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.AHSTRACT

Projections of the flows of special nuclear material within the
commercial nuclear power industry are presented. Thsed on power levels
and types of reactors subject to assumptions regarding plant load factors
and recycle of reactor products, total monthly material flor.s between oper-
ating fuel cycle facilitiee from 1976 to 2000 are examined. Nuclear power
plant commitments as of July 1,1916, are used to project industry growth
through the early *.980s, and recent nuclear growth projections are assumed
beyond 1985. The projected ye rly flows of special nuclear material are
presented, and for example purposes, the yearly numbers of single shipm.nts
are calculated assuming conventional truck carriers.
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Office of Nuclear Regulatory Research
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ABUREVIATIONS
,

.

I

IlWR boiling water reactor

DL' depleted uranium

ERDA Energy llescarch and Development Administration

FBH fast brceder reactor

ilEU highly enriched uranium

IITGR high temperature gas reactor

t LEU low enriched uranium

L11FHH liquid metal fast breeder reactor

LWit light water reactor

31S W U 1000 separative work units.

o

31T metric tone, s )y ,

31W megawatts of electrical power 'O
e

.T1WD megawatt days

NU natural uranium

Pu plutonium

PWR pressurized water reactor

SN11 special nuclear material

Th thorium.

TPU thirty percent enriched uranium
.

U uranium

UR uranium recycle

11 * *

- - _. _.



*
,

F

.

.

SPECIAL N1*Cl.U/.it AIATEllidL Fl.OW PitOJECTIONS
FOll Tile CO.31 AIEHCIAl, NUCLEAll INDl'STHY

!

Introduction

. This document prrsents projections of the amounts of special nucicar
i raaterial (SN AD required by the commercial nuclear power industry. The
i projections are based on assumptions concerning the growth of nuclear power
j plants, and the recycle of reactor products, specif4 sily, plutonium recycle
i to light water reactors. Yearly values for the amounts of SNAl flowing

through the fuel cycle are shown, and the resulting numbers of single ship-
ments for each transportation link in the fuel cycle are calculated assumingf, conventional truck shipments.

I

{ The work presented in this report was partially performed for the
Nuclear Replatory Commission project, "The Physical Protection of Nuclear

'

,

Alaterh. The purpose of these material flow predictions is to provide a.

basis for determining the requirements and costs of alternative commercial
SN31 transportation systems. The cost of the .titernative transportation
systems is one element in an overall benefit / cost analysis which also considers
the safeguards effectiveness of the systems.

I

;

j Commercial Nuclear Industry Growth

I

The status of the commercial nuclear industry as of July 1,197G, was
used as the basis for the reacter growth projections.2 This consists of the
present.y operating reactors and those reactor projects under construction
or on order. Table I presents the number of reactors of each type that are
operating as of 1975 along with those scheduled to commence commercial.

operation through 1985. Also included la the table is the total nuclear gener-
ating capacity for each year. The list of current commitments for reactor

! projects by name, date, power !cvel, and reactor type is given in the Appendix..

Table II details the reactor growth of Table I according to the generated
power of each of the reactor types. Not listed in the table is the single high

.
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TABLEI

NEAR-TERAI NUCLEAR POWER GROWTII
__

AlW Cumulative Number of Reactors';Number Cumulative e
Year Added Reactors Added alW '' PWit 11 Wit IITG He

1975 8 53 7.109 36,244 30 23 0

1976 9 62 8,175 44,419 37 24 1

1977 7 69 6,411 50,830 43 25 1

1978 6 75 6,278 57,108 48 2G 1

1979 11 86 10,974 68,082 54 31 1

1980 9 95 10,508 78,590 59 35 1

1981 14 111 16,514 95,104 72 38 1

1982 19 130 21,270 116,374 85 44 1 ,

1983 11 144 15,780 132,154 94 49 1

1984 17 161 19,514 151,668 105 55 1

1985 14 175 16,307 167,975 115 59 1

-

#PWR - pressurized water reactor
;

BWR - boiling water reactor*

HTGR - high temperature gas reactor

t

'
|

!

!
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TAllt.E !!

C011111TTEI) ItEACTOlt POWElt GitOWTil IN .T1W e

PWit IlWit
Year New Cumulative New Cumulative

1975 3,645 21,034 3,464 15,210

1976 G,778 27,812 1,067 16.277

1977 5,590 33,402 821 17,098

1978 5,200 38,602 1,078 18,176

1979 G,380 44,982 4.594 22,770

1980 5,910 50,892 4,598 27,368

1981 13,GG9 64.5G1 2,845 30,213

| 1982 14,G13 79,174 G,G57 36,870
.

1983 1.93G 89,110 5,844 42,714

1984 12,548 101,658 G,96G 49,680

1985 11,44G 113,104 4,8G1 54,541
_
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temperature gas reactor (itTGR) project, the 330 MWe Fort St. Vrain plant,
d- which is assumed to commence operation at the end of 197G.,

The nuclear industry was characterized in this report by a combination
of the reactor projects committed as of July 1,1976, and the growth projec-
tions through the year 2000 given by the Energy Research and Development
Administration (ERDA) at an A%mte Industrial Forum conference in Gen 3va.3

,

Those reactors under const:uction and ucheduled to commence operation by
the erd of 1980 were asr med to conforen to their present schedule. Frnm"

a

1981 to 2000, the reported ERDA high, rr.edian, and low growth projections
for 1085,1990, and 2000 were fitted to the 1980 projection. Yearly values of
the industry growth were obtained from a smooth curve fit of these point values.
In Figure 1, t!.e current reactor commitments are depicted as the dashed line.
This line tails off after 1985 due to the small number of orders for reactors
scheduled to start-up after this date. The solid lines are the fitted high,
median, and low growth projections based on the point projections which were
considered as mid-year values.

The amounts of nuclear capacity for tne years 1976 to 2000 for the high,
median, and low growth projection cases are given in Tables !!!, IV, and V.

\ respectively. The light water reactor (LWR) generating capacity up to 1985
was apportioned according to the ratio of committed pt essurized water re-s
RClor (PWR) capacity to boiling water reactor (BWR) capacity as given in -

Table II. Beyond 1985, the ratio of PWR to BWR <3cnerating capacity was
maintained at 2 to 1. The liquid-metal fast breeder reactor (LMFBR) growth

*proiection for the high case was obtained by scaling the LMFBR projection of
Reference i by the total projected nuclear capacity in the year 2000. For the
median growth case, commercial LMFBR introduction was delayed until 1995
and a breeder introduction schedule of one per year for the first three years,
two per year for the subsequent two years, and three in the year 2000 was
employed. For the low growth case, no commercial operation was assumed
before the year 2000. With the exception of the Fort St. Vrain reactor,
IITGRs are not included in any of the growth projections. An example of the

,

impact of IITGRs on SNM transportationrequirements can be seen 'n Reference S.'

In determining the material flows, the nuclear industry was characterized
by individual reactor projects located at specific sites. Site selection allows
the direct interface of the material flow projections with transportation system
models. Through 1980 the set of committed reactors was used. Frc,m 1981 to
1990 sites were selected so as to conform to the growth projections by adding
new reactors at previously established sites. After 1990, the yearly incre-
ments of nuclear capacity were sited regionally in proportion to an estimate of
nuclear energy demand growth.6

.
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TABLE III

NUCLEAR POWER GROWTil PROJECTION - IIIGil CASE

1000 MW,

Year PWR 11WR LMFBH Total *

1976 27.8 16.3 0.0 44.4

1977 03.4 17.1 0.0 50.8

1978 38.6 18.2 0.0 57.1

1979 45.0 22.8 0.0 68.1

. . . . , j 9 8p. ,,, ,,,g.9, , ,, ,,,2,7,.,4, ,, , ,, , , p,: p, ,, ,, , , 28,.,6 ,,,,,
1981 65.9 30.9 0.0 97.1

1982 78.8 36.7 0.0 115.8

1983 91.4 43.8 0.0 135.5

1984 104.2 51.0 0.0 155.5

1985 119.2 57.4 0.0 176.9~

1986 132.9 66.4 0.0 199.6
.

1987 148.9 74.5 0.0 223.7

1988 166.9 83.0 0.0 249.2
.

1989 183.8 91.9 0.0 276.0

1930 202.7 101.3 0.0 304.3

1991 222.4 111.2 0.0 333.0

1992 242.9 121.5 0.0 364.7

1993 263.7 131.9 0.7 396.6

1994 285.0 142.5 1.6 429.4

1995 306.3 153.1 3.3 463.0

1996 327.1 163.5 6.3 497.2

1997 346.9 173.4 11.4 532.0

1998 366.7 183.4 16.6 567.0

1999 385.8 192.9 23.3 602.3

2000 403.5 201.7 31.5 637.0
.

Includes the 330 MW, Fort St. Vrain IITGR. Through*

1980 the committed reactor growth was used.

18
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TAllLE IV

Nt'CI.EAll POWEll CitOWTil PitO.IECTION - MEDIAN CASE
'

1000 MW,

Y?ar PWil I!WR 1.M Filit Total *
,

1976 27.8 16.3 0.0 44.4

1977 33.4 17.1 0. 0 50.8

1078 38.6 18.2 0. 0 57.1

1970 45.0 22.8 0. 0 68.1

......I2.89..... 00.*.9...... 2,7;j,,,,,,,,p;p, . .,,,I@:,9,,,,,

1981 62.6 29.2 0.0 92.1

1982 70.5 35.2 0.0 100.0

1983 81.3 39.0 0. 0 120.6

1984 91.5 44.7 0. 0 136.5

1985 103.G 50.0 0. 0 153.9

1986 115.1 57. G 0.0 173.0

1987 128.9 64.4 0. 0 193.6

1988 143.4 71.7 0. 0 215.4
'

1989 158.7 79.3 0.0 238.3

1990 174.4 87.2 0. 0 261.9

1991 190.G 95.3 0. 0 286.2

1992 207.3 103.6 0.0 311.2

1993 224.2 112.1 0.0 336.0

1994 24!. 5 120.7 0.0 362.5

1995 258.5 129.3 0. 7 388.8

199G 275.7 137.8 1.6 415.4

1997 292.9 146.5 2. G 442.3

1998 300.5 154.7 4.8 469.3

1999 326.1 163.0 7. 0 496.4

2000 341.G 170.8 10.3 523.0

*
e
includes the 330 MW Fort St. Vrain IITGil. Throughe
1980 the committed reactor growth was used.

19
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Ni!CLEAll POWEft GitOW"ril PitOJEC'I'ON - I.OW CASI:*
.

1000 AlWe

Year PWR 11Wil Total *

1976 27.8 16.3 44.4

1977 33.4 17.1 50.8

1978 38.6 18.2 57.1

1979 45.0 22.8 68.1

....1880..............5A.8......2h4__________7,8,_6_____

1981 59.9 28.0 88.2

1982 66.7 31.1 98.1

19b3 73.0 35.0 108.3

1984 79.9 39.0 119.2

1985 88.2 42.5 131.0

1986 95.6 47.8 143.7

1987 104.7 52.3 157.3

1988 114.3 57.2 171.8
#

1989 124.5 62.3 187.1

1990 135.2 67.6 203.1

1991 146.3 73.2 219.8

1992 157.9 *19.0 237.2

1993 169.9 84.9 255.1

1994 182.1 91.1 273.5

1995 104.7 97.3 292.3

1996 207.5 103.7 311.5

1997 220.4 110.2 330.9

1998 233.4 116.7 350.4^

f
I 1999 246.5 123.3 370.I

2000 259.8 129.9 300.0

* Includes the 330 MW Fort St. Vrain llTGR. Throughe
1980 the committed reactor growth was used.

|
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Alaterials Hequirements

Given the total power for each type reactor for any year, the amount
of material needed for each refueling can be calculated. The calculations
are subject to the scaling assumption and the assumption of the fraction of
ine core replaced. For PWR projects, loading and discharge values were

7 with one-taken m proportion to the proposed 1150 A1W, Jamesport reactor
third of the core replaced at each refueling. For the f3WH projects, one-
fourth of the core was replaced at each refueling, and the loading and discharge
values were taken in proportion to the proposed 820 31W Shoreham reactor.7e
The fuel cyc!c material requirements for individual reactor refuelings are
given in Table VI. The data include material flows from reactors not on
plutonium recycle and recycle flows at the self-generation recycle equilibriuta
level. The total reaterials required by reactors in any time period will be
the sum of the refue?ings and the initial core loading during that period.
Initial core loading assumptions are presented in Table VII.

The scheduling of SN.Tl shipments was determined according to repre-
sentative cooling and lead times. These assumptions affect the timing of
SN11 shipments but not the overall material flows requirements. Following
removal of irradiated fuel elements from the core, a five-month cooling
period is assumed before shipment to a reprocessing plant. Shipment of
appropriate amounts of recovered material to fuel element fal rication plants
is assumed to tske place three months before each light water reactor refuel-
ing date. 8 Plutonium for the refueling of an IJ1FBR is assumed to be shipped
to the fabricator six months prior to refueling.8 Shipments of fuel elements
to operating reactors are assumed to occur during the assigned refueling
month. For the light water reactors, initial core loadings are not of concern,
since no highly enriched uranium or plutonium is involved. Ilowever, initial
cores for IJ1FilR projects will be important. One-half the required plutonium
for the new core is assumed to be required by the fabricator seven months in
advar.cc of the core loading date, and the other half is assumed to be required
six months in advance.8

Heactor Refueling Schedules

The interrelated variables pertaining to reactor fuel include fuel
enrichment, design burn-up level, plant load factor, fraction of core replace:1
during each refueling, and time between refuelings. The first tw o of these*

are normally predetermined design quantities. Of the latter three var.iables,
specifying thr value for two determines the value of the third, if fuel replace-
ment is set according to a specific core fraction and a refaeling frequency, it

21
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TABLE VI

FUEL CYCLE REQUllllO1ENTS FOR INDIVIDUAL. I{EACTOR I{EFUEl.INGS
1000 AlW ,

Fabrication Plant Reprocessing Enrichment
PWR (AIT) (MT) (MT) (MSWU)

Recycle Fu 20.5 LEU 19.3 LEU 18.5 LEU * 89.9

(Equilli:rium) 9.08 NU 9.04 NU 8.84 DU

0.468 Pu 0.46 Pu** 0. 475 Pu

No Recycle 30.5 LEU 28.8 LEU 27.5 LEU * 135.7'

0.26 Pu*

BWR

Recycle Pu 27.9 LEU 26.3 LEU 25.2 LEU * 72.0

(Equilibrium) 9.42 NU 9.38 NU 9.17 DU

0.56 Pu 0.55 Pu** 0.61 Pu

No Recycle 38.4 LEU 36.3 LEU 34.6 LEU * 99.1 ,

O.21 Po

HTGR ,

~ Recycle U 7.07 Th 7.07 Th 6.55 Th 83.2

(Equilibrium) 0.053 IIEU 0.353 ffEU 0.086 TPU

0.31 UR 0.31 UR 0.319 UR

0.086 TPU 0.086 TPU

No Recycle 7.07 Th 7.07 Th 6.55 Th 150.8

0.64 HEU 0.64 IIEU 0.155 TPU

0. 216 UR

LMFBR
TI

i 6.77 NUT 21.4 NU 20.3 DU ---

2.22 Pu 2. 4 Pu * 2.35 Puc

235* Appriaxinately O.d% U
** Fissile Pu into Plant is 63% for PWR, 57% for BWR, 71% for LMFBR

t Core 1%brication Only
. ements and Blanket Elementsit Core P;- *

22

.

- _ _ _ -



i
.

.

-

TAIILE VII
INITIAL CollE I.OADINGS FOR 1000 MW, REACTOR

PWR BWR llTGR LMFBRo

LEU 86.5 145.0

l.48 42.4NU

3.98h

32.3Th

Enrichment (MSWU) 331.7 373.0 349.4

Fuel Elements 179.0 696.0 3400.0

o*

Due to the lack of firm commercial-size L11FBR designs, no -
value for the number of fuel clerr ents is given.

,

|
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| implies a load factor. If the load factor varies, as present experience
indi:ates, either the fraction of core reloaded or the refueling frequency must
change if the desired burn-up is to be attained. It appears that a policy of re-
moving more or less than the design core fraction during a refueling is not as
flexible an approach as prolonging or shortening the burn period. Therefore,
for light water reactors, the plant load factors were varied and the refueling,

intervals were calculated which achieved the design burn-up. The LWR plant
load factor was taken as 0.4 for each reactor in its initial year of operation,
0.65 in the second and third years, 0. 75 in the fourth throughout the fifteenth,
and a decrease of 0.02 each year following the fifteenth until the load factor
reaches 0.25 which is maintained thereafter until retirement. Due to the lack
of load factor data for LAIFBRs, the refuelings were assumed to take place
annually. This implies an 80 percent load factor.

Burn-up levels assurned in this report were 33,000 AlWD/ tonne for the
PWR and 27,500 AlWD/ tonne for the BWB. Initial core burn-ups vary from
these values due to the initial absence of nonfissile neutron absorbers. For
the PWR, 42,000 AlWD/ tonne was used, and for the BWR, 56,000 A!WD/ tonne
was used. A refueling schedule for each reactor was then determined from
the refueling intervals and the reactor start-up date. Through 1980, the
scheduled start-up dates were used. After 1980, reactor start-up dates were
chosen so as to evenly distribute the new capacity over the year.

Plutonium Utilization *

If plutonium is utilized withm the nuclear power industry, the LWR will
be the source of plutonium for either recycle to LWRs, or for the initial cores
and early refuelings of LAIFBRs. Refueling of the breeders will eventually
use self-generated plutonium, but this is not foreseen before the year 2000.
The median and high growth projections include L11FBR projects, and the
associated plutonium demand must be served. Therefore, the amount of plu-
tonium which could be recycled into the light water reactors would be less than

.

the total plutonium produced, and there exists a maximum percentage of light
! water reactors which could initiate plutonium recycle. There are other fac-

,

tors affecting the ability of the light water reactors to recycle plutonium whichi
,

! may serve to lower this maximum percentage. These include plutorium oxide
i fuel fabr! cation ca city and existing reactor control and fuel-handling systems.

It has been shown that for projected nuclear power levels similar to the high
; growth case, 80 percent recycle is the maximum percentage recycle possible.
' By the end of 2000, all available plutonium has been used; however, it is
' important to note that significant quantities of plutonium through the 1930s and

1990s must be stored in order to meet the large c;emand of the late 1990s.
Using this plutonium to increase the recycle percentage in the light water re-

| actors would not allow for the refueling of LAIFilRs en the schedule assumed.
1
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Plutonium Recycle

.

The a'ctual extent to which plutonium recycle will be practiced depends
on as yet unresolved economic, environmental, and safeguards issues. For
current analyses, two alternative recycle schedules have been postulated in

,

which 25 percent or 80 percent of those reactors eligible for recycle in that
year are actually on recycle. Eligibility is achieved at the end of initial core
burn-up. In no case does plutonium recycle begin before 1982 due to the
current lack of operational reprocessing plants. An additional assumption
was that the plutonium recycle fraction applied equally to PWR and BWR pro-
jects. There may be a preference for the PWR in the recycle mode. flowever,
as there are approximately twice as many PWRs as BWRs at any time, the
number on recycle as calculated here results in a 2:1 ratio for PWR relative
to DWR.

Plutonium charges to and discharges from reactors on self-generating
plutonium recycle build up to equilibrium operation values over a perimi of
tim e. Gradual increases in the amount of plutonium fed to the reactor .re
the established practice due to the different neutronic and thermal character-
istics of plutonium and the control problems arising from its use. Fcr the
PWR projects, ten refuelings were assumed necessary with recycle beginning<

during the loading of the second core, i.e., three recycling periods after,

initial start-up.7 For BWR projects, 24 refuelings were assumed to be re-;

[
quired before equilibrium was attained. d Recycle begins with the loading of
the second core, or four refuelings after initial start-up. The values for,

; charges of plutonium to the reference 1000 AlW reactors of the PWR ande
BWR type during the approach to equilibrium are given in Table VIII.

I 31aterials Flow Analysis
I

!

The annual amounts of materials required in the total nuclear fuel cycle
are summarized in Tables IX, X, and Xi for the high, median, and low growth
cases, respectively. Values for plutenium flowing to mixed oxide fabrication
plants are given for 25 percent and 80 percent recycle levels. This is ex-

9- pected to be in the form of PuO . Approximately the same amount of plutoni-2
um will also be flowing frnm the fabrication plant to the uranium oxide

:

| i fabrication plant, if separate, and then to the rc ctor in the form of mixed'

' ' oxide fuel elements. For all reactors, plutonium will also flow from reactor
to reprocessor within the spent fuel elements. Figures 2, 3, and 4 illustrate
the total plutonium now to fabrication plants for the high, median, and low
growth cases, respectively. (Notice the changes in scale.)-

|
i

| i
I
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TABLE Vill

[ RECYCLE PLU'I'JNIUll CllAI!GE TO 1000 A1W, REACTOR
' MT Pu -

1

No. of Refuelings
! After Start-Un PWR HWR

__

3 0.180 -

|

' 4 0.262 0.107
I 5 0.239 0.140

6 0.307 0.174

7 0.310 0.208

8 0.379 0.242

9 0.434 0.276

10 0.454 0.309

{ 11 0.459 0.343

12 0.460 0.361
,

! 12 0.4G0 0.380

14 0.460 0.400

15 0.460 0.420

16 0.460 0.440

17 0.460 0.465

18 0.460 0.490

19 0.460 0.514

20 0.460 0.520

21 0.460 0.512

22 0.460 0.522

23 0.460 0.524

24 0.460 0.536

25 0.460 0.542

26 0.460 0.548

27 0.460 0.550

28 0.460 0.550
_ _ _ _
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TABLE DC

ANNUAL .\lATERIAL FLOW SU AIA1ARY-I!!Gli GROWTil CASE

Aletric Tons

Pu to Reactors Pu to Fabricators To Reprocessors

Year ". Recycle LWR FBR LWR FBR LWR Spent Fuel _

1985 25 6. 0 0 6. 5 0 3,769

80 17.0 0 18.0 0 3,769

1900 25 15.4 0 15.7 0 7 038

80 44.7 0 47.3 0 7,038

1995 25 21.8 10.1 23.7 16.3 11,276

80 71.6 10.1 72.9 16.3 11.276
.

2000 25 37.2 . 81. 5 . 36.0 84.5 , 15,644

80 112.5 81.5 110.3 84.5 15,644

|

|

|

i

!
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TABLE X

ANNUAL MATERIAL FLOW SUMMARY -31EDIAN GROWTH CASE

Metric Tons
i

Pu to Reactors Pu to Fabricators To Reprocessors

Year % Recycle LWR PUR LWR FBR LWH Spent Fuel

1985 25 5. 3 0 5. 3 0 3,397

80 16.7 0 17.6 0 3,397

1990 25 10.2 0 13.3 0 6,237

80 36.7 0 38.5 0 6,237

1995 25 17.9 2. 8 20.4 5. 0 9,437*

80 58.0 2. 8 60.5 5. 0 9,437

*

2000 25 29,9 27.8 27.2 23.2 13,106 ,

80 94.3 27.8 90.4 23.2 13,106

?

'

i
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TABLE XI*

ANNUA 1.11ATERIAL FLOW SU1 DIARY -LOW GROWTil CASE
Aletric Tons

|
Pu to Itcactors Pu to Itbricators To Reprocessc,r s

! Year T.Recyr.le LWR LWR LWR Spent lhels
,

1985 25 4.4 4. 3 2,974

| 80 16.2 16. G 2,974

i
* 1990 25 8. 0 9. 9 4,933

80 31.4 35.0 4,933
|

f IDM 25 13.2 14.8 7,211
,

80 46.5 48.9 7,211
'

2000 25 21.7 20.6 10,149
-

80 66.7 G7. 5 10,149
_

,

t

.

.
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Wh!!e there were no projections made for future HTGR plants, there
is a small matciM ?.ow requirement for the single existing HTGR, the Fort
St. Vrain plant. The yearly material flow requirements for this reactor-

,
would be 0.2 *.. I' of highly enriched uranium (lieu) shipped to the fabrication

I plant and then to the reactor. The amount of spent fuel shipped each year is
2. 3 MT. These amounts were calculated assuming annual refueling. No-.

recycle mode was considered.

Shipment Requirements

Given the carrier capacity and the form of the special nuclear material
(f. e. , PuO2 Powder or fresh fuel elements), the number of shipments can be
calculated. For example purposes, the mode of SNM transportation was
assumed to be a conventional truck. The number of shipments associated
with the material flow requirements is calculated using conventional shipment
sizes. These shipment size assumptions are summarized in Table XII.
Alternative SNM transportation modes can be investigated if the carrier capa-'

bilities are known. In the case of spent reactor fuel, rnil shipment may be
ihvored over trvek. This reduces the required number of single shipments
by about a factor of five.

,

For LWRs, the shipments of both fresh and spent fuel are determined,

t.nder the assumption that the required numbers of fuel elements are propor-
tional to reactor power levels, i.e., the ratio of fuel elements between any
reactor and the reference reactor is equal to the ratio of power levels. The

; amount of special nuclear materials within the elements will vary according
to whether or not the reactor is on recycle red the length of time on recycle
as previously discussed. For the LMFBR, because of a lack of a firm com-
mercial-size design, no value for the number of fuel elements in the core
was used. Shipment size for the LMFBH fresh fuel elements was determined
by the amount of plutonium in the fuel. A value of 200 kg of plutonium per
shipment was used to calculate the number of LMFBR fuel shipments.i

Using the data of Table X11, the material flows portrayed in Figures 2
through 4 have been converted to numbers of shipments. Tables XIII through
XV summarize the number of required shipments for the high, median, and
low growth cases, respectively.

Since total numbers of sbipments at different stages of the fuel cycle
are important in overall transportation safeguards analyses, the following
figures are included:

:

1. Shipments of plutonium to fabrication plants, plotted in Figures 5,
6, and 7

l
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TABLE XII

ASSUhlED SillPalENT DATA FOR A CONVFNTIONAL
,

ROAD VElllCLE'

o
4

s

~, Fuel Elements *

7PWR 193 6 1085 A1W*" e'g
7BWIi 764 (i 1093 A1We

HTGR8 3044 6 1160 AlWe-

Shipment Capacities for Trucks

PWR Fuel

Fresh 14 elements
Spent 2 elements

BWR Fuel

Fresh 32 elements
Spent 4 elements

HTGR Fuel

Fresh 90 elements
Recycle 45 elements

Lh1FBil Fuel .

Fresh 200 kg Pu**

lo
PuO 300 kg Pu

2
2351149 kg 11

6

|
Due to the lack of firm commercial-size !.AIFBR designs, no value*

for the number of fuel elements is given.

Lh1FBR fresh fuel shipments were assumed to be determined by the##

amount of plutonium in the fuel.

1

i

|
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TAllLE XIll

ANNUAL SillPalENT SUhlhlARY -Il!Gil GROWTH CASE
Numier ef Shipments

Pu to Reactors Pu to 1%bricators To Reprocessors
,

" Recycle 1.WR FHR LWR FBR LWR Spent FuelYear .

1985 25 93 0 33 0 4,350

80 204 0 74 0 4,350

1990 25 16d 0 68 0 S.160

80 438 0 171 0 8.160

1995 25 171 53 97 55 13,080

80 G24 53 261 55 13,080

2000 25 329 420 144 270 18,150*

80 062 420 390 270 18.150

(

.

!
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TABLE XIV

ANNUAL SHIPMENT SUMMARY - MEDIAN GROWTH CASE
Number of Shipments

Pu to Reactors Pu to Fabricators To Reprocessors

Year % Recycle LWR FBR LWR FBR LWR Spent Fbel

1985 25 75 0 28 0 3,925
,

80 200 0 67 0 3,925

1990 25 119 0 59 0 7,200

80 365 0 145 0 7,200

1995 25 171 14 88 17 10,900

80 49? 14 288 17 10,900

-

2000 25 306 145 112 76 15,200

80 815 145 326 76 15,200

,

|

l
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TABLE XV

ANNUAL SilllMIENT SUh1A1ARY - LOW GROWTII CASE

Number of Shipments

Pu to Reactors Pu to Fabricators To Reprocessors

Year f. Recycle LWit LWR LWR Spent Fuels

1985 25 65 23 3,440

80 196 66 3,440

1990 25 96 47 5,710

80 307 130 5,710

1995 25 116 66 8,335
,

80 388 187 8,335

2000 25 101 89 11,800-

80 545 248 11,800

i

.
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2. Shipments of plutonium fuel to reactors, plotted in Figures 8,
9, and 10

l'otential shipments not detailed here are those of exccas plutonium to storage
sites, if different from the reprocessing location.

For the Fort St. Vrain IITGR, the annual number of shipments is one
stdpment of IIEU to the fuel fabricator and four shipments of fresh fuel to the
react or. The number of spent fuel shipments each year is 47.

SNA1 shipment requirements depend on the size of the nuclear industry,
the structure of the fuel cycle, and the specific transportation modes which
are assumed. For example, requirements such that plutonium be shipped
only in the form of mixed oxide (20 - 00 wt</. Pu) would affect the number of
stdpments from reprocessors to fabrication depending on the container design
and type of carrier. Co-location of reprocessing and fabrication facilities
would climinate this transportation leg within the fuel cycle and reduce the
numbei of SNA1 shipments. These considerations affect the structure of the
transportation network. Given such assumptions, a network simulation model,
as described in Reference 11, can be used to predict capital and manpower
requirements for a commercial SN11 transportation industry. Such an analysis
is to be performed at a future date in the physical protection analysis project.1

1

1

{

l
'

41

__ _ -



9

.g

! s
a
s

l 5-
.
O
EI i

>

l
2

\ ;
3 B
-

%
eg W 35 s-B c
6 .

l_ .,h
W
E

.g .a
8-

s
5

-

U .

.

3-
.

-

*

..g
-

s *

42

-



.

.

.

.

R
'

.
.

',
3A

s. '.
\

\ .g
~, S

6
.I 6

!
~

-
O

.R R
3-

.

.li.g-
E
s

E N .g E u.-

-Y S
::
c

E E-

~
.E-

5
E.g- .a
C
S

d I Y

G
~

d
W 2

.$ .b' s
5 - m
u
5
L .g

-

5i ~

o$t 0 dot 009' Dbtl O 'b* **N **
i

SIN 3Wd:HS JO NJ8 WON
*

,

(

'

! !
!

'

I

; ,

a

e

-- - . . _ . . . _- __ - -.



_ _ - _ _

-

.

J

\
)

-

_ . _

. - . . - _ _ _
-

~~

o

k'

*

$'

o

<n $-Y PCRCCNT RCCTCLE
V 80h
50

A'8
=

*

- !~

as

g. |
e

|
,-

agre IN 3M ggisa igIM in th U sk ggin IU 3M sina
6

TENT

Figure 10. Plutonium Shipments to Reactors - Low Growth Case
~

. _ _ _ _ --



APPENDIX

llcactor Commitments as of July 1,1970
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INITIAL REACTOR NEAREST

No. TYPE MWE OPERATICH HAME CITY CODJE,

1 BWR 209 1968 DRESDEN 1 J0LIET,ILL. DJI

2 PWR 175 1961 YANKEE NORTH ADAMS MASS. NAM

3 PWR 265 1962 INDIAN POINT 1 PEEKSKILL,N.Y. IPP

4 BWR 70 1962 BIG ROCK POINT GAYLORD,MICH. BRP

S BWR 63 1963 HUMBOLDT BAY EUREKA, CAL. HBC

6 PWR 430 1968 SAN ONOFRE 1 OCEANSIDE, CAL. 50C

7 PWR 575 1968 HADDAM NECK MIDDLETOWN, CONN. HC0

8 BWR 48 1969 LA CROSSE LA CROSSE,WIS. LCW

9 BUR Sie 1969 NINE NILE POINT 1 0SUECO,H.Y. NMP

10 BUR 650 1969 OYSTEl CREEK TOMS RIVER,N.J. TRN

11 PUR 490 1970 GINNA ALTON,N.Y. CNY

12 BWR 889 1978 DRESDEN 2 JOLIET,ILL. DJI

13 PUR 497 1978 POINT BEACH 1 MANIT0 WOC,WIS. PBW

14 BWR GS2 1976 MILLSTONE 1 NEW LONDON. CONN. MNL

15 PWR 665 1971 ROBINSON 2 FLORENCE,S.C. FSC

16 BWR S48 1971 MONTICELLO ST. CLOUD,MINN. MSM

17 BWR 800 1971 DRESPFN 3 JOLIET,ILL. DJI

18 PWR 788 1971 PALISADES ST. JOSEPH,MICH. CSJ

19 BUR 800 1972 OUAD CITIES 1 CLINTON,IA. OCI

20 BUR 880 1972 QUAD CITIES 2 CLINTON,IA. GCI

21 PWR 497 1972 POINT BEACH 2 MANITOWoc,WIS. PBW

22 BWR S15 1972 UERMONT YANKEE GREENFIELD, MASS. UYU

23 PWR 799 1972 MAINE YANKEE AUGUSTA,ME. MYM

24 BUR 674 1972 PILGRIM 1 BOURNE, MASS. PPM

25 PWR 788 1972 SURRY 1 WILLIAMSBURG,UA. SWU

26 PWR 666 1972 TURKEY F0 INT 3 MIAMI,FLA. TPF

27 PWR 788 1973 SURRY 2 WILLIAMSBURG,UA. SWU

28 PWR titt 1973 ZION 1 WAUKEGAN,ILL. ZWI
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INITIAL REACTOR NEAREST
N0. TYPE MWE, OPERATION NAME CITY CODE ,

,

29 PL*R 871 1973 OCONEE 1 ANDERSON,S.C. CAS

i 30 PUR 666 1973 TURKEY POINT 4 MIAMI,FLA. TPF
31 PWR 457 1973 FORT CALHOUN 1 BLAIR,HER. FCN

32 PWR 539 1973 PRAIRIE ISLAND 1 RED WING,MINN. PIM
33 PWR 1100 1973 ZION 2 WAUKEGAN,ILL. ZWI
34 BUR 545 1974 ARHOLD 1 CEDAR RAPIDS,IA. ACR

35 PUR 549 1974 KEWAUNEE GREEN BAY,WIS. KGB

36 PUR 873 1974 INDIAN POINT 2 PEEKSKILL,H.Y. IPP
37 BUR 1965 1974 PEACH BOTTOM 2 LANCASTER,PA. FLP
38 BUR 778 1974 COOPER NEBRASKA CITY,NER CNB

39 BUR 1967 1974 BROWHS FERRY 1 DECATUR,ALA. SFD

40 PUR 871 1974 OCONEE 2 ANDERSON,S.C. CAS

41 PWR 818 1974 THREE MILE ISLAND 1 HARRISBURG,PA. TMI
42 PUR 836 1974 ARKANSAS NUCLEAR 1 RUSSELLUILLE, ARK. ARA

43 PWR 871 1974 OCONEE 3 ANDERSON,S.C. CAS

44 BUR 1965 1974 PEACH BOTTOM 3 LANCASTER,PA. FLP
45 PWR 530 1974 PRAIRIE ISLAND 2 RED WING,MINN. PIM
46 BUR 1967 1975 BROWNS FERRY 2 DECATUR,ALA. BFD
47 PWR 913 1975 RANCHO SECO 1 LODI, CAL. RSC

48 PUR 850 1975 CALVERT CLIFFS 1 ANNAPOLIS,MD. CAM
49 BUR 821 1975 FITZPATR'CK OSWEGO,N.Y. HMP

50 PUR 1854 1975 COOK 1 ST. JOSEPH,MICH. JSJ
51 BUR 798 1975 BRUNSWICK 2 WILMINGTON,N.C. BNC

52 BWR 786 1975 HATCH 1 MC RAE,GA. HMG
53 PUR 828 1975 MILLSTONE 2 NEW LONDON, CONN. MNL
54 PUR 852 1976 BEAVER UALLEY 1 ROCHESTER,PA. BUP

55 PUR 1139 1976 TROJrH KELSO, WASH. TP0
56 PUR 965 1976 INDIAN POINT 3 PEEKSKILL,N.Y. IPP
57 PUR 802 1976 ST. LUCIE 1 OKEECHOBEE,FLA. 'SLF
58 HTGR 339 1976 FORT ST. URAIM CREELEY, COL. FSU
59 BWR 1967 1976 BROWNS FERRY 3 DECATUR,ALA. BFD
60 PbR 855 1976 CRYSTAL RIVER 3 OCALA,FLA. CRFg

,
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$ INITIAL REAC70R NEAREST

NO. TYPE MUE OPERATION MAME CITY CODE

61 PUR 1984 1976 DIABLO CANYON 1
SAN LUIS OBISPO,C DCC
DEEPWATER,N.J. SNJ

62 puR 1999 1976 SALEM 1

63 PWR 859 1977 CALUERT CLIFFS 2 ANNAPOLIS,MD. CAM

64 BUR 821 1977 BRUNSWICK 1
WILMINGTON,N.C. BNC

65 PUR 906 1977 DAVIS BESSE 1
FREMONT,0HIO DB0

66 PUR 934 1977 NORTH ANNA 1
CHARLOTTESUILLE,U NCU
DOTHAN,ALA. FDA

67 PUR 860 1977 FARLEY 1

68 PUR 1186 1977 DIABLO CANYON 2
SAN LUIS OBISPO,C DCC

69 PUR 934 1977 HORTH ANNA 2
CHARLOTTESUILLE,U HCU

70 PUR 1189 1978 MC GUIRE 1 CHARLOTTE,N.C. CNC

71 PUR 912 1978 ARKANSAS NUCLEAR 2 RUSSELLVILLE ARK.
ARA

ST. JOSEPH, RICH. CSJ

72 PUR 1954 1978 COOK 2 CHATTANDOGA,TENN. SCT
SEGUOYAH 1 TMI73 PUR 1148 1978 THREE MILE ISLAND 2 HARRISBURG,PA.

LA SALLE,ILL. LSI74 PUR 906 1978
75 BUR 1978 1978 LA SALLE 1

76 PUR 1148 1979 SEQUOYAH 2
CHATTANOOGA,TENN. SCT

77 PUR 1180 1979 MC GUIRE 2 CHARLOTTE,N.C. CNC

78 BUR 786 1979 HATCH 2
MC RAE,GA. HMG

FDA

79 PWR 868 1979 FARLEY 2 DOTHAN,ALA.

86 BUR 829 1979 SHOREHAM 1
PATCH 000E,N.Y. SNY

81 PWR 900 1979 SUMnER 1
SUMTER,S.C. SSS

DEEPWATER,N.J. SNJ

82 PWR 1115 1979 SALEM 2

83 PUR 1177 1979 WATTS BAR 1
CROSSUILLE,TENN. UBT

CINCINNATI,0HIO 2C0

84 BUR 819 1979 ZIMMER 1

85 BUR 1978 1979 LA SALLE 2 LA SALLE,ILL. LSI
PASCO, WASH. WPW

SG BUR 1100 1979 WPPSS 2

87 PWR 1150 1983 COMANCHE PEAK 1
HILLSBORO, TEX. CPT

88 PUR 1177 1989 WATTS BAR 2
CROSSUILLE,TENN. UBT

ASHTABULA.0HIO PA0

89 BWR 1285 1980 PERRY 1

98 PWR 1213 1980 BELLEFONTE 1 HUNTSUILLE.ALA. SHA

91 BWR 1250 1984 GRAND GULF 1
UICKSBURG,MISS. GGM
WILLOW RUN,MICH. FUR

92 BWR 1993 1980 FERMI 2
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NO. TYPE _ MUE OPERATION NAME CITY CODE,

93 PUR 1120 1980 BYRON 1 ROCKFORD,ILL. BRI

94 PUR 1250 1980 SOUTH TEXAS 1 UICTORIA, TEX. STx

95 BUR 1050 1980 SUSQUEHANNA 1 HAZLETON,PA. SHP

96 PUR 1153 1981 CATAUBA 1 CHARLOTTE,N.C. CNC

,

97 BUR 1955 1981 LIMERICK 1 POTT 3 TOWN,PA. LPP

! 98 PUR 1213 1981 BELLEFONTE 2 HUNTSUILLE,ALA. BHA

99 PUR 1220 1981 WPPSS 1 PASCO, WASH. WPW

100 PUR 818 1981 MIDLAND 2 MIDLAND,MICH. MDM

101 PUR 116S 1981 WATERFORD 3 NEW ORLEANS.LA. WHO

102 PWR 938 1981 NORTH ANNA 3 CHARLOTTESUILLE,*J NCU
,

| 103 PUR 852 1981 BEAVER UALLEY 2 ROCHESTER.PA. BUP,

104 PUR 1200 1981 SEABROOK 1 PORTSMOUTH,N.H. SNH

105 BUR 950 1981 CLINTON 1 CLINTON,IA. QCI

106 PUR 802 1981 ST. LUCIE 2 OKEECHCBEE,FLA. SLFl

' 107 PUR 1120 1981 BRAIDWOOD 1 JOLIET,ILL. DJI

108 BUR 840 1981 RIVER BEND 1 BATON ROUGE,LA. BRL

109 PUR 1150 1981 CALLAWAY 1 COLUMBIA,MO. CMO

110 PLR 1100 1981 SAN ONOFRE 2 OCEANSIDE, CAL. SOC

til PUR 938 1981 NORTH ANNA 4 CHARLOTTESUILLE,U NCU

.
112 PUR 1150 1982 COMANCHE PEAK 2 HILLSBORO, TEX. CPT

113 PUR 1153 1982 CATAWBA 2 CHARLOTTE,N.C. CNC

114 PUR 1240 1982 WPPSS 3 ABERDEEN,UASH. WAW

115 PUR 1250 1982 SOUTH TEXAS 2 UICTORIA, TEX. STX

116 PUR 492 1982 MIDLAND 1 MIDLAND,MICH. MDM

117 PUR 1220 1982 WPPSS 4 PASCO, WASH. WPW

118 PUR 1150 1982 WOLF CRF.EK 1 EMPORIA,KAN. UCK ,

! 119 BUR 1205 1982 PERRY 2 ASHTABULA,0HIO PA0 |

120 PWR 1150 1982 MILLSTONE 3 NEW LONDON, CONN. MNL

121 PUR 1270 1982 PALO UERDE 1 PHOENIX,ARIZ. PVA|
122 BUR 1950 1982 SUSQUEHANNA 2 HAZLETON,PA. SHP

123 PUR 1168 1982 FORKED RIVER 1 TOMS RIVER,N.J. TRN

124 BWR 1955 1982 LIMERICK 2 POTTSTOWN,PA. LPP
g
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125 PUR 1130 1982 MARBLE HILL 1 MADISON,IND. MHT

126 BUR 1100 1982 NINE MILE POINT 2 OSWEGO,N.Y. NMP

127 PUR 1120 1982 BYRON 2
ROCKFORD,ILL. BRI

123 PUR 1120 1982 BRAIDWOOD 2
JOLIET,ILL. DJI

129 BUR 1180 1982 PILGRIM 2 BOURNE. MASS. PPM

130 BUR 1967 1982 HOPE CREEK 1
DEEPWATER,N.J. SNJ

131 PWR 1199 1983 SAN ONOFRE 3
OCEANSIDE, CAL. S0C

132 PWR 1159 1983 FORT CALHOUN 2 BLAIR, NEB. FCN

133 PWR 1289 1983 PERKINS 1 STATESUILLE,N.C. PSN

134 BWR 1233 1983 HARTSUILLE A1 NASHUILLE,TENN. HNT

135 PWR 1160 1983 UOGTLE 1
AUGUSTA, CA. AUG

136 PWR 1150 1983 CALLAWAY 2 00LUMBIA,MO. CM0

137 PUR 989 1983 KOSHKONONG 1 JANESUILLE.WIS. KKW

138 PWR 986 1983 DAUIS BESSE 2 FREMONT,0HIO DB0

139 PWR 1159 1983 JAMESPORT 1
RIVERHEAD,N.Y. JHY

140 BWR 1288 1983 SKAGIT 1 BELLINGHAM. WASH. SBW

141 BWR 1159 1983 BLACK FOX 1 TULSA,0K. BF0

142 BUR 1233 1983 HARTSUILLE 31 NASHUILLE,TENN. HNT

143 BWR 949 1983 RIVER BEND 2 BATON ROUGE,LA. BRL

144 PWR 1200 1983 SEABROOK 2
PORTSMOUTH,H.H. SNH

145 PUR 1289 1984 CHEROKEE 1
SPARTANBURG,S.C. CHE

146 BWR 1233 19.4 HARTSUILLE A2 NASHUILLE,TENN. HNT

147 PWR 1288 1984 GREENWOOD 2
PORT HURON,MICH. GPH

148 PWR 900 1984 HARRIS 1 RALEIGH,N.C. HNC

149 PWR 1150 1984 STERLING OSWEGO N.Y. NMP

159 PWR 1249 1984 WPPSS S
ABERDEEN, WASH. WAW

151 PWR 1109 1984 UOGTLE 2 AUGUSTA, GA. AUG

152 BWR 1233 1984 PHIPPS BEND 1 KINGSPORT,TEMM. PBT

153 PWR 1279 1984 PALO UERDE 2 PH0ENIX,ARIZ. PUA

154 EWR 1867 1984 HOPE CREEK 2
DEEPWATER,N.J. SNJ

155 BWR 954 1984 CLINTON 2 CLINTON,IA. OCI

156 BWR 1233 1984 HARTSUILLE B2
NASHUILLE,TEMM. HNT

.
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157 PWR 1150 1984 MARBLE HILL 2 MADISON,IND. MHI

158 PWR 900 1984 K0SHK0HONG 2 JANESUILLE,WIS. KKW|

159 BWR 1250 1984 GRAND GULF 2 VICKSBURG,MISS. GGM'

160 PWR 1150 1984 CHARLESTOWN 1 NEWPORT,R.I. CRI

161 PWR 1209 1984 GREENE COUNTY CATSKILL.N.Y. GCC

162 PWR 1289 1985 PERKINS 2 STATESUILLE,N.C. PSN

163 PWR 996 1985 DAVIS BESSE 3 FREMONT,0H10 DB0

164 PWR 1150 1985 SOUTH DADE 1 MIAMI.FLA. TPF

165 BWR 1300 1985 YELLOW CREEK 1 CORINTH,MISS. YCM

166 BWR 1178 1985 DOUGLAS POINT 1 FREDERICKSBURG,MD FDP

167 PWR 950 1985 SUNDESERT 1 SLYTHE,CA. ARZ

168 BWR 1233 1985 PHIPPS BEND 2 KINGSPORT,TENN. PST

169 PUR 1150 1985 TVRONE 1 NELSON,WIS. TNU

170 PWR 1150 1985 ATLANTIC 1 ATLANTIC CITY,N.J ANJ

171 PWR 1150 1985 JAMESPORT 2 RIVERHEAD,N.Y. JNY

172 PWR 1150 1985 SOUTH DADE 2 MIAMI,FLA. TPF

173 PWR 1300 1985 CENTRAL IOWA DES MOINES, 10WA DSM

174 PWR 1268 1985 PEBBLE SPRINGS 1 PASCO, WASH. WPW

175 BWR 1150 1985 BLACK FOX 2 TULSA,0K. 3F0 4

176 PWR 1280 1986 CHER0KEE 2 SPARTANBURG,$.C. CHE

177 BWR 1150 1986 ZIMMER 2 CINCINNATI,0HIO 2C0

173 BWR 1300 1986 YELLOW CREEK 2 CORINTH,MISS. YCM

179 PWR 1248 1986 GREENWOOD 3 PORT HURON,MICH. GPH

180 PWR 900 1986 HARRIS 2 RALEIGH,M.C. NN3

181 BWR 1150 1986 MONTAGUE 1 GREENFIELD, MASS. UYU

182 PWR 900 1986 SURRY 3 WILLIAMSBURG,VA. SUV

183 PWR 1274 1986 PALO UERDE 3 PHOEMIX,ARIZ. PUA

184 PUR 1150 1906 CHARLESTOWN 2 NEWPORT,R.I. CRI

185 BWR 1288 1986 SKAGIT 2 BELLINGHAM, WASH. SBW

186 PWR 1289 1987 PERKINS 3 STATESVILLE,M.C. PSM

187 PWR 1150 1987 SR 1 LUMBERTON,N.C. CLN

g 188 BWR 1178 1987 DOUGLAS POINT 2 FREDERICKSBURG,MD FDP

- _ _ __ - - ___-_
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189 PWR 988 1987 SURRY 4 WILLIAMSBURG,UA. SWU

190 PUR 1150 1987 ATLANTIC 2 ATLANTIC CITY,N.J ANJ'

191 PWR 1289 1988 CHEROKEE 3 SPARTANBURG S.C. CHE-..

192 BWR 1150 1988 MONTAGUE 2 GREENFIELD, MASS. UYU

193 PWR 989 1988 HARRIS 4 RALEICH,N.C. HNC

194 PWR 9S0 1988 SUNDESERT 2 SLYTHE,CA. ARZ

195 PWR 1264 1988 PESSLE SPRINGS 2 PASCO, WASH. WPW

196 PUR 1150 1989 SR 2 LUMBERTON,N.C. CLN

197 PUR 900 1994 HARRIS 3 RALEICH,M.C. HNC
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