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Figure 1. U. S. civil plutonium stockpile vs. year of introduction of the FBR

(year 2000 or 2010), with 3 assumptions as to required Pu inventory
of each FBR. This figure was provided to the author by the D'irector

Director of Energy Research (DoE) from the Acting Director, Office
of Fuel Cycle Evaluation (DoE) notes that “it is reasonable to
assume that lower inventory FBRs, such as the 5625 kg/GWe design

shown in your curves, could be available if required.”
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From TABLE AV-2 of Ref. 1

Economic Penalty to Start 1000 Mu Fast Breeder
with Enrjched uz3s

Water-reactor 20% U235 jin Uranium
Plutonium (with separate
core reprocessing
and recycle)

Fissile amount required from
external source for start-up

and replacement loadings, KkKg. 7,500 11,250
Value of fissile material,
$/kg fissile (a) 19,900 31,000
Total cost of fissile material,
$million 149 349
Loss of breeding-gain fissile
production:
kg fissile Pu 0 1,700
$million 0 34

Contribution to fuel cycle cost
levelized overxr 30-year breedex
Plant life (b)

Purchase of fissile material

for start-up mill/Kwhr 2.2 5.3

loss of breeding-gain fissile

production mill/kuhr o 0.3
Relative total, mill/kuhr (c) 2.2 5.6
Levelized fuel cycle cost,
mill/Kuhr (c¢) 2.0 5.4

(a) Plutonium value is calculated for alternative use as a
water-reactor fuel.

(b) Calculated from time schedule of fissile purchases and
sale, using utility discount factor of 0.0755/yrx.

(c) The relative total not the total fuel cycle cost. Later
credits from breeding gain fissile production and cost
of fabrication and reprocessing result in an estimated
LMFBR levelized total fuel cycle cost of about
2.0 mill/kwhr (Stauffer et al, 1975).
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energy released in the reaction resides in the kinetic energy of the fission products. As shown
in Table 3JA-1, the fissioning of one atom of 233U leads to the release of about 200 MeV of
heat; in more practical units, complete fissioning of 1 g of 235U releases about 1 megawatt-day

of thermal energy.

Table 3A-1

End Products and Energies from fission of 235U (from Bennet, 1973)

End-product

Fission products
Fission neutrons
Prompt y radiation
Fission product decay
B radiation
y radiation
neutrinos
Capture y radiation

Total

Emitted Energy
(MeV)

168
5
7

212

In order to sustain a chain reaction, one of the neutrons emitted in the fission must cause
another fission before it is captured by some nonfission process or leaks out of the reactor
core. The number of neutrons emitted in a fission is given in Table 3A-2. The average energy
nf tha amitted neutranc i ahant 7 MeV <nread out over the spectrum shown in Figure 3A-2,

®
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CHAPTER I1I: PRIMER ON THE NUCLEAR FUEL CYCLE

Table 3A-4

(ORNL, 1976)

Electric Power, Mw(e) (net)
Thermal power, Mw(th)

Avg. spec. power, Mw(th)/Mg2
Avg. burnup, Mw(th)-days/kg
Refueling interval, days®

Steady State Charge, kg€
U-234
U-235
U-236
U-238

Total W

Steady State Discharge, kg®
U-235

Total U

Fissile Pyd

Total Pu®

Based upon full power and total fuel charged.

Al 80% load factor

Annual charge and discharge of one third of PWR and one quarter of BWR.

Plutonium isotopes 239PI.I and 2'”Pu.

P8py o V%, , 20p, | 21p, , 22p

1000
3077
31.5

365.25

9.57
903
76.6
26450

27350

219
26,150

170

248

Assumed characteristics of model PWR and BWR enriched uranium reactors

BWR

1000
3067
23.8
27.5
365.25

10.1
838.5
90.3
31315
32250

233
31100
198
282
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Fuel Rods

From Reactor , ‘
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Into Small
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ACID PuO5, and Radioactive
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STORAGE
TRIBUTYL Solvent Aqueous Phase
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REDUCING
AGENT
Partition (Extract
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. and Temporary
Acid )
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: 3
3 |&
| Plutonium Purifica- Uranium Purifica- Waste Solidification
tion and Conversion tion and Conversion . and Permanent
fo PuO, to UFg Storage

Figure I. Elementary steps in nuclear fuel reprocessing by the purex process.
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Light Water
Reactor :
h
Fuel ~ E=304 Mw day/kgl . D|nguglr ¥
Fabrication| 281 |Fyel Life = dyr Storage
Mg |n=0.342
i L =0,80
3% Z‘.!SU
28.5 Mg
- Conversion
Uhrgl '}':J?n and s_~Separative Work
————={ Isotope 108 Mg
Q.715%%U [Separation
169 Mg
lo,zses”’u
141 Mg

Figure S. Material flowsheet for pressurized water reactm< no reprocessing. )
ICX? Mw Piglerd-Yeng, 1977
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Figure 6. Material flowsheet for pressurized water reactor with uranium recycle
plutonium storage. :
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64 CHAPTER Iv: LWR FUEL CYCLE--TECHNOLOGY AND ECONOMICS OF REPROCESSING, @

For each of the fue
Yang, 1977; Shapiro, er al.,
charge and discharge quantities
reactor life. The cost of electrical e
the fuel cycle cost levelized over the 3

Table 16

cle options data were developed (Pigford & Choi, 1977; Pigford and
J77) for the initial loading of fuel in the reactor and for the
d compositions of each replacement loading throughout the
gy generated by each batch of fuel was determined, and
r. plant life was calculated.

Unit Costs, Recoveries, Process Times and Fuel Cycle Operations

Operation

U;Oa purchase

($28 per pound
of U;04)

UJOS to UF6
conversion

Isotope
. Separation
Pz UO2 conversion
and fabrication

Shipment of
discharge fuel

Fuel
processing

Waste management-
federal repository

convarsion
fabrication

Shipment of
fissile Pu
(as Pu0,)

Canal storage of
discharge fuel

Long-term storage
of discharge fuel
in repository

2 “HM" denotes heavy metal, i.e. total actinides charged 10 the reactor.

Time of Expenditure

Unit Cost Recovery Relative to Relative to
in 1976 factor in beginning of fuel discharge
dollars? operation fuel operation yr-
$/kg Je
—
72.64/kg U 1.00 -2
s g v,
$3.50/kg U 0.995 -1.5
$75.00/kg SWY 1.00 -1.0
$95.00/kg U 0.99 -0.5
$15.00/kg HM 1.00 +0.75
$165.00/kgHM 0.99 Pu, U +1
$50.00/kg HM  1.00 +11
$198.00/kg HM 0.99 -0.5
$40.00/kg Pu  1.00 -0.75
$5.00/yr kg HH 1.00 +1.2,..
$100.00/kg HM 1.00 +11

All unit cost data are from NRC

(USNRC, 1976). except the coust of fuel reprocessing.  The reference cost of l.JCJ2 fucl reprocessing was derived in
Section IV-E9. (Sce Table 13) MOX fuel reprocessing is assumed 10 cost 20% more than LO, reprocessing.
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G3b. Costs of the Fuel Cycle with Reprocessing and Uranium=-Plutonium Recycle. @

The fuw] cycle costs for reprocessing with uranium-plutonium recycle can be calculated
e cycle-by-cycle data on the fuel material quantities charged and discharged to
self-generated recycle no plutonium or uranium is sold or purchased.
plutonium is recycled, when available, thereby reducing the amount of
enrichment service which must be purchased for subsequent cycles.
rough the five successive recycles during the 30-yr. period, and it
in a given batch of discharge fuel is the same as that later
., a cross-over between fuel batches in reprocessing is
build-up of the higher-mass isotopes of plutonium, e.g.,
and burnup are properly taken into account.

the reactor.
Instead, the recover
natural uranium and
The plutonim is followed
is assumed that the plutoni
recovered from reprocessing,
neglected. In this way the continu
242py, and their effect upon reactivit

m fuel reprocessing is recycled for isotopic
amount of natural uranium and enrichment
I'loadings. It is assumed that discharge UO,
uel, to avoid the degradation in isotopic
the two types of discharge fuel were
ischarge MOX fuel is stored.

Similarly, the uranium recovered
enrichment to 3% 235U, further reducing t
which must be purchased for later replacement
fuel is reprocessed separately from discharge MO
concentration of 235U that would otherwise occur
reprocessed together. The uranium recovered from the

Table 17

Fuel Cycle Cost for a Pressurized Water Reactor With No Reprocessing
of the Discharge fuel (30-year levelized cost in 1976 dollars with unit
costs from Table 16)

Fuel Cycle Cost

mill/kwh
U;0g purchase 2.72
U;0y4 to UFg conversion 0.12

Isotope Separation 1.51 D
Fuel conversion and fabrication 0.55
Total cost of fuel charged to reactor 4.90
Storage of discharge fuel for 11 years 0.13
Ship to federal repository 0.02
Store in federal repository 0.17

Total Fuel Cycle Cost 5.22
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Table

17

Fuel fycle Csst for a Pressur: regd Wwater Reactor With No Reprocessing

of tre Lischarge fuel (o0-year le.ulizs

T cusl oin 1976 dollars with unit

costs from Table 16)

UiCy purchase

U;C, to Uk, conversian

Isotope Separatioe

Fuel cu~version srd fabricetion

Total cost of fuel charged to reactor

Storage of discharge fuel for 11 years
Ship to federal repository
Store in federal repository

Total Fuel Cycle Cost

fuel Cycle Cost
mill/kwh

.12’ -
0.12

————

— = :

€ 1.60 F
0.55
4.9¢

0.13
0.02
0.17

5.22
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RECYCLE @

Table 25 ’

Total Cost of Electrical Energy from Pressurized-Water Reactor
(70% load factor, yearly charge on capital investment = 16%/yr., reference
unit costs of fuel cycle operations)

10-yr. storage
Reprocessing discharge of discharge

Storage of - Reprocessing discharge fuel, U recycle, 10-yr fuel, U-Pu

discharge fuel fuel, recycle U and Pu Pu storage and recycle recycle

mill/kwh mill/kwh mill/kwh mill/kwh
Capital
cost 26,1 261 26.1 26,1
Operating
cost 2 2 2 2
Fuel cycle ’.
cost 52 43 53 50
Total cost of
electrical
energy 333 329 334 331
Percentage
difference 0 -1.2 +0J3 -0.6

G3l. ERDA Analpys aof the Benefits of Reprocessing and Recycling Light Water Reactor

Fuel

The unit costs used by B&DA in its analysis (ERDA, 1976) of the benefits of reprocessing
and recycle are listed in Table Alto listed, for comparison.'are the reference unit costs used
in our present study (from Table 6). The most important difference is in the unit cost of
reprocessing.
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Uranium - 1000 Mw | Pigford, 1977
07110025% >y §
LIS Mg Blanket
l Fast Breeder Core
 Blanket | E=683 Mw day/kg Fission
. Fuel —>1 |Fuel Life=208 yr ruel  Products
Fabrication n=0.35 _.|Reprocessingfn g7 ¢ Mg
1 L=0.80
U’mnium. _
Recycle| Urar: Plutonium Product
14,7 Core ranium 80 % Fissile
Vg ’ bFuel 'Fni}‘sz’ 0.316 Mg
t
aoricarnon 2_O3Mg
ri;,;urc‘lll. Arnwga!  guariuties For LMFBR. Fueled with natiral or depleted  uranium

tequinenm tuzl cilie, Greebier, 1977)
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Table §
(:) (
Fissile, Ore. and Enrichment Requirements to Start a First-Generatio
Fast Breeder Reactor with Water-Reactor Plutonium

(1000 Mw Electrical Power, 80% capacity Factor)
| Stert Wil 0% -2 357

Fissile Pu required for
fast breeder start-up & 7500 kg YIAY%d kﬁ

Operation of U-Fueled
water reactor to generate

Pu start-up inventory 43.8 Gw Yr — ——
U ore chargeable to loss of
. 14
Pu-recycle in water reactors: ’ u—m—‘ Caiies silnadd
0.20% depleted U 2980 short tons U0, |~ REV Skt b
0.25% depleted U 3210 short tons U0, 310 Shat tors
Additional separative work due
to loss of Pu-recycle in Me Sy
water reactors: 6?
0.20% depleted uranium 1200 Mg 2 §to /Z
0.25% depleted uranium 1020 Mg J 2330 5 (

Example: To start up 1 GW of FBR requires that 4.33 Gw of LWR be operated for 10 yr. without Pu

recycle. Total ore required = 8490 short tons UJO' (0.25% depleted U). Total ore attributable to breeder start-up
= 2980 short toms.

a
Based upom 3000 kg fissile Pu for the initial core plus 4500 kg for repiacemcnt loadings before Pu in
gischarge fusl is recycled Gresbler, WD [, 57 Cofe Jouds, toto( ]

* A Baged upon 45&) kg 235y for the initial core plus sufficient replacement Fuadmn unul reactor is self
mumln' on reycle fissile material. Although lower 25y luadings are pussible for a breeder cure optimized for

l,:;J).fudm;. the purpose here is 10 start-up a cure optimized for steady-state fucling on bred plutonium (Geebler,

The data in Table § indicate that over a J0-year operating life, three uranium-fueled light
water reactors could produce enough plutonium to start up two fast breeders, if no plutonium
were to be recycled in water reactors. Alternatively, nine water reactors operating during their
fast ten years of life without plutonium recycle will generate enough plutonium to eventually
start up two breeders. The 1974 ERDA projections of U.S. nuclear power growth indicated a
growth 1o 124 GW of fast breeder capacity by the end of the century, along with 644 GW of
light water reactors. Calculations (Pigford and Ang, 1975) of the amount of start-up
plutonium required for such a large scale of breeder introduction showed that plutonium
recycle in water reactors would have to be discontinued in the early 1990's to insure sufficient
plutonium for breeder start-up. However, events since 1974 suggest that such a rapid
introduction of breeders is not likely, and delays in LWR fuel reprocessing and in the
construction of additional LWR fuel reprocessing facilities seem more likely to result in an
over supply in the 1990's of plutonium which can be extracted from water reactor fuel. (
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Table AV-2
Economic Penalty to Start 1000 Mw Fast Breeder with Enriched 235U

20% 235y in Uranium

Without separate
core reprocessing

and recycle

With separate
Water-reactor fcore reprocessing

Plutonium and recycle

,Fissf1o,alount
required from
external source
for start-up and

replacement

Toadings, kg. 7.500 11,250 18,000
Value of fissile

material, $/kg "_p

fissile? 19,900 31,000 31,000

Total cost of fissile
material, $106 149 349 558

Loss of breeding-gain
fissile production:
kg fissile Pu
$106

1,700 1,700
34 34

Contribution to fuel
cycle cost levelized
over 30-year breeder
plant 1ifeb:

Purchase of fissile
material for start-up, &
mill/kwhr

~N
~N
[+,]
w
-
o

Ia

Toss of breeding-gain
fissile production,
@il /kwhr

1o
o
w
o
w

Total, mi11/kwhr¢ 2.2 5.6 7.3
5y penalty, mill/kuhr 0 3.4 5.1

2 Plutomivm value is calculated for aliermative use as @ water-reactor fwel.
b Calculated from time schedule of fissile purchascs and sale. using wtility discoumt factor of 007355/ye.
€ This is mot the total fuel cycke cust

Al at C.25% Gk, .
"i"/*'[’"'?' 230 My Swu ot l?CM//?} Swu —> [ %0
€. 5{ LIS or otter Ploes Stiu c,,j-? Fnti 4,
| : tﬂd;ceik,-/z.sml'//éa{.
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