate all imported oil, fundamentally cut-
ting U.S. trade deficits and easing political tension in the Middle East
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and elsewhere. Because solar technologies are
almost pollution-free, the plan would also re-
duce greenhouse gas emissions from power
plants by 1.7 billion tons a year, and another 1.9
billion tons from gasoline vehicles would be dis-
placed by plug-in hybrids refueled by the solar
power grid. In 2050 U.S. carbon dioxide emis-
sions would be 62 percent below 2005 levels,
putting a major brake on global warming.

Photovoltaic Farms

In the past few years the cost to produce photo-
voltaic cells and modules has dropped signifi-
cantly, opening the way for large-scale deploy-
ment. Various cell types exist, but the least expen-
sive modules today are thin films made of
cadmium telluride. To provide electricity at six
cents per kWh by 2020, cadmium telluride mod-
ules would have to convert electricity with 14
percent efficiency, and systems would have to be
installed at $1.20 per watt of capacity. Current
modules have 10 percent efficiency and an
installed system cost of about $4 per watt. Prog-
ress is clearly needed, but the technology is
advancing quickly; commercial efficiencies have
risen from 9 to 10 percent in the past 12 months.
It is worth noting, too, that as modules improve,
rooftop photovoltaics will become more cost-
competitive for homeowners, reducing daytime
electricity demand.

In our plan, by 2050 photovoltaic technology
would provide almost 3,000 gigawatts (GW), or
billions of watts, of power. Some 30,000 square
miles of photovoltaic arrays would have to be
erected. Although this area may sound enor-
mous, installations already in place indicate that
the land required for each gigawatt-hour of so-
lar energy produced in the Southwest is less than

that needed for a coal-powered plant when fac-

toring in land for coal mining. Studies by the
National Renewable Energy Laboratory in
Golden, Colo., show that more than enough
land in the Southwest is available without re-
quiring use of environmentally sensitive areas,
population centers or difficult terrain. Jack
Lavelle, a spokesperson for Arizona’s Depart-
ment of Water Conservation, has noted that
more than 80 percent of his state’s land is not
privately owned and that Arizona is very inter-
ested in developing its solar potential. The be-
nign nature of photovoltaic plants (including no
water consumption) should keep environmental
concerns to a minimum.

The main progress required, then, is to raise
module efficiency to 14 percent. Although the
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U.S. Plan for 2050

35%

of total energy

69%

of electricity

B y 2050 vast photovoltaic arrays in the Southwest would

supply electricity instead of fossil-fueled power plants and
would also power a widespread conversion to plug-in electric vehi-
cles. Excess energy would be stored as compressed air in under-
ground caverns. Large arrays that concentrate sunlight to heat
water would also supply electricity. A new high-voltage, direct-cur-
rent transmission backbone would carry power to regional markets
nationwide. The technologies and factors critical to their success
are summarized at the right, along with the extent to which the
technologies must be deployed by 2050. The plan would substan-
tially cut the country’s consumption of fossil fuels and its emission
of greenhouse gases (below). We have assumed a 1 percent annual
growth in net energy demand. And we have anticipated improve-
ments in solar technologies forecasted only until 2020, with no fur-
ther gains beyond that date. —K.Z., J.M. and V.F.

ANNUAL U.S. FUEL CONSUMPTION
@ 2007

2050 (Existing energy path)
. 2050 (Solar grand plan)

TECHNOLOGY

PHOTOVOLTAICS

COMPRESSED-AIR
ENERGY STORAGE
(with photovoltaic
electricity)

CONCENTRATED
SOLAR POWER

DC TRANSMISSION




CRITICAL FACTOR 2007 2050 ADVANCES NEEDED

Land area 10 sq miles

10%

30,000 sq miles
14%

Policies to develop large public land areas

Thin-film module efficiency More transparent materials to improve light transmission; more densely

doped layers to increase voltage; larger modules to reduce inactive area

$4/W
16¢/kWh
0.5GW

$1.20/W
5¢/kWh
2,940 GW

Installed cost Improvements in module efficiency; gains from volume production

Electricity price Follows from lower installed cost

Total capacity National energy plan built around solar power

0
$5.80/W
20¢/kWh
0.1 GW

535 billion cu ft
$3.90/W
9¢/kWh
558 GW

Volume Coordination of site development with natural gas industry

Installed cost Economies of scale; decreasing photovoltaic electricity prices

Follows from lower installed cost

Electricity price

Total capacity National energy plan

Land area 10 sq miles
13%
$5.30/W
18¢/kWh

0.5GW

16,000 sq miles
17%
$3.70/W
9¢/kWh
558 GW

Policies to develop large public land areas

Solar-to-electric efficiency Fluids that transfer heat more effectively

Installed cost Single-tank thermal storage systems; economies of scale

Follows from lower installed cost

Electricity price

Total capacity National energy plan

New high-voltage DC grid from Southwest to rest of country

500 miles 100,000-

500,000 miles

Length



By 2100
renewable
energy could
generate

100 percent
of the U.S.'s
electricity and
more than

90 percent of

its energy.

efficiencies of commercial modules will never
reach those of solar cells in the laboratory, cad-
mium telluride cells at the National Renewable
Energy Laboratory are now up to 16.5 percent
and rising. At least one manufacturer, First So-
lar in Perrysburg, Ohio, increased module effi-
ciency from 6 to 10 percent from 2005 to 2007
and is reaching for 11.5 percent by 2010.

Pressurized Caverns

The great limiting factor of solar power, of
course, is that it generates little electricity when
skies are cloudy and none at night. Excess pow-
er must therefore be produced during sunny
hours and stored for use during dark hours.
Most energy storage systems such as batteries
are expensive or inefficient.

Compressed-air energy storage has emerged
as a successful alternative. Electricity from pho-
tovoltaic plants compresses air and pumps it
into vacant underground caverns, abandoned
mines, aquifers and depleted natural gas wells.
The pressurized air is released on demand to
turn a turbine that generates electricity, aided by
burning small amounts of natural gas. Com-
pressed-air energy storage plants have been op-
erating reliably in Huntorf, Germany, since
1978 and in McIntosh, Ala., since 1991. The tur-
bines burn only 40 percent of the natural gas
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they would if they were fueled by natural gas
alone, and better heat recovery technology
would lower that figure to 30 percent.

Studies by the Electric Power Research Insti-
tute in Palo Alto, Calif., indicate that the cost
of compressed-air energy storage today is about
half that of lead-acid batteries. The research in-
dicates that these facilities would add three or
four cents per kWh to photovoltaic generation,
bringing the total 2020 cost to eight or nine
cents per kWh.

Electricity from photovoltaic farms in the
Southwest would be sent over high-voltage DC
transmission lines to compressed-air storage
facilities throughout the country, where tur-
bines would generate electricity year-round.
The key is to find adequate sites. Mapping by
the natural gas industry and the Electric Power
Research Institute shows that suitable geologic
formations exist in 75 percent of the country,
often close to metropolitan areas. Indeed, a
compressed-air energy storage system would
look similar to the U.S. natural gas storage sys-
tem. The industry stores eight trillion cubic feet
of gas in 400 underground reservoirs. By 2050
our plan would require 535 billion cubic feet of
storage, with air pressurized at 1,100 pounds
per square inch. Although development will be
a challenge, plenty of reservoirs are available,

Photovoltaics

In the 2050 plan vast photovoltaic
farms would cover 30,000 square
miles of otherwise barren land in
the Southwest. They would
resemble Tucson Electric Power
Company's 4.6-megawatt plant in
Springerville, Ariz., which began
in 2000 (/eft). In such farms, many
photovoltaic cells are interconnect-
ed on one module, and modules
are wired together to form an
array (right). The direct current
from each array flows to a trans-
former that sends it along high-
voltage lines to the power grid. In
a thin-film cell (inset), the energy
of incoming photons knocks loose
electrons in the cadmium telluride
layer; they cross a junction, flow to
the top conductive layer and then
flow around to the back conduc-
tive layer, creating current.

January 2008

TUCSON ELECTRIC POWER COMPANY




SOURCE FOR MAP: COURTESY OF NATIONAL RENEWABLE ENERGY LABORATORY; DON FOLEY (illustrations)

and it would be reasonable for the natural gas
industry to invest in such a network.

Hot Salt

Another technology that would supply perhaps
one fifth of the solar energy in our vision is
known as concentrated solar power. In this
design, long, metallic mirrors focus sunlight
onto a pipe filled with fluid, heating the fluid
like a huge magnifying glass might. The hot flu-
id runs through a heat exchanger, producing
steam that turns a turbine.

For energy storage, the pipes run into a large,
insulated tank filled with molten salt, which re-
tains heat efficiently. Heat is extracted at night,
creating steam. The molten salt does slowly
cool, however, so the energy stored must be
tapped within a day.

Nine concentrated solar power plants with a
total capacity of 354 megawatts (MW) have
been generating electricity reliably for years in
the U.S. A new 64-MW plant in Nevada came
online in March 2007. These plants, however,
do not have heat storage. The first commercial
installation to incorporate it—a 50-MW plant
with seven hours of molten salt storage—is
being constructed in Spain, and others are be-
ing designed around the world. For our plan,
16 hours of storage would be needed so that

Photovoltaic array
Electricity
delivered

. to the grid
Junction box

Power conditioner

and transformer

www.SciAm.com

Plentiful Resource

Solar radiation is abundant in the U.S.,
especially the Southwest. The 46,000
square miles of solar arrays (white
circles) required by the grand plan
could be distributed in various ways;
one option is shown here to scale.
NOTE: ALASKA AND HAWAII NOT SHOWN TO SCALE

electricity could be generated 24 hours a day.

Existing plants prove that concentrated solar
power is practical, but costs must decrease.
Economies of scale and continued research
would help. In 2006 a report by the Solar Task
Force of the Western Governors’ Association
concluded that concentrated solar power could
provide electricity at 10 cents per kWh or less by
2015 if 4 GW of plants were constructed. Find-
ing ways to boost the temperature of heat ex-
changer fluids would raise operating efficiency,

Average Daily Total Radiation
(kWh/sq m/day)

PAYOFFS

= Foreign oil dependence cut
from 60 to 0 percent

= Global tensions eased and
military costs lowered

= Massive trade deficit
reduced significantly

= Greenhouse gas emissions
slashed

= Domestic jobs increased

Current

Electron flow
creates current

Transparent
conductive layer

Cadmium sulfide
semiconductor

Junction

Cadmium telluride
semiconductor

Conductive metal
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too. Engineers are also investigating how to use
molten salt itself as the heat-transfer fluid, re-
ducing heat losses as well as capital costs. Salt
is corrosive, however, so more resilient piping
systems are needed.

Concentrated solar power and photovoltaics
represent two different technology paths. Nei-
ther is fully developed, so our plan brings them
both to large-scale deployment by 2020, giving
them time to mature. Various combinations of
solar technologies might also evolve to meet de-
mand economically. As installations expand,
engineers and accountants can evaluate the pros
and cons, and investors may decide to support
one technology more than another.

The geography of solar power is obviously dif-
ferent from the nation’s current supply scheme.
Today coal, oil, natural gas and nuclear power
plants dot the landscape, built relatively close
to where power is needed. Most of the coun-
try’s solar generation would stand in the South-
west. The existing system of alternating-cur-
rent (AC) power lines is not robust enough to
carry power from these centers to consumers
everywhere and would lose too much energy
over long hauls. A new high-voltage, direct-
current (HVDC) power transmission back-
bone would have to be built.

Studies by Oak Ridge National Laboratory
indicate that long-distance HVDC lines lose far
less energy than AC lines do over equivalent
spans. The backbone would radiate from the
Southwest toward the nation’s borders. The
lines would terminate at converter stations
where the power would be switched to AC and
sent along existing regional transmission lines
that supply customers.

The AC system is also simply out of capacity,
leading to noted shortages in California and
other regions; DC lines are cheaper to build
and require less land area than equivalent AC
lines. About 500 miles of HVDC lines operate
in the U.S. today and have proved reliable and
efficient. No major technical advances seem to
be needed, but more experience would help re-
fine operations. The Southwest Power Pool of
Texas is designing an integrated system of DC
and AC transmission to enable development of
10 GW of wind power in western Texas. And
TransCanada, Inc., is proposing 2,200 miles of
HVDOC lines to carry wind energy from Mon-
tana and Wyoming south to Las Vegas and
beyond.
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Subsidies totaling $420
billion through 2050

Political leadership needed
to raise the subsidy,
possibly with a carbon tax

New high-voltage,
direct-current electric
transmission system built
profitably by private
carriers

We have given considerable thought to how the
solar grand plan can be deployed. We foresee
two distinct stages. The first, from now until
2020, must make solar competitive at the mass-
production level. This stage will require the
government to guarantee 30-year loans, agree
to purchase power and provide price-support
subsidies. The annual aid package would rise
steadily from 2011 to 2020. At that time, the
solar technologies would compete on their own
merits. The cumulative subsidy would total
$420 billion (we will explain later how to pay
this bill).

About 84 GW of photovoltaics and concen-
trated solar power plants would be built by
2020. In parallel, the DC transmission system
would be laid. It would expand via existing
rights-of-way along interstate highway corri-
dors, minimizing land-acquisition and regula-
tory hurdles. This backbone would reach major
markets in Phoenix, Las Vegas, Los Angeles
and San Diego to the west and San Antonio,
Dallas, Houston, New Orleans, Birmingham,
Ala., Tampa, Fla., and Atlanta to the east.

Building 1.5 GW of photovoltaics and 1.5
GW of concentrated solar power annually in the
first five years would stimulate many manufac-

turers to scale up. In the next five years, annual

January 2008
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construction would rise to 5 GW apiece, help-
ing firms optimize production lines. As a result,
solar electricity would fall toward six cents per
kWh. This implementation schedule is realistic;
more than 5§ GW of nuclear power plants were
built in the U.S. each year from 1972 to 1987.
What is more, solar systems can be manufac-
tured and installed at much faster rates than
conventional power plants because of their
straightforward design and relative lack of en-
vironmental and safety complications.

Stage Two: 2020 to 2050

It is paramount that major market incentives
remain in effect through 2020, to set the stage
for self-sustained growth thereafter. In extend-
ing our model to 2050, we have been conserva-
tive. We do not include any technological or
cost improvements beyond 2020. We also
assume that energy demand will grow nation-
ally by 1 percent a year. In this scenario, by
2050 solar power plants will supply 69 percent
of U.S. electricity and 35 percent of total U.S.
energy. This quantity includes enough to supply
all the electricity consumed by 344 million plug-
in hybrid vehicles, which would displace their
gasoline counterparts, key to reducing depen-
dence on foreign oil and to mitigating green-
house gas emissions. Some three million new

Underground
Storage

Excess electricity produced during
the day by photovoltaic farms
would be sent over power lines to
compressed-air energy storage
sites close to cities. At night the
sites would generate power for
consumers. Such technology is al-
ready available; the PowerSouth
Energy Cooperative's plant in Mc-
Intosh, Ala. (left), has operated
since 1991 (the white pipe sends
air underground). In these designs,
incoming electricity runs motors
and compressors that pressurize
air and send it into vacant caverns,
mines or aquifers (right). When the
airis released, it is heated by burn-
ing small amounts of natural gas;
the hot, expanding gases turn
turbines that generate electricity.
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Electricity from
photovoltaic farm

domestic jobs—notably in manufacturing solar
components—would be created, which is sever-
al times the number of U.S. jobs that would be
lost in the then dwindling fossil-fuel industries.

The huge reduction in imported oil would
lower trade balance payments by $300 billion a
year, assuming a crude oil price of $60 a barrel
(average prices were higher in 2007). Once solar
power plants are installed, they must be main-
tained and repaired, but the price of sunlight is
forever free, duplicating those fuel savings year
after year. Moreover, the solar investment would
enhance national energy security, reduce finan-
cial burdens on the military, and greatly de-
crease the societal costs of pollution and global
warming, from human health problems to the
ruining of coastlines and farmlands.

Ironically, the solar grand plan would lower
energy consumption. Even with 1 percent annu-
al growth in demand, the 100 quadrillion Btu
consumed in 2006 would fall to 93 quadrillion
Btu by 2050. This unusual offset arises because
agood deal of energy is consumed to extract and
process fossil fuels, and more is wasted in burn-
ing them and controlling their emissions.

To meet the 2050 projection, 46,000 square
miles of land would be needed for photovoltaic
and concentrated solar power installations. That
area is large, and yet it covers just 19 percent of

[THE AUTHORS]

Ken Zweibel, James Mason and
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studies of photovoltaics. Zweibel
is president of PrimeStar Solar in
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manager of the National Renew-
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head of the Photovoltaic Environ-
mental Research Center at Brook-
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scl Brilliant?
Far-fetched?

For a discussion with
the authors about the solar grand
plan, please visit our Community
page at http://science-
community.SciAm.com:; click on
Discussions, then Technology.
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Although
$420 billion is
substantial,
itis less than
the U.S. Farm
Price Support
program.
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the suitable Southwest land. Most of that land is
barren; there is no competing use value. And the
land will not be polluted. We have assumed that
only 10 percent of the solar capacity in 2050 will
come from distributed photovoltaic installa-
tions—those on rooftops or commercial lots
throughout the country. But as prices drop, these
applications could play a bigger role.

2050 and Beyond

Although it is not possible to project with any
exactitude 50 or more years into the future, as
an exercise to demonstrate the full potential of
solar energy we constructed a scenario for 2100.
By that time, based on our plan, total energy
demand (including transportation) is projected
to be 140 quadrillion Btu, with seven times
today’s electric generating capacity.

To be conservative, again, we estimated how
much solar plant capacity would be needed un-
der the historical worst-case solar radiation
conditions for the Southwest, which occurred
during the winter of 1982-1983 and in 1992
and 1993 following the Mount Pinatubo erup-
tion, according to National Solar Radiation
Data Base records from 1961 to 2005. And
again, we did not assume any further techno-
logical and cost improvements beyond 2020,
even though it is nearly certain that in 80 years

ongoing research would improve solar efficien-
cy, cost and storage.

Under these assumptions, U.S. energy de-
mand could be fulfilled with the following capac-
ities: 2.9 terawatts (TW) of photovoltaic power
going directly to the grid and another 7.5 TW
dedicated to compressed-air storage; 2.3 TW of
concentrated solar power plants; and 1.3 TW
of distributed photovoltaic installations. Supply
would be rounded out with 1 TW of wind farms,
0.2 TW of geothermal power plants and 0.25
TW of biomass-based production for fuels. The
model includes 0.5 TW of geothermal heat
pumps for direct building heating and cooling.
The solar systems would require 165,000 square
miles of land, still less than the suitable available
area in the Southwest.

In 2100 this renewable portfolio could gen-
erate 100 percent of all U.S. electricity and more
than 90 percent of total U.S. energy. In the
spring and summer, the solar infrastructure
would produce enough hydrogen to meet more
than 90 percent of all transportation fuel de-
mand and would replace the small natural gas
supply used to aid compressed-air turbines.
Adding 48 billion gallons of biofuel would cov-
er the rest of transportation energy. Energy-re-
lated carbon dioxide emissions would be re-
duced 92 percent below 2005 levels.

e

Concentrated
Solar

Large concentrated solar power
plants would complement photo-
voltaic farms in the Southwest. The
Kramer Junction plant in California's
Mojave Desert (left), using technol-
ogy from Solel in Beit Shemesh, Isra-
el, has been operating since 1989.
Metallic parabolic mirrors focus sun-
light on a pipe, heating fluid such as
ethylene glycol inside (right). The
mirrors rotate to track the sun. The
hot pipes run alongside a second
loop inside a heat exchanger that
contains water, turning it to steam
that drives a turbine. Future plants
could also send the hot fluid
through a holding tank, heating
molten salt; that reservoir would
retain heat that could be tapped at
night for the heat exchanger.

January 2008
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Ethylene
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Who Pays?
Our model is not an austerity plan, because it
includes a 1 percent annual increase in demand,
which would sustain lifestyles similar to those
today with expected efficiency improvements in
energy generation and use. Perhaps the biggest
question is how to pay for a $420-billion over-
haul of the nation’s energy infrastructure. One
of the most common ideas is a carbon tax. The
International Energy Agency suggests that a car-
bon tax of $40 to $90 per ton of coal will be
required to induce electricity generators to adopt
carbon capture and storage systems to reduce
carbon dioxide emissions. This tax is equivalent
to raising the price of electricity by one to two
cents per kWh. But our plan is less expensive. The
$420 billion could be generated with a carbon
tax of 0.5 cent per kWh. Given that electricity
today generally sells for six to 10 cents per kWh,
adding 0.5 cent per kWh seems reasonable.
Congress could establish the financial incen-
tives by adopting a national renewable energy
plan. Consider the U.S. Farm Price Support pro-
gram, which has been justified in terms of na-
tional security. A solar price support program
would secure the nation’s energy future, vital to
the country’s long-term health. Subsidies would
be gradually deployed from 2011 to 2020. With
a standard 30-year payoff interval, the subsi-

Parabolic trough
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Film Photovoltaic. Ken Zweibel in
Thin Film Solar Cells: Fabrication,
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Energy Autonomy: The Economic,
Social and Technological Case for
Renewable Energy. Hermann
Scheer. Earthscan Publications, 2007.

Center for Life Cycle Analysis,
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www.clca.columbia.edu

The National Solar Radiation
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dies would end from 2041 t0 2050. The HVDC
transmission companies would not have to be
subsidized, because they would finance con-
struction of lines and converter stations just as
they now finance AC lines, earning revenues by
delivering electricity.

Although $420 billion is substantial, the an-
nual expense would be less than the current U.S.
Farm Price Support program. Itis also less than
the tax subsidies that have been levied to build
the country’s high-speed telecommunications
infrastructure over the past 35 years. And it
frees the U.S. from policy and budget issues
driven by international energy conflicts.

Without subsidies, the solar grand plan is im-
possible. Other countries have reached similar
conclusions: Japan is already building a large,
subsidized solar infrastructure, and Germany
has embarked on a nationwide program. Al-
though the investment is high, it is important to
remember that the energy source, sunlight, is free.
There are no annual fuel or pollution-control
costs like those for coal, oil or nuclear power, and
only a slight cost for natural gas in compressed-
air systems, although hydrogen or biofuels could
displace that, too. When fuel savings are factored
in, the cost of solar would be a bargain in
coming decades. But we cannot wait un-

til then to begin scaling up.

Critics have raised other con-
cerns, such as whether material
constraints could stifle large-scale
installation. With rapid deploy-
ment, temporary shortages are

possible. But several types of cells
exist that use different material com-
binations. Better processing and recy-
cling are also reducing the amount of ma-
terials that cells require. And in the long term,
old solar cells can largely be recycled into new
solar cells, changing our energy supply picture
from depletable fuels to recyclable materials.

The greatest obstacle to implementing a re-
newable U.S. energy system is not technology
or money, however. It is the lack of public
awareness that solar power is a practical alter-
native—and one that can fuel transportation as
well. Forward-looking thinkers should try to
inspire U.S. citizens, and their political and sci-
entific leaders, about solar power’s incredible

FuturépTae 4’ b2 potential. Once Americans realize that poten-

heat-holding tank

tial, we believe the desire for energy self-suffi-
(molten salt)
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Generator

ciency and the need to reduce carbon dioxide
emissions will prompt them to adopt a nation-
al solar plan. [
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So far, solar energy has been viewed as only a minor contributor in the energy mixture of the US due to
cost and intermittency constraints. However, recent drastic cost reductions in the production of
photovoltaics (PV) pave the way for enabling this technology to become cost competitive with fossil fuel
energy generation. We show that with the right incentives, cost competitiveness with grid prices in the
US (e.g., 6-10US ¢ [kWh) can be attained by 2020. The intermittency problem is solved by integrating PV
with compressed air energy storage (CAES) and by extending the thermal storage capability in
concentrated solar power (CSP). We used hourly load data for the entire US and 45-year solar irradiation
data from the southwest region of the US, to simulate the CAES storage requirements, under worst
weather conditions. Based on expected improvements of established, commercially available PV, CSP,
and CAES technologies, we show that solar energy has the technical, geographical, and economic
potential to supply 69% of the total electricity needs and 35% of the total (electricity and fuel) energy
needs of the US by 2050. When we extend our scenario to 2100, solar energy supplies over 90%, and
together with other renewables, 100% of the total US energy demand with a corresponding 92%
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reduction in energy-related carbon dioxide emissions compared to the 2005 levels.

© 2008 Published by Elsevier Ltd.

1. Introduction

The world faces the dual challenges of fossil fuel depletion and
carbon dioxide (CO,) emissions, and the main candidates for
facing these challenges are coal with carbon capture and storage
(CCS), nuclear, and renewable sources of energy. However, safe
and economic concepts for CCS have not been proven; nuclear
suffers from high cost, radioactive waste management, fuel
availability, and nuclear weapon proliferation issues, and renew-
ables have been limited by resource limits, high cost, and
intermittency problems. Biomass could be a substitute for fossil
fuels, but enough land or water to meet the demand and to feed
the world’s growing population is not available (Perlack et al.,
2005). Wind is intermittent, and the total capacity of Class 4 and
higher wind resources in the US is about 1.2 Terawatt (TW)
(American Wind Energy Association, 1991). Solar energy has huge
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potential—tens or hundreds of TWs are practical, but it suffers
from intermittency. Recent drastic cost reductions in the produc-
tion of photovoltaics (PV) pave the way for enabling solar
technologies to become cost competitive with fossil fuel energy
generation. Scaling of concentrating solar power (CSP) may also
enable drastic cost reductions. In this study, we forecast future
energy demand levels for the US, and then we extrapolate the
deployment level of existing solar technologies, supplemented by
other renewable energy sources, to prove the feasibility for solar
energy to supply that energy. These technologies are (1) PV, (2) PV
combined with compressed air energy storage (CAES) power
plants, and (3) CSP plants with thermal storage systems. A vision
for very large implementation of solar systems in desert lands of
the US southwest (SW) was presented in Scientific American
(Zweibel et al., 2008). The current article discusses the feasibility
of this vision.

2. The technical and cost reduction feasibility

2.1. Photovoltaics (PV)

The US Department of Energy has set goals for reducing the
cost of solar electricity production in the SW down to 6 US ¢ [kWh
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by 2020 (US-DOE, Solar America Initiative, 2008). Although there
may be several PV technologies that can possibly accomplish the
goal (e.g., crystalline silicon, gallium arsenide concentrators, thin
film cadmium telluride, copper indium selenide, or silicon), for
specificity we will demonstrate PV’s path to cost competitiveness
using today’s lowest cost PV technology (i.e., thin film cadmium
telluride (CdTe) PV (Ginley et al., 2008)). We characterize three
development stages—2008, 2015, and 2020. The PV development
assumptions are derived from analysis of public domain data
available from First Solar, Inc. The current technology status is a
PV-rated module efficiency of 10%, a current PV module
manufacturing cost of $1.12/W (First Solar, 2007), a wholesale
PV module price of about $2/W, and an installed PV power plant
cost of $4.2/W for utility installations (Juwi International, 2007).
First Solar’s modules have increased in efficiency from 6% in 2005
to 10% in 2007, and the company targets 5% improvements in
efficiency per year, with a module efficiency of 11.5% targeted by
2010. Based on these targets and our assessment of the
technology, we determine that, with the right incentives, the
following are likely. For 2015 a CdTe PV module efficiency of
12.5%, module manufacturing cost of $0.70/W, wholesale module
price of $1.00/W, and installed central PV power plant cost of
$2.0/W. In 2020, we project PV module efficiency of 14% and
manufacturing cost of $0.50/W, wholesale module price of
$0.65/W, and installed PV power plant cost of $1.20/W-$1.30/W
(2007$, not accounting for inflation). A scenario for accomplishing
these cost improvements is shown in Table 1. We assume that the
following changes will occur for the 2020 PV projections to
materialize: (1) module efficiencies will increase to 14%; (2)
material flows and processes will be optimized to achieve lower
manufacturing costs; and (3) the manufacturing scale of single PV
manufacturing plants will increase to about 0.5-1.0 GW/yr. Each
of these parameters will have a major impact on lowering module
cost (Zweibel, 2005; Keshner and Arya, 2004).

Most of the module efficiency gains will result from continued
technology improvement. Since existing small-area devices have
already reached 16.5%, optimal scale-up of the same design should
lead to module efficiencies of 14%. Module cost can be reduced in

Table 1

a number of ways: making thinner layers (which reduces material
and processing costs); reducing glass costs by integrating glass
and PV plants; making ethylene vinyl acetate (adhesive) on-site;
improved make/buy decisions, economies of scale, and better
designs. PV module efficiency and cost are the drivers for the total
cost of PV power plants. Most improvements in the balance of
system (BOS) of PV power plants will come from either higher
module efficiency, which automatically lowers BOS costs through
a reduction in the size and number of components needed, or
through higher BOS volumes and design optimizations. The BOS
components affected by efficiency are land, land preparation,
mounting structures for PV modules, system wiring and wiring
interconnections, power-conditioning equipment to transport the
PV electricity onto transmission power lines, and labor costs. An
exception is the inverters and power-conditioning equipment,
where the first-order cost drivers are operating lifetime and
maintenance costs.

Another important price reduction comes from reduced
overhead costs. With larger volumes, companies can maintain
profitable operation despite slimmer margins. Today’s 40-55%
differential between module price and cost can shrink by half, a
major price saving.

PV electricity price estimates and underlying financial assump-
tions are presented in Fig. 1. PV electricity costs in the SW (i.e.,
insolation of 2336 kWh/m?/yr on a south facing, latitude tilt
plane) are expected to decrease from today’s 16-6 ¢ [kWh in 2020;
these estimates are based on the installed cost of large utility
systems falling from $4.2/W to $1.30/W. For distributed PV we
assume capital costs that are 25% higher than central PV in all
years, and US-average insolation (i.e., 1800 kWh/m?/yr). This cost
differential reflects the higher installation, overhead, and market-
ing costs that small systems carry. Several potential combinations
of the BOS and the PV module’s efficiency and manufacturing
costs can give equivalently low system costs without affecting this
analysis (Keshner and Arya, 2004). This cost reduction would
make PV cost competitive with the grid for peak generation
everywhere in the US. However, solar intermittency limits the
penetration of PV in the energy market. Denholm and Margolis

Example of PV system price reductions from $4.2/Wp AC to $1.3/Wp DC (from today’s lowest installed system price to future DC PV used to feed into a CAES facility)

Aspect

Change?®

How

Resulting system price

Eliminate inverter

Module profit margin reduction due
to large volume

Installation margin reduction due to
high volume®

Module efficiency—thin films®

Technological improvements of
module area cost

Technological improvements in non-
module components

Make-buy decisions for components
in high volumes

Larger installed systems

$0.2/W reduction

From 55% to 20%; module price drops
from $2/W ($1.1/W cost) to $1.38/W
From 15% to 5%

40% increase from 10% module
efficiency to 14%°

30% reduction: optimized processes,
larger volumes, larger modules, and
thinner layers

20% reduction in BOS price

20% reduction in module and system
component prices
5% reduction in costs

Eliminate inverter, use DC
transmission

Volume absorption of overhead and
streamlining

Standard systems and volume sales

Output rise of 40% implies system
price reduction of 29% (price/output,
1/14 =.71)

$110/m2 becomes $77/m2, a saving
of $33/140 W = $0.24/W; with 20%
module margin and 10% integrator
margin, implies a reduction of $0.32/
W in system price and a module cost
of $0.55/W¢

Save $0.23/W

20% lower cost and price (e.g.,
making glass instead of buying it)
Volume absorption of overhead and
streamlining

$4/W ($2/W for module and $2/W
for the rest)

$3.38/W

$3.04

$2.16/W

$1.84/W (prices: module $0.69, BOS

$1.15, which includes integrator
margins)

$0.7 module+0.9/W BOS = $1.6/W
$1.28/W

$1.3/W DC feedstock electricity for
CAES

2 These changes will be done by 2020; very conservative we did not assume further technological and cost improvements beyond 2020.

b Ssample ways for efficiency increases: (1) More transparent glass (5%) and top layers that allow more light to the junction (20%). (2) Improved p-type doping of CdTe to
increase voltage and reduce CdTe/contact series resistance (15%). (3) Increased useful module area by increasing the size of the modules (less edge delete) (5%).

¢ We assume an initial module price of $2/W corresponding to the quoted manufacturing cost of $1.1/W (at 10% efficiency) and 55% profit margin, e.g., like First Solar in

Q4 2007 and Q1 2008.
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Fig. 1. Levelized cost of electricity estimates for solar electricity production in the US southwest. These estimates are calculated by the net present value cash flow method,
using EPRI (2003) financial model with a 30-year capital recovery period assuming: capital structure of 45% equity and 55% debt; 10% cost of equity capital and 6.5% cost of
debt capital; 30-year capital recovery period; 38.2% tax rate, modified asset cost recovery system (MACRS) depreciation; 1.9% annual inflation rate; and 5% after tax,
weighted average, real discount rate. Property taxes and insurance costs are assumed to be 2% of capital. These estimates also include, power transmission losses of 10%, and

HVDC transmission cost of $0.007/KWh.

(2007a) recently studied the hourly PV output and load demands
for the ERCOT system in Texas and determined that the existing
system has the flexibility to receive at least 10-20% of its total
peak demand directly from dispersed PV systems without storage,
and that with load switching and/or limited storage, such
penetration could approach 50% (Denholm and Margolis, 2007b).

2.2. Compressed air energy storage (CAES) power plants

For solar energy to be converted to base-load power, excess
power must be produced during sunny hours and stored for use
during dark hours. Most energy storage systems are expensive,
either in capital outlays or in energy losses incurred while storing
and retrieving energy. For example, batteries are costly, fly wheels
are suitable for short-duration storage only, pumped hydro has
geographical limitations, and superconducting electricity storage
is experimental. However, CAES is a proven technology that is
economical for large bulk storage and can provide cycling
capability, regulation, and quick start, which are sufficient for
both peak and base-load applications. Electric Power Research
Institute studies show that CAES today costs about half that of
lead-acid batteries (EPRI, 2003). In CAES, electricity is used to
compress air and pump it into vacant underground formations
such as caverns, abandoned mines, aquifers, and depleted natural
gas wells. The pressurized air is released on demand to turn a gas
turbine that generates electricity. CAES plants have been operat-
ing reliably in Huntorf, Germany, since 1978 and in McIntosh,
Alabama, since 1991 (Schainker et al., 1993; Ter-Gazarian, 1994;
Cavallo, 2007). The first is a 290 MW plant designed for 2h of
generation between recharging and the second is a 110 MW plant
designed for 26 h of generation. Ten new CAES plants are in the
planning phases in the US, the largest would be the 2.7 GW
Norton, Ohio plant (Hydrodynamics Group, 2002). Greenblatt
et al. (2007) showed the economic viability of integrating wind
and CAES; a CAES plant in lowa is being built for such integration.
These plants still use natural gas to heat the compressed air, but
their gas consumption is 60% lower than that of single-cycle gas
turbines (Haug, 2003). Eliminating the need of fuel is pursued in
advanced adiabatic CAES (AA-CAES) concepts that recover and
utilize the heat stored in compression; it is expected that AA-CAES

would be commercialized by 2015-2020 (Bullough et al., 2005).
Even if AA-CAES does not succeed in completely eliminating the
need of fuel, it is certain that the operation of these plants would
require even less fuel in the future and instead of natural gas,
biofuels or hydrogen could be used.

We estimated that adding CAES to PV will cost an additional
4-5 ¢ [kWh for peak plants and 3-4 ¢ /kWh for base PV+CAES
plants. These estimates are shown in Table 2; details can be found
elsewhere (Mason et al., in press). Electricity from large PV farms
in the SW would be sent over high-voltage DC transmission lines
to compressed air storage facilities throughout the country.
Turbines would be built next to the air storage facilities to
generate electricity year-round.

A schematic of our model for sizing the integrated PV-CAES
plants is shown in Fig. 2. We use national and state hourly
electricity demand data, aggregated to daily loads, to determine
the capacities of CAES needed to supply these loads. We
determine the air injection-air withdrawal supply profiles
required to satisfy the required daily loads. Based on the average
minimum availability of solar irradiation, I(t), we then determine
the periods of the cycles of electricity supply from CAES and
recharging from PV. This enables sizing of the storage reservoir.
Then we establish the size of the PV plant, required to charge and
maintain reservoir capacity with electricity generating reliability
of 99.9% of planned CAES plant operation. This reliability is
determined by the combination of observed winter daily loads
and lowest average solar irradiation days in the 45-year solar
insolation data for the entire SW. Therefore, the system is
oversized for most of the year and surplus PV electricity, Ex(t), is
generated and fed directly into the grid. In the long run
(post-2040), we model the application of excess PV electricity
generation for the production of hydrogen by electrolysis of water
(Mason and Zweibel, 2007, 2008).

2.3. Concentrating solar power (CSP)

CSP systems, especially parabolic trough ones, have attracted
renewed interest in the US. In the 1980s and 1990s, nine parabolic
trough CSP plants with a total capacity of 354 MW were built in
the country (US Department of Energy (US-DOE), 2008). These
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Table 2
Cost of compressed air energy storage
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Reference Succar and Williams (2008) EPRI-DOE (2003) Mason et al. (in press)
Capital cost of CAES surface equipment ($/kW,) 610 440 621
Cost of underground storage capacity ($/kWh) 1.95 1 2
Storage hours 88 10 100
Total capital cost ($/kW.) 782 450 821
Number of cycles per year 328
Total levelized cost ($/kWh) 0.039
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Fig. 2. The PV-CAES conceptual model.

early plants have generated electricity reliably for over 20 years.
A new 64-MW CSP plant started producing electricity in Nevada
this March. A 50-MW parabolic trough CSP plant with 7h of
molten salt thermal storage capacity is being constructed in
Spain. Other parabolic trough CSP plants are in the planning
stages around the world (Mahos, 2008). Power towers is as second
CSP category that attracts interest and several plants are
scheduled for installation in the Mojave desert (BrightSource
Energy, 2008).

Ongoing research at the National Renewable Energy Laboratory
demonstrates that the electricity production profile of CSP power
plants can be transformed from a non-dispatchable to a
dispatchable power source during the summer by applying 6h
of molten salt thermal storage capacity and by geographically
dispersing the CSP plants (Blair et al., 2006). A CSP plant with 16 h
of thermal storage capacity can be designed to generate electricity
at full capacity for 24h a day in the spring, summer, and fall
months, and at 70% capacity for 16 h a day during average SW
winter conditions. Thermal storage confers flexibility in tailoring
electricity output to meet variations in load demands. The ability
to use thermal storage to shift time-of-day electricity generation
is illustrated in Fig. 3. CSP steam power plants can be equipped
with auxiliary boilers using fossil or synthetic fuels, to provide
electricity during cloudy days.

The key to the commercial development of CSP is establishing a
consistent annual deployment schedule leading to lower costs. In a
US-DOE sponsored study, Sargent and Lundy (2003) estimated that
such cost reductions could be realized through economies of scale
by building large plants, through learning-curve experience with
manufacturing components in volume, and through technical
improvements from continuing research (Shinnar and Citro, 2006).
The Solar Energy Task Force of the Western Governors’ Association
(WGA) concluded that CSP electricity prices of $0.10/kWh or lower
are possible with construction of 4GW by 2015 (San Diego
Regional, 2005; WGA, 2006). To help meet the CSP deployment
goal, the US-DOE’s Energy Efficiency and Renewable Energy Office
and the WGA agreed to promote the installation of 1GW of new
parabolic trough CSP plants by 2010. In our modeling, we assume
that drastic cost reductions will occur post-2015 with advances in
thermocline thermal storage.

Water allocation is an issue for siting CSP plants, as any type
of thermoelectric plants. Different options may exist (e.g., air
cooling, on-site rain-runoff collection and storage systems or
transfer of water from ocean desalination plants), and these need
further study.

2.4. Other renewable technologies for electricity generation

The American Council on Renewable Energy (ACORE) (2007)
estimates that the prospects of building renewable power plants
in the US by 2025 include 248 GW of wind, 164 GW of solar, 23 GW
of hydro (in addition to the current 75 GW), 100 GW of geothermal
energy and power, and 100GW of biomass. It is noted that
ACORE’s estimates for PV do not include storage, and this is the
major reason for our PV estimates being higher. For all other
renewables, we use the ACORE projections to 2025, and we extend
the forecast to 2100 (Table 1).

Geothermal heat pumps are especially attractive in our plan.
They have been supplying homes and small businesses with heat,
space cooling, and hot water for buildings and pools for more than
20 years. Due to projected increases in heating oil and natural gas
prices, we project that geothermal heat pump capacity will start
growing significantly in the 2030s, that it would become the
dominant source of residential and commercial space heating and
cooling by 2050, and would become universal by 2100. The
universal adoption of geothermal heat pumps, with 30% greater
efficiency than conventional space heating and cooling systems,
will result in a 23 quadrillion Btu (Q-Btu) (24.3 EJ) energy use
reduction in space heating and cooling energy consumption
by 2100.

2.5. Energy technologies for enabling solar energy use in
transportation

Plug-in hybrid electric vehicles (PHEVs) can be powered
with electricity produced with solar and other renewable, non-
polluting, electricity sources. Although there are still formidable
challenges related to the development of light and inexpensive
batteries, current technologies (e.g., lithium ion) have the
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Fig. 3. Winter electricity generation: a CSP power plant with thermal storage shifting time-of-day electricity generation to supply electricity through a winter evening’s

peak demand, 5-10 pm.

potential to make these cars driving full-range (e.g., 40 miles)
between charges (US Department of Energy (US-DOE), 2007).
Several auto manufacturers have built plug-in hybrid prototypes,
and at least one company has a target for introducing a PHEV in
the market in 2010 (Lutz, 2008). Biofuel produced from cellulosic
biomass can be used for plug-in hybrid vehicles. In the US, the
cellulosic biomass resource is estimated at 1.2 billion dry tones
per year (Perlack et al,, 2005). From this quantity, fuel can be
produced to supply 14Q-Btu of energy for transportation and
electricity generation in the US without encroaching on food crop
production, at fuel prices lower than the current price of gasoline.

In the long term, there are questions regarding the extent to
which the land and water resource base can support biomass
production. However, if needed, hydrogen can be used to power
both plug-in hybrid vehicles and fuel cell vehicles. Hydrogen can
simply be burned as fuel in plug-in hybrids, much as natural gas is
today. The bottom line is that PV electricity can be used to power
all types of vehicles, whether they are plug-in hybrid vehicles or
fuel cell vehicles.

PV electricity can be used to produce hydrogen by splitting
water through the process of electrolysis. Then, hydrogen can be
employed to power vehicles or gas turbine electricity-generating
plants. Mason and Zweibel (2007) estimate a $6/kg price of
hydrogen produced by electrolysis plants using PV electricity at a
PV electricity price of $0.06/kWh. This high hydrogen price
precludes its near-term use for electricity generation. However,
this price is economically viable if hydrogen is used in transporta-
tion by advanced fuel economy vehicles such as plug-in hybrid or
fuel cell electric vehicles. In the future, hydrogen produced by PV
electrolysis might become economical for use by heavy trucks,
planes, trains, and ships.

3. The geographical feasibility

3.1. Solar and land availability in the southwest of the US

The US, and especially the SW, is endowed with a vast solar
resource. There is at least 640,000 km? (250,000 square miles) of

land suitable for constructing solar power plants in the SW alone
(Fig. 4). A large faction of this land, e.g., 85% in Arizona, is not
privately owned. Note in Fig. 4 that environmentally sensitive
lands and lands with a slope greater than 3% are excluded from
consideration.

The available land area receives over 4500 Q-Btu of usable
solar radiation per year (6.4 kWh/m? day). If just 2.5% of this solar
radiation is converted into electricity, the 110 Q-Btu of energy is
more than the current level of annual energy consumption in the
US. The land required for installing a 500 MWp PV power plant
with 14% efficient modules is 10.6 km?. In this land area estimate,
we included the land for adding PV to maintain a constant annual
level of electricity production to compensate for an estimated
0.5% annual PV output degradation rate. This land is less than the
land needed for an equal GWh output from coal power when
factoring in the land for coal mining (Fthenakis and Kim, in press),
land that often is permanently altered. As module efficiencies
increase, even less land will be required. Furthermore, throughout
the rest of the country, the sunlight received can be used by
distributed PV systems.

The historical transience of sunlight in the SW is illustrated
in Fig. 5. This figure shows daily average and minimum
values of 45-year (1960-2005) solar radiation records for six
locations—EI Paso, Albuquerque, Tucson, Phoenix, Las Vegas, and
Daggett (NSRDB, 2007). As shown elsewhere (Fthenakis et al., in
preparation), the geographic locations of these six sites afford an
accurate assessment of average solar radiation in the SW.
Furthermore, these records enabled the construction of a regres-
sion model that forecasted extreme events in the period
1991-2005. This systematic analysis of the historical sunlight
record for the SW shows that there is a great confidence
in predicting the daily average and minimum sunlight in the
US-SW.

3.2. Transmission of electricity from the southwest

The distribution to the whole nation of solar electricity
produced in the SW and wind electricity produced in the central
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region of the US will require the construction of a national
transmission network. The long distances involved will necessi-
tate high-voltage direct current (HVDC) lines. The transmission of
electricity over 2000 miles of HVDC lines entails a 10% electro-
magnetic loss versus a 22% or higher loss via high-voltage AC
power lines of the same distance (DLR, 2006). Also construction of
high-voltage DC power lines requires 37% less land area than
constructing high-voltage AC ones. The technology is well
established but there are cost and siting challenges that need to
be addressed.

Currently, HVDC transmission lines with a capacity of 5 GW are
being built in China utilizing 800 kV technology, and in the future
a doubling of this capacity is expected (McCoy and Vaninetti,

2008). The array converters will be boosting array voltages of
around 1kV DC to a “gathering” voltage of around 50kV DC. A
second DC to DC converter will be used to boost the “gathering”
voltage to the transmission voltage of 800 kV DC. These converters
are already in common use throughout the electric utility industry
in power-conditioning devices and high-voltage DC power lines in
Europe and the US.

McCoy and Vaninetti (2008) estimate the cost of constructing a
network of HVDC lines with current technology to be $0.02/kWh.
However, the same authors foresee a dramatic improvement in
technology and in unit cost with a plan for large deployment and
domestic production of the large quantities of heavy cables
required. The TransMed study for connecting North Africa with
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Europe shows a capital cost of 750 million/1000 miles transmis-
sion lines and $475 million per converter station (DLR, 2006).
From these capital costs we estimate a levelized cost of
$0.024/kWh, for an average distance of 1500 miles and one
converter per line and capacity utilization factor of 27%. The cost
will decrease with technological improvements and scales of
deployment (McCoy and Vaninetti, 2008). As it is happening
today, this cost will be included in the royalties that grid
developers receive.

Siting of the transmission lines has to be carefully studied. To
address ecological, land use, and security concerns, many lines
would have to be placed underground. HVDC has the attractive
feature of being “underground-able” for long distances, unlike
high-voltage AC lines (McCoy and Vaninetti, 2008).

3.3. Underground compressed air storage availability in the US

Mapping by the natural gas industry and EPRI indicates that
geological formations suitable for CAES exist in 75% of the country
(Mehta, 1992).

The selection of PV-CAES air storage sites can build upon the
80-year history of storing pressurized natural gas in underground
reservoirs. The natural gas industry currently uses an under-
ground storage working gas capacity of 113 billionm® (Bm?) in
approximately 400 underground reservoirs distributed through-
out the US and a much higher capacity exists. Our plan would
require 1.1 Tm? of working air storage capacity for 880 GW of peak
PV-CAES plants, 307 GW of base-load PV-CAES plants, and
297 GW of base-load wind-CAES plants by 2050. A peak PV-CAES
plant is designed to supply 127 h of storage between charging
cycles, a base-load plant would supply 312 h and a PV-wind plant
will supply 250 h between charges (Mason et al., in press). The
working capacity of CAES plants proposed by 2050 is a factor of 10
greater than the current working gas storage capacity in the US
underground natural gas industry. There are indications that
much larger volumes of underground storage exist. Mapping by
EPRI shows that geological formations suitable for CAES exist in
75% of the country (Swensen and Potashnik, 1994). The National
Energy Technology Laboratory determined that deep saline
aquifers in North America can store 496 Tm> of carbon dioxide
(NETL, 2007). Saline aquifers can also be used for CAES; such a
system is under development in lowa (Haug, 2003). Detailed
studies on the suitability of individual sites will have to be
performed, but it appears that siting is not a critical path activity
for CAES development (Katz and Lady, 1990; Mehta, 1992).
Nevertheless, underground storage development in the large
scales we describe may be the biggest challenge for accomplishing
our grand solar plan.

4. The economic feasibility of large-scale implementation

The solar energy power plant is composed of central PV power
plants, CAES power plants supplied with PV electricity, CSP plants
with 6 and 16 h of thermal storage capacity and auxiliary, fuel-
burning, boiler units, and distributed PV power plants. All central
PV and CSP power plants are built in the SW on a gigawatt (GW)
scale. Distributed PV systems play an important role by reducing
daytime electricity load. CAES power plants are located through-
out the US and utilize multi-hundred-megawatt (MW)-scale gas
turbine/generator units. The electricity to power CAES plant
compressors for compressed air storage is supplied by central
PV power plants located in the SW. The electricity produced in the
SW is distributed to national markets via HVDC power transmis-
sion lines.

4.1. Present to 2020—policy options

There are three distinct stages in realizing the development of
the SW solar power plant. The first stage, possibly from 2011 to
2020, is a proposed 10-year solar deployment and incentive
program. The proposed deployment schedule is presented in
Table 3.

Although several technologies have the potential for low-cost
production, none has reached the scales necessary for optimizing
manufacturing and achieving lowest cost. We propose the
implementation of a US solar deployment and incentive program
designed to bring those solar technologies with potential of being
low-cost electricity producers to optimized manufacturing scale
over a 10-year deployment period. The goal of the 10-year
program is to establish a competitive, non-subsidized solar
market. This will open the door to explosive growth in central
solar plant deployment post-2020 as needed.

We propose a mix of incentives that includes government-
guaranteed loans, a mandatory solar portfolio standard for electric
utilities, and a solar price support program for a feed-in tariff
(FIT). In the first 5-year round of solar deployment, the FIT subsidy
levels are $0.11/kWh for CSP, $0.11/kWh for PV-CAES, and
$0.2/kWh for distributed PV. The FIT subsidy levels are reduced
in the second 5-year round of solar deployment to $0.07/kWh for
CSP, $0.03/kWh for PV-CAES, and $0.1/kWh for distributed PV. The
FIT subsidies are paid over the entire 30-year capital recovery
period and the total cost is $300 billion. With sustained growth in
the solar industries, subsidies will not be needed for solar plants
built after 2020, since the scale of manufacturing will suffice to
foster competitive market dynamics for all plant components,
resulting in competitive electricity prices. This should set the
stage for self-sustained, explosive growth in the CSP and PV
markets post-2020.

Analysis of the European incentive programs has found FIT to
be an effective means to increase the deployment rate of
renewable energy technologies (Mitchell et al., 2006). The idea
of a FIT is to subsidize the differential between the cost of
electricity production for an emerging renewable energy techno-
logy and the wholesale electricity market price. FIT is flexible,
subsidy levels can be tailored to meet the needs of different
technologies, and they can be reduced over time as technologies
mature.

A drawback to FIT subsidies is that they can be economically
inefficient since the subsidies can enable poorly performing
companies or technologies to survive. To improve the efficiency
of FIT programs, Lesser and Su (2008) have proposed a two-part
model that involves both a capacity payment and a market-based
energy payment. In the first part, a capacity payment is
determined through bids in a Forward Capacity Market (FCM)
auction similar to the one recently implemented in New England
(Coutu, 2007). In the second part, the winning bid companies
receive the market price for wholesale electricity just like any
other electricity production company. The FCM auction is a
descending clock auction, whereby the first price offered will be
set high enough to attract sufficient number of bids to meet the
solar capacity target for that round. The offered price is then
systemically reduced until just enough bids are entered to meet
the capacity target. Only those companies confident of earning
required returns will enter the reduced bids that will determine
the final clearing price, which helps weed out inefficient
companies. The Lessor and Su model should be relatively easy to
implement since it builds upon a capacity addition model already
adopted in US electricity markets. Since government budgets are
affected by the cost of incentive programs, there must be
consideration of a revenue source to offset the subsidy cost. Two
revenue-generating programs presently being considered in the



394 V. Fthenakis et al. / Energy Policy 37 (2009) 387-399

Table 3
Proposed cumulative deployment schedule for renewable energy technologies

2015 2020 2030 2050 2100
1. Concentrating solar plants (GW)®
a. Peak CSP plants (GW) 9 28 90 1130 2790
b. Base-load CSP plants (GW) 0 0 28 374 1320
2. PV compressed air energy storage plants (GW)*
a. Peak CAES plants (GW) 9 28 90 880 3484
*PV for peak CAES plants (GW)? (12) (40) (130) (1280) (5067)
b. Base-load CAES plants (GW) 0 0 28 307 1234
*PV for base-load CAES plants (GW)¢ (0) (0) (110) (1266) (5090)
3. Distributed PV capacity (GW) 3 6 11 258 1258
4. Wind Compressed air energy storage plants (GW)* 12 29 84 279 400
*Wind capacity for CAES plants (GW)f (29) (72) (210) (698) (1000)
5. Central geothermal power plants (GW) 6 17 55 200 200
6. PV dedicated to electrolytic hydrogen production 5000
Total renewable power plant capacity (GW)* 39 108 386 3428 10,686
Above total normalized for 90% capacity factor (GW) 24 67 252 1852 5392
7. EIA/DOE total projected capacity additions (GW) 65 111 249

2 The capacity factors for the power plants listed above are 90% for base-load CSP plants; 30% for peak CSP plants; 90% for base-load PV-CAES plants; 30% for peak
PV-CAES plants; 35% for wind plants; and 90% for geothermal plants. Power line losses are assumed to be 10% for all technologies.

b Base-load CSP power plants have 16 h of thermal storage capacity, and peak CSP plants have 6 h of thermal storage. All CSP plants have auxiliary boiler units heated
with natural gas for use to meet electricity production when thermal storage is depleted.

¢ Base-load PV-CAES plants have 300 h of compressed air storage and peak PV-CAES plants have 100 h of compressed air storage.

4 PV for CAES is not included in the row for “Total renewable power plant capacity”, since it provides intermediate energy used in CAES plants.

€ Wind CAES power plants are modeled as base-load plants with a wind to turbine power ratio of 2.5, with a CAES gas turbine plant annual capacity factor of 90%, and

with 200 h of compressed air storage.

f'Wind capacity for wind-CAES is not included in the sum of “Total renewable power plant capacity” since it provides intermittent energy used by CAES plants. Wind
growth estimates are based on ACORE (2007) projections to 2035, for the development of Class 4-Class 7 wind resource regions.

US are carbon cap and trade and a carbon dioxide (CO,) emissions
tax. A climate-change bill that is headed for vote in the US Senate
would create an estimated $150 billion of new assets in the first
year it takes effect, for a total of $3 trillion from now to 2050
(Gunther, 2008). Advocates of this bill see proceeds used for a
variety of causes including investments in renewable energy.

Another important issue to be taken into account is national
energy security. Post-2020 there is a high probability that global
natural gas supply will tighten in a similar vein to the present
tightening in global oil supply (Mason, 2007). And adding to the
problem is the possibility that global coal supply will begin to
tighten by mid-century. This means that energy supply shortages
and prices will escalate in waves of increasing intensity over
coming decades. Revenues for the solar FIT program can be
generated with the implementation of a national energy and
environmental security levy imposed on all electricity produced
by fossil fuel power plants. Revenues to cover the $300 billion cost
of the FIT subsidy program can be generated by a levy of only
$0.005/kWh on all electricity produced by fossil fuel power plants
in the US. A levy of this magnitude will not have adverse economic
impact and is a small price to pay to prepare the US for possible
increasing price volatility in natural gas and coal markets post-
2020.

4.2. 2020-2050

The second stage of solar power plant development, post-2020,
involves a commitment to an annual deployment schedule of new
plant construction at a level able to sustain growth in the
manufacturing market for plant components and the adoption of
prototype innovations. Post-2020, solar power will be positioned
to begin reducing the use of natural gas and coal for electricity
generation and to provide electricity for the plug-in electric
vehicle market.

To illustrate the electricity production potential of the US solar
power plant, we modeled a hypothetical, 2011-2050 deployment

schedule for PV-CAES and CSP power plants, as well as wind-
CAES and central geothermal power plants. The cumulative
deployment schedule is presented in Table 3. Our projections
are well below the EIA projections of cumulative electric power
sector additions for the period 2010-2030. The later specify that
an additional 250GW of electricity generation will be needed
to satisfy demand growth and replace 51 GW of retired plants
(EIA, 2007). Since there are no published estimates for needed
additions beyond 2030, we simply extrapolated the 2030
capacities based on 1% growth in demand.

The corresponding annual growth in electricity production is
shown in Fig. 6. The increase in renewable energy production
stabilizes by 2040, as all fossil fuel power generation has been
replaced. Biofuel is used instead of natural gas in the CAES and
CSP plants. By 2050, 3800 TWh of electricity is produced above
what is needed to replace fossil fuels, and it can be used to
produce electrolytic hydrogen.

By 2050, we demonstrate that the following new capacities are
feasible, contingent on a national commitment to a renewable-
energy-based electricity production and distribution system:
258 GW of distributed PV, 1.187 TW of CAES-PV peak and base-
load power plants (with 2.546 TW of supporting PV power plants),
1.504TW of CSP steam power plants, 279 GW of CAES-wind
power plants (with 698 GW of supporting wind power plants), and
200 GW of central station geothermal power plants. The capacity
factors assumed for each of these plants are shown in the footnote
of Table 3. The current electricity generation estimates are the
same with those listed elsewhere (Zweibel et al., 2008), noting
that the projections in the previous study were normalized for
average US grid of 90% plant capacity factor, whereas the current
article shows the details of the capacities in each technology.

Fig. 7 shows the major contributions to fuel reduction resulted
from the introduction of renewable electricity and biofuel. We
assume that replacement of internal combustion automobiles
with plug-in hybrid electric vehicles PHEVs will start on or about
2015; then our model estimates that by 2037 the whole fleet of
light cars and trucks, amounting to 344 million vehicles, would
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have been replaced by PHEVs. Transportation is 68% of total US oil
consumption, and cars and trucks comprise 55% of the transpor-
tation oil consumption. Although by 2037, gasoline consumption
for car/trucks is eliminated, consumption of oil in other modes of
transportation and industry sectors continue to grow at a 1%
annual rate.

The seasonal contributions of the renewable energy power
plants and the corresponding load (i.e., demand) curves are shown
in Figs. 8A-D. During the spring and fall, the total electricity
generated by renewables almost satisfies the demand, whereas in
the winter the effects of short days on the solar electricity
production level and of high electricity demand are evident. In
2050, the solar power plants produce 69% of total US electricity
generation and 35% of total US energy consumption. This quantity
is adequate to supply all US peak period electricity and all
electricity consumed by PHEVs. Most importantly, the combined
renewable energy sources reduce carbon dioxide emissions in
2050 by 62% below the 2005 level.

In 2050, biofuel produced from the projected 1.2 billion tonne
of the annual cellulosic biomass resource base in the US will be
sufficient to replace 95% of the fuel consumed by PHEV, by the PV
and wind-CAES power plants, and by the auxiliary boilers in the
CSP power plants. The first market for biofuel will be PHEVs. The
fuel needed for the CAES and CSP plants will initially be natural

gas, but as natural gas prices increase over coming decades, CAES
and CSP plants will increasingly turn to biofuel. The total fuel
consumption by PV-CAES, wind-CAES plants, and CSP plants is
10.9 Q-Btu in 2050.

Deployment of solar power plants entails higher capital costs,
but much lower operating costs, than deployment of fossil fuel
power plants. Avoided fuel costs and lower annual O&M expenses
offset the annual cash flow effects of capital costs. Importantly,
electricity generation by peak solar power plants becomes cost
competitive by 2020. Base-load solar plants are projected to
become cost competitive with advanced base-load coal and
combined-cycle natural gas plants outfitted with carbon capture
and storage (CCS) systems when the natural gas price is $9.6/G]
and the coal price is $3.4/GJ (Mason et al., in press).

At present, annual US energy production exceeds 100 Q-Btu
(105E)). In the proposed renewable energy system, US energy
production in 2050 has fallen to 93 Q-Btu, although consumption
has been increasing by 1% per year during 2010-2100. This
unusual result reflects the large efficiency gains of a renewable
energy system. Our model shows 52.4 Q-Btu in energy savings by
the elimination of fossil fuels in the electricity generation system,
17.8 Q-Btu in transportation fuel savings by adopting PHEVs, and
4.7 Q-Btu in space heating savings by implementing geothermal
heat pumps. EIA projects a 1.4% annual growth rate till 2030;
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when accounting for the above described efficiency increases, this
is equivalent to the 1% average annual growth rate to 2100 that we
use in this study.

The land needed for the cumulative PV and CSP installations by
2050 is 99,840 km?, which is just 16% of the total land area suitable
for solar plants area in the SW. This estimate includes additions of PV
to counter a 0.5%/yr degradation in PV performance. In addition,
there are many areas with excellent sunlight and open space in the
rest of the country, and a large potential for rooftop installations.
Only 10% of the PV plants we modeled is distributed PV systems, but
with inexpensive PV and developments in roofing technologies,
distributed PV might become ubiquitous throughout the US and can
play a much larger role than indicated here.

4.3. 2050-2100

Our model shows that there is potential in the proposed solar
energy plan to satisfy 90% of the total energy needs of the US by
2100, even if we assume, extremely conservatively, no improve-
ments in the efficiencies of renewable power generation,
transmission, and storage in the post-2050 period. If, for example,
third-generation PV technologies and better storage technologies
become available, accordingly the outlook and associated costs
would be better than what we project.

For renewable energy to totally meet its full potential in the US,
we have to carefully assess the solar resource under worst
conditions. A review of the 45-year data of the National Solar
Radiation Database (NSRDB, 2007) shows that the lowest, on record,
solar irradiation day in the SW occurred on 16 January 1979, and the

insolation level was 70% below the historical average for that date.
In such conditions, electricity production by CSP power plants is
zero, and electricity production by central PV power plants is
only 30% of the average winter day PV electricity production level
(Fig. 9A). However, having added storage capacity in the form of
CAES and thermal storage ensures that solar electricity production
on the lowest radiation day, combined with the electricity
production from the other renewable energy power plants, is
sufficient to meet winter peak day load in 2100 (Fig. 9B). To meet
this hypothetical peak load the solar power plant capacity is
increased to the following: 4.72 TW of CAES-PV plants connected to
10.16 TW of supporting PV plants, 4.11 TW of CSP, and 1.26 TW of
distributed PV. The corresponding cumulative underground storage
air working capacity for PV and wind increases to 2.3 Tm®.

In 2100, the renewable power plant will supply 100% of winter,
spring, summer, and fall electricity demand. Actually, the system
will produce surplus electricity for 75% of the year (see Fig. 10 for
surplus in a typical spring day). The annual surplus of electricity is
capable of producing by electrolysis 261 billion kg of hydrogen,
and the addition of 5.23TW of PV dedicated to hydrogen
production is capable of producing another 175 million kg. The
modeling of hydrogen production by PV electrolysis plants is
based on prior studies (Mason, 2007; Mason and Zweibel, 2007,
2008). We project that 566 million plug-in hybrid vehicles, all
heavy trucks, ships, and planes would be fueled by hydrogen, from
electrolysis of water and biomass gasification.

Estimates of carbon dioxide emissions for “business as usual”
and for our renewable energy plan are presented in Fig. 11. With
our proposed path, in 2050 energy-related carbon dioxide
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emissions are 60% below the 2005 emissions level, and by 2100,
such emissions are 92% below the 2005 level. Industrial coal and
coke are the only sources of energy not replaced by the renewable
energy power plant in our scenario.

5. Conclusion

It is clearly feasible to replace the present fossil fuel energy
infrastructure in the US with solar power and other renewables,
and reduce CO, emissions to a level commensurate with the most
aggressive climate-change goals. We proposed a plan based on
well-documented status and progress expectations in PV and CSP
technologies, integrated with CAES for PV and thermal storage for

397

CSP. Energy storage transforms solar energy from an intermittent
to a 24-h/day, 365 days/yr, base-load technology. Wind, biomass,
and geothermal also play significant parts in our plan. We foresee
an evolution to plug-in hybrids for transportation, wherein a large
fraction of the liquid fuel needed for transportation is replaced
with renewable electricity for battery charging.

We locate about 90% of the solar production in the US-SW,
transmitting DC electricity to the rest of the US By itself, the
US-SW has extremely favorable reliability as a solar resource. We
must oversize the solar plants by about 45% for peak PV-CAES
plants and by about 300% for base-load PV-CAES plants to meet
diurnal needs; however, this oversized PV electricity output will
allow making hydrogen from solar electricity during spring,
summer, and fall months. Hydrogen has great value during the
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latter half of the 21st century as a transportation fuel to
supplement biofuels.

The key challenges for the vision to materialize are

Near term

1. Political foresight to create the appropriate incentives to
advance the development of solar technologies from their
present levels to cost competitiveness.

2. Reducing the price of PV systems by 63% (to $0.06/kWh for
US-SW insolation).

3. Reducing the price of CSP by 55% (to $0.09/kWh for US-SW
insolation).

4. Developing underground compressed air storage caverns.

. Constructing long-distance transmission from the US-SW.

6. Developing 16-h economical and reliable thermocline heat
storage for CSP.

[9)]

Intermediate term

7. Perfecting batteries for plug-in hybrid electric cars.

8. Integrating compressor heat recovery and re-use for CAES
systems to replace the use of natural gas combustion (or
replacing it with syngas from biomass or solar hydrogen).

The biggest challenge, in our opinion, is the political foresight.
Technical challenges are only minor challenges in comparison to
those already overcome.
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