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NOMENCLATURE

present worth of the net nuclear fuel cycle cost, $/kg U

defined by Eqs. (2.44)-(2.57) (Sect. 2.3)
defined by Eq. (3.16) (Sect. 3.5)

unit cost of the feed, $/kg U

nuclear fuel cycle cost, Mills/kWh

unit cost of the recyecled feed, $/kg U

unit cost of the separative duty, $/unit of sep. work

unit cost of the tails, $/kg U

leakage rate of thermal neutrons per unit volume per

unit thermal neutron flux

separative work

fuel burnup, MWD/Tonne

average of exponential function

thermal efficiency

ratio of flux at r to flux at center of reactor
average of ratio of flux to central flux
flow rate of the feed stream, kg/day

net mass upflow of isotope i in the cascade
interest rate or cost of capital

defined by Eqs. (2.15)-(2.37) (Sect. 2.3)

number of years until income i1s received or
expense 1s paid

number of months of pre-irradiation period
number of months of reactor operation

3
concentration, atoms/cm
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total present worth revenue, $/kg U

weight of U-236 in the recycle fuel, kg
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time, sec
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ratio of capture cross section to fission cross section
for fissionable nuclide

defined by Eq. (2.41)

fast fission factor, net fission neutrons produced per
neutron produced in thermal fission

fission neutrons produced per thermal neutron absorbed
in fissionable material

intermediate flux time, n/Kb
defined by Eq. (2.40)
decay constant, sec_l

neutrons produced per fission

microscopic cross seczion for absorption of thermal

neutrons, barns (10"2 cm2

2
thermal-neutron flux, neutrons/cm” sec



1.0 INTRODUCTION

Due to the rapid growth of nuclear power capacity in recent years, and
the policy of the AEC not to purchase spent uranjum recovered from a
privately owned fuel, more and more spent nuclear fuel will be either not
reprocessed or awaiting sale after reprocessing. Although at the present
time, yellow-cake still is available at reasonable prices(l), the utiliza-
tion of spent uranium may prove useful as a means of reducing nuclear fuel
cycle costs. The purposes of this paper, therefore, are to study the methods
of spent uranium recyecle and to evaluate the relative economic values of the
proposed recycle schemes.

The recovered spent fuel can be prepared for recycle in either of two
ways(2’3’4), by re-enriching in a gaseous diffusion plant, with incidental,
partial removal of the parasitic 236U, or by blending the reprocessed fuel
with highly enriched natural fuel. The problems resulting from the intro-
duction of 236U into the fuel cycle can be summed up as follows(3’5):

(1) U-236 is a thermal-neutron poison, whereas U-238 is a fertile material;
therefore, a fuel containing 236U, i.e., the recycled, fuel, must be more
highly enriched than the 236U free natural fuel in order to maintain the
criticality of the core at the same specific power level. (2) The presence
of U-236 increases the amount of separative work expended in a gaseous
diffusuion plant to produce uranium of a specific U-235 content, since
separation of U-235 from U-238 is less costly than separation of U-235

from an equal amount of U-236 due to smaller separation ratio. (3) The
buildup of U-237 increases the required uranium product decay time.

As far as the fuel cycle cost alone is concerned, recycling the spent

nuclear fuel by blending is more costly than re-enriching, but when other



factors are considered, blending can for practical purposes be favored

over re-—enriching,

1.1 Literature Review
There are several literature citations concerning the recycle of
reprocessed spent fuel or the effects of Uranium-236 on nuclear reactors
and gaseous diffusion plants. But very few have made a detailed cost
analysis of the spent fuel recycle and presented any results that can be

of benefit to the power industry. G. A. Garrett et al.(ﬁ)

were the first
to explore the impact of Uranium-236 on nuclear power reactors and gaseous

diffusion plants. In their report, The Uranium-236 Problem in the Combined

Operation of Nuclear Power Reactors and Isotope Separation Plants, they

calculated the effect of 236U on the cost of enriched uranium at different

levels of burnup and at several different modes of operation. Their conclu-
sions were (1) the presence of 236U in material discharged from reactors is
potentially capable of causing a significant increase in net reactor fuel
costs, but if the nuclear power industry has an adequate rate of growth the
236U will not cause any significant increase in fuel costs. The U-236

problem is most severe when the reactor burnup is low because the only sink
for the U-236 produced in the reactor is the waste stream from the separation
cascade, The closer to the waste withdrawal point the U~236 is introduced,
the easier it is to remove (the higher the burnup, the lower the concentration
of U-235 in the recycle fuel). When the nuclear power industry has an
adequate rate of growth (improved technology) much higher fuel burnup can be
achieved; therefore, the U-236 problem may be alleviated with time. (2) In
complex situations involving reactors and a diffusion plant where the

2
reactors require fuels of different 35U concentrations, the cost due to



the presence of 236U are not additive. (3) In such 2 complex situation,

the most economical mode of operation involves the use of more than one

diffusion plant, and it may involve blending streams of unequal 235U

concentration.

(7N

Pierre Lagrange et al. in their paper, Re-Enrichment of Depleted

Uranium by Passage Thropgh a Gaseous Diffusion Installation, gave an evalua-

tion of the cost of re-enrichment as computed from the general formula for
various economic conditions and also reviewed the case of a typical instal-
lation having a certain flexibility of operation and several feed points.
As to the buildup of the transmutation products and their effects on the

fuel cycle, an article titled Effect of Uranium Recycle on Transuranic

(5)

Elements Buildup by E. D. Arnald has made a very detailed study in this

respect, His paper presented a clear picture on how 236U, 237U, 237Np, and

238

Pu could build up with the subsequent recycle of nuclear fuel. The
transmutation product concentrations are affected by neutron flux, number

of cycles, initial fuel enrichment, and the fraction of 236U removed. The
buildup of transmutation products may have many appreciable effects on the
design and operation of the fuel cycle. The decay time required will increase
as a result of higher concentrations of 237Np; chemical separation plants may
be required to separate 237Np as well as uranium, plutonium, and fission
products. The buildup of 238Pu in the plutonium product may create additional
biological or handling problems. An important conclusion noted that all
problems resulting from isotope buildup in the 236U buildup chain may be
decreased in seriousness by approximately an order of magnitude with removal

236

of about 25% of the U by re-enrichment in a gaseous diffusion plant.



At present, application of isotopes is largely in a development phase,
Only 6000 and fission product cesium have been used as radiation sources for
chemical processing and food irradiation. The reprocessing of power reactor
fuels can yield a number of potentially useful by-products, such as 85Kr,
90 106 137 236

Sr, Ru, Cs, neptunium, U, plutonium, americium, and curium.

According to the article, Power Cost Reduction from Isoctope Revenue, written

by L. W. Lang, et al.(s) there will be a large market for isotopes in the

future, Growing use of 238Pu, 6OCo, and 905r will undoubtedly occur. But

before substantial profits can be envisioned from reactor production of
isotopes, the isotope industry will have to grow even faster than the
remarkable growth rate predicted for the nuclear power industry. In another

paper entitled The Effect of 236U and 237Np on the Value of Uranium as Feed

(3)

for Pressurized Water Power Reactors by D. A. Goellner, et al they have

evaluated two steady-state uranium-recycle schemes using 237Np credit and
6U penalty as two decisive factors in determining whether re-enriching or

blending are more economical manners of re-using spent fuel. The general

expression for the extra separative work due to the presence of 236U in the

1.8

recycle flow was developed by Henri M. Guéron, et a in their paper,

Isotopic Composition Along a Diffusion Cascade with a Postirradiation Recycle

Flow Effect of the Presence of 236U_9E the Separative Work. In this work they

derived the equation for extra separative work from the integral proposed by
Garrett, et al.(6) to calculate the seaprative work required for multicomponent
separation. The authors Guéron and Geller concluded that the extra separative
work introduced by the presence of 236U in the input stream in the diffusion

plant constitutes a very small fraction of the total separative work.



(9)

As for the 236U penalty to the power cost, Leonard Geller, et al. in

another of their jointly published papers, 236U in the Nuclear Power Universe

of the the Next Fifteen Years, gave a prediction of the average unit payments
exchanged between the private reactor operators and the enrichment plant owner
of the next fifteen years. Their study also reflected the fact that 236U
introduced into the enrichment cascade with one batch of recycle fuel will be
distributed among all the product streams for some time to come.

A. MacCragh is one of the few who have performed an economic study of

spent uranium recycle. 1In his paper, The Economics of Blending and Diffusion

in Uranium Recycle, an equation has been derived to compare the costs of two
schemes, diffusion and blending, for recycling spent fuel to light water
reactors. The calculations show that blending is slightly more costly than
diffusion. The factors that can chiefly influence this conclusion according
to the author are the discharge enrichment and the value of 236U. A very
high burnup would favor diffusion; a very high price for 238Pu and, therefore,
for 236U, would render blending the desirable route. The author used an over
simplified model neglecting many important factors relevant and decisive to
the study of spent fuel recycle. Such factors include U-236 penalty, extra
separative duty requirement, extra U-235 concentration, and the difference

in inventory time between the two schemes. Moreover, A. MacCragh's paper
didn't use a burnup code to calculate the final isotoplc concentration in

the spent fuel. He based his uranium and plutonium credits on assumptions.
Further, he failed to consider the overall fuel cycle cost but simply used
the cost before reactor operation; this is highly unrealistic. Therefore

the conclusions drawn by MacCragh were not well founded, and thus the purpose

of this paper is to examine the situations in a more realistic and detailed

manner.



2.0 REFERENCE-DESIGN REACTORS AND BURNUP EQUATIONS

2,1 The Reference-Design Reactors
The reference-design reactors for this study are nominal 1,000 MWe
light water reactors. The 1,065 MWe boiling water reactors (BWR), Brown's
(26)

Ferry Station, Tennessee Valley Authority manufactured by General

Electric Co. and the 1,000 MWe pressurized water reactor (PWR) of the
Delaware Valley Utilities(26) manufactured by Westinghouse Electric Corp.
have heen selected as the two reference-design reactors.

The.two most important reasons for choosing 1,000 MWe light water
reactors as the reference design reactors are first, light water reactors of
either type are very well developed and highly dependable, and second, most of
the power plants under construction or on order are between the ratings from
800 MWe to 1,100 MWe(26). Therefore a 1,000 MWe rating light water reactor

can well represent these "present generation" reactors.

2.2 Neutron Energy Cycle
Consider a unit volume of fuel containing Nm atoms of fissionable

material such as 235U, or 239?u of thermal absorption cross section L and

Ng atoms of fertile material (238

U) of thermal absorption cross section Ug.
The rate of absorption of neutrons by fissionable material is qum¢, where

¢ is the thermal neutron flux. The resulting fissions produce fast neutrons
at a rate nmNmUm¢.

The fast fission factor is defined as the ratio of the net rate of
production of fast neutrons to the rate of production of fast neutrons by
thermal fission. The fraction € - 1 of the fast neutrons comes from fission
of fertile material with fast neutrons. The net production rate of fast

neutrons from fission is en N ¢ ¢(14).
mmmnm



Table 1

PROPERTIES OF THE REFERENCE-DESIGN 1,065 MW(e) BWR

Reactor Power: Thermal 3,293 MW(t)
Electrical 1,065 MW(e)
Enrichment Ratic 2.56%
No. of Fuel Elements 764
No. of Rods per Fuel Element 49
Total Uranium Loading 149,800 kg
HZOIUOZ, Volume Ratio 2.41
Core Dimensions: Radius 237.6 cm
Height 365.8 cm
Effective Core Dimensions: Radius 252.2 cm
Height 388.2 cm
Average Thermal Neutron Flux 2.0 x 1013 n/cmz—sec
Average Burnup 27,500 MWD/Tonne
Fast Fission Factor 1.06736

Non-Leakage Probability:

Fission-to-Resonance 0.96126
Fissfon-to-Thermal 0.95164

Resonance Escape Probabillity 0.72397

Thermal Leakage Factor 3.23255 x 10-4 cm-l

Average Specific Power 22.0 MW/MTU

Typical Conversion Electrical Efficiency 32.8%

Load Factor 0.80

Reload Frequency Annual

Fraction Fuel Elements Reloaded 1/4



Table 2

PROPERTIES OF THE REFERENCE-DESIGN 1,000 MW(e) PWR

Reactor Power: Thermal 3,083 Mw(t)
Electrical 1,000 MW(e)
Enrichment Ratio 3.3%
No. of Fuel Elements 193
No. of Rods per Fuel Element 204
Total Uranium Loading 88,600 kg
H,0/U0,, Volume Ratio 1.66
Core Dimensions: Radius 169.8 cm
Height 365.8 cm
Effective Core Dimensions: Radius 183.0 cm
Height 394.2 cm
Average Thermal Neutron Flux 2.5 % 1013 n/cmz—sec
Average Burnup 33,000 MWD/Tonne
Fast Fission Factor 1.06736

Non-Leakage Probability:

Fission-to-Resonance 0.96230
Fission-to-Thermal 0.95268

Resonance Escape Probability 0.72397

Thermal Leakage Factor 3.17862 x 10—4 cm-l

Average Specific Power 34,8 MW/MTU

Typical Conversion Electrical Efficiency 32.5%

Load Factor 0.865

Reload Frequency Annual

Fraction Fuel Elements Reloaded 1/3



The fraction of the fast neutrons which do not escape from the reactor
as they degrade from fission to resonance energy is called the figsion-to-
resonance nonleakage probability, and is denoted by P,. Hence, the rate at
which fast neutrons degrade into the resonance region is EnmNmUm¢ Pl'

The fraction of the resonance neutrons which are not captured but are
degraded to lower energies 1s called the resonance excape probability,
which is denoted by P. Hence, enmﬁmdm¢ Pl(l - P) neutrons undergo resonance
absorption per unit volume per unit time, and enmqum¢_P1P are degraded to
lower energiles.

0f the latter, some diffuse to outer surfaces and escape, but the frac-
tion P2 remains in the reactor and becomes thermal neutrons. P2 is called
the resonance-to-thermal nonleakage probability. Finally, the number of
neutrons completing an energy cycle is Enmngm¢ PIP P2 neutrons per unit
volume, per unit time. The product P,P, is the fission-to-thermal nonleakage

probability, which is denoted by P Thermal neutrons are consumed by

.
(1) absorption in fissionable material at a rate Nm0m¢; (2) absorption in

nonfissionable material at a rate X N ci¢; (3) leakage at a rate DB2¢.

i
i
The neutrons balance of a typical thermal reactor can be demonstrated

by the neutrons flow sheet of Fig. 1.

2.3 Change of Fuel Composition as a Function of Flux Time
For the reference-design light water reactors studied, it is assumed
that the fuels are unmixed, and undergo graded irradiation. By graded
irradiation it is meant that the fuel channels are divided into groups,
each small enough for transverse variations in flux to be negligible. The

neutron flux along a fuel rod varies with distance z from the middle of the
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Fig. 1. Flow Sheet for Neutrons in a Thermal Reactor
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rod as cos(nZ/Z'), where z is the length of the core and Z' is the effective

length(la) of the core. The distance (Z' - Z)/2 is called the reflector

savings.
For this work first it is assumed that the dependence of flux on
position r and time t, ¢(r,t), may be expressed as

o(x,t) = £() ¢,(c) . (2.1)

¢D(t) is the dependence of the neutron flux on time at the center of the core
and f(r) is the ratio of the flux at r to the flux at the center of the core.

From the equations presented in Section II.2, Chapter 3 of Nuclear Chemical

(13)

» the dependence of local concentration of flux time is of the

Engineering

general form

N(r,t) = A+ C8(x,t) + ) F

exP{—ciB(E,t)] (2.2)
i

i

where A, C and Fi are constants, 0(r,t) is the integral IS ¢(t) dt, which is
assigned to be

8(z,t) = £(x) 8,(t) . (2.2a)

When 8(r,t) is given by (2.2a), Eq. (2.2) becomes

N(r,t) = A+ CE(r) 6,(t) + E F, exp[-o,£(x) 6,(t)] . (2.3)

The average concentration of a nuclide in the fuel discharged from the

reactor is:

_ N(r,t) dr
NO(t) =

j(core)

(2.4)
f(core) HE

The volume average concentration of a nuclide in fuel discharged after a

graded irradiation to a central flux time of 8 is
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Z/2 TZ
N(6, cos-y) dz

) 0 ©°57
Ng(eo) o S : i (2.5)

Since the local concentration N is given by Eq. (2.3) the volume average
concentration of a nuclide in fuel discharged after graded irradiation to a

central flux time BD is

G =G G
= = 2.6
No(8g) = A+ Coy £ + ; F, Eg(o 89 (2.6)
where
z/2
J cos(mz/Z') dz
—G -Z/2
fD = 7 (2.7)
and
Z/2
: e exp(-cieo cos%%) dz
Eo(cieo) = Z . (2.8)

Note that superscript G has been used to denote graded irradiation.

Consider a reactor which at time zero is charged with uranium fuel
containing Ng5 atoms of 235U per cubic centimeter, Ngﬁ atoms of 236U, NgS atoms
of 238U, and no plutonium or fission products. This fuel is then exposed to a
constant thermal neutron flux ¢. The variation in concentration of each
nuclide in this fuel with time is obtained as follows:

Uranium 235

235
The rate of change of the number of atoms of U per unit volume is

dN

25
dt = Np5 935 ¢ - ke
The solution of (2.9), subject to N25 = NgS at time t = 0, is
- 6
.0 935
Nys = Nys5 @

—Une0
5 G
By replacing e with E0 (0256), following eqn is obtained

0 G

N25 = N25 EO(UZSB) (2.10a)
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Uranium 236

2
Uranium 236 is produced by the non-fission capture of neutrons in 35U.

If fresh fuel (yellow cake) is used the fuel is 236U free, but if reprocessed
fuel (uranium) is used, there will be a certain amount of 236U present in the

fuel before irradiation starts. The net rate of change of 236U concentration

is

M6 _ Nos %5 %25 ¢ —_

dt 1+ 26 “26 ° .

25
The solution of Eq. (2.11), subject to the condition that N26 = Ngﬁ at
t =0 is
NO a o
25 725 T25 G G 0 G
Mg, ™ T s T 5 (Bg(0p68) = EJ(0,00} + Ny Ef(ane®) . (2.12)
25 26 25

Uranium 237

Uranium 237 is formed by the neutron capture of 236U, which undergoes B
decay with a half-life of 6.75 days, assuming formation from 238U by an n,
2n reaction is ignored.

The net rate of change of 236U concentration is

an,
“at - Va6 26 ¢ T Aoz Ny (2:13)
the solution of Eq. (2.13), subject to N27 =0 at time t = 0 is
Aot ~At
B _ Thay G Ty
.- Kl[E0<026e) e ] Kl[EO(UZSB) e J
- - =G - Z =
o oy = W VE) 27 7 925 %
“Ao ot
0
Nyg 996 $LEG(0,60) — e 27 ]
N (2.14)

5 =
Y27 7 926 ¢E
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where
0 G
Ny5 05 96 g5 ¢Eg
K, = 22 B2 (2.15)
(055 = 926 %5
Neptunium 237
37

Neptunium 237, the product of B decay of “ U, exhibits a net rate of

change in concentration,

dN37
Tac Moy Np7 N3y 037 ¢ - (2.16)
The solution of (2.16) with N37 =0at t =0, is
G G G G
. K2[EO(0266) - E0(537e)] N K3[E0(0256) - E (3379)]
= - Tl =i 1>
37 (037 = Ty¢) bt (@37 = 9,5) ¢f0
A, ot
G
(K, +K) [e 27 - El(a,,0)]
A 3 037 (2.17)
T2 0., ¢ = A !
o 37 27
where
Aok, +00 o )
2771 26 26
K, = G (2.18)
27 26 'f
K, A
Ky - e e et
27 25 *fy
Neptunium 238
Neptunium 238 is produced by the non-fission capture of neutrons in
237NP-
The net rate of change of 238Np concentration is
dN38
“at - N37 937 ¢~ Agg N3g ~ Nyg 0550 (2:20



The solution of Eq. (2.20), subject to N

38
At
¢ ¢ 38
. KS[EO(GZSG) E0(0386) e )
28 hag ¥ 938 UE; Oa5 ¥Eg
et S o
G e 38
R K, [E(0,569) - Ey(o3g0) fc ]
-—-G-
‘38 * 38 57726 Y5
At At
) 27° G 38
. kﬁ[e Eo(o386) -l 1
A T

G
(K4 + K + KE)[EO(0378)

38 T 935 957y

G
- EO(0388) e

=0att =0, is

]

where

Plutonium 2338

7 —-G
‘38 * 938 ¥57 037 9E;

g Ty
K4 T o -0
37 ~ %2
K Tay
KS = a -a
37 ~ 925
) =_(K3+K4) 0y, ¢
6 947 $FC Ry

0
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{2.21)

(2.22)

(2.23)

(2.24)

Plutonium 238 is produced by B decay of Neptunium 238, and also from

) 238
an n, 2n reaction on

36

forward by recycled - U.

of 238Np is considered.

The net rate of change of 2

dN
dt

Therefore, only the 23

8 . .
Pu concentration is

48 _

Ayg Nag = Nyg 0,9 ¢

U, but here we are only concerned with the route

SU produced by 8 decay

(2.25)
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The solution of (2.25), subject to N48 =0 at t =0 is

) K7[Eg(°266) - ES(GABB)] Ks[Eg(Uzsa) - ES(G488)]

N = =G = U
3 (45 = 92¢) ¥53 (T4g = 925) OF]
“Reqt G G G
. Ky [84 - Eglo, ¢8)] . K1g[Eq(0448) - E7(0,00)]
=G = = =G
£,%8 ¢~ 227 (0,8 = 937) ¢
PN =
G 38 _ .G
_ (K7 + Kg + Ky + Klo)[ED(Uase) e E0(0486)] 2L 5
G =G _ — =G :
48 ¥ g = A3g = o3 855
where
K, A
4 38
K, = v (2.27)
7 Ang + Ono P55 _ e
38 T V38 'y — 0y4 0f,
Ko A
5 38
K, = (2.28)
G =G
K, A
6 38
K, = o (2.29)
J >l38 + 038 qbfo - A27
_ i (K4 + K5 + K6) ABB
K. = - (2.30)
10 oo + 0 -¢§G-— o ﬁ?ﬂ
38 38 770 37 770
Plutonium 239
First consider 239Pu produced by non-fission neutron capture of 238Pu

238

(8" decay product of Np) the rate of accumulation of 239Pu is given by

1
Mag _ Nug %48 48 ® |,
dt T+a,, 49 %49 ¢

{2.31)
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The solutien of (2.31), subject to NA9 =0att =0 1is

G G G .G
. K1 1[Bg(9968) = (0,981 K, ,[Ep(0,58) - Eg(o,40)]
b (049 = T4g) *E, (049 = 9250 ¥E;
“A,ot
27 G G c
L L3 fe - Eg0,99)] . K14[Bplo3,0) - Ep(0,60)]
=G = =
%49 ¥50 = P27 a9 = 937) *55
Aot
G 38 G
s K 5[Eg(a4g8) @ = Ep(o,g8)]
=" =
Tas g Aag = 055 9Fg
(K., + K, +K.+K, +K )[E(0,.08) - B, 8)]
71 T Hyg T Rpg v Ky K BT 099 65553
= =0 :
Cug = 94g) $F;
where
K, o o
L S a7 )?g 2 ) (2.33)
48?948 = %26
K, o o
Kpp =@+ a8 )?g = ) 12:340
487948 7 925
=i
i Kg 948 %48 95g (2.35)
137 W+ 70,900, 9 - 1, ) :
K lo o
L =T+ = )?S s ) (2.36)
487 (%48 = 937
(K, + K, + K, + K, ) 0,, 0, ¢°
v o o1 T T Ry T Kyp) 48 %g ¢y (2.37)
- _ = _
Bt g 98 975G - A3g - 04g 6T
239 . 238
Now consider the Pu produced from absorption of thermal neutron in U,
as well as from absorption of resonance neutrons of 239Pu, 235U, 241Pu fission
238

in U.
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. 239
The rate of accumulation of Pu is given by

111
dNyg o

ar - Nog Ugg ¢ F Nyg eP (1 = F) Nyp 0,0 9

- " -_—
+ N4g ePl(l P) N49 049 o + n4l EPl(l P) Nhl 041 o

- T
Nyg 049 ¢ (2.38)
Eq. (2.38) can be written as
1u
i§32 = NO Cno + XK,. N._o,_-YN,_ o, +K,. N, g (2.39)
de 28 28 25 725 725 49 49 41 41 41 *
where
Km = EPl(l - P) (2.40)
Y =1 - K49 (2-41)

Due to the fact that ¥y N49 049 >> K41 N4l 041, the formation of Pu-239 by
absorption of resonance neutrons from 241Pu can be neglected. Equation 2.39

reduced to

Ny o

BT Fag Tag t Kps Ny 5 ¥ Nyg Ty (2.42)

with N25 given by (2.10), the solution of this equation, subject to NZQ =0

at t =0, is

" — G _ G
Njg = Cp + Gy Ej(o,50) - (C; + C,) Ej(o, v6) (2.43)
where
0
N o
c,=-28128 (2.44)
49 Y
0
K N (o7
25 725 "2
C, = 23 2 23 (2.45)

Y59 T ~ U5



The overall final 239Pu concentration is

P 1 1"
Nig = Nyg 1 Ny

Plutonium 240

The rate of change of concentration of 240Pu is

Myo %49 Nig %49

= N
dg 1+ a49

40 Y40

with N 9 given by (2.46), the solution of Eq. (2.47) subject to N

4

at t = 0 is

- G G _
Ny = C3 + €, Eg(o,.8) + Co E(0,4v8) - (Cq + C,

40 3 4
where

0

c - 28 %28 %9

3 %40 y(1 + u49)
G ©2 %49 %49

67 Wy = 0,90 (L + 5,0
o o _3%0 €Oy = 9ps)
> %40 Y T %0 T4 Y T Iy

Plutonium 241

; 2 ;
The rate of change of concentration of 41Pu is

dN
41 _ _
i - Yo %0 ~ Y1 %

with N40 given by (2.48), the solution of Eq. (2.52), subject to N

at t =0 is,

_ G G G
N4l CG + C7 E0(0256) + CS E0(04978) + C9 EO(U409)

G
- (06 + 07 + CS + cg) EO(UM_B)

40

0®)

41

0

=0

19

(2.

(2.

(2

(2

(2

2

46)

47)

.48)

.49)

.50

.51)

.52)

(2.53)
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where
C, o
¢ = =0 (2.54)
41
C, ¢
41 25
C. o
Cg = g——5:7§9—~— (2.56)
41 7 Y49 7
(C,+¢C +C.)o
Cg __3 . 4 _ G5 40 . (2.57)
40 41
Plutonium 242
242 .
The rate of accumulation of Pu is
Wz Y1 M0 ® o (2.58)
dt 1 + oy 42 " 42 '
1
with the change in concentration of N41 with time given by (2.53), the
solution of Eq. (2.58) subject to N42 =0 at t = 0 is:
G G G
g L% Coll = Bo0yo®T  CplEg(,59) - Bylay,)]
4 Ly V42 B2 " 925
G G G G
. CglEy(T,q70) - Eqlo,,8)] . CylEy(a,p8) = Eq(o,,6)]
“42 T %49 Y 942 T Y40
(C, + C, + C, + C)[ESCo, . 8) - Eo(a,,0)]
__6 7 8 970 41 042 (2.59)
942 ~ %41
Fission Products
The rate of formation of fission products from the fission of 235U is
dNF(25) ) N25 Gy ¢ 2.5
dt 1+ a ' )

25



With the wariation NZS

subject to NF(ZS) =0 at t =0, is

0 G
2501 = Eg9y50)]

1+ 325

N

NF(ZS) =

The rate of formation of fission products from 239Pu fission is

dNF(49) _ Nig 949 ¢

dt 1+ 325

With the variation of N49

equation subject to NF(49) =0 at t =0 is:

949

21

with time given by (2.10), the solution of Eq. (2.60),

(2.61)

(2.62)

with time given by (2.43), the solution of this

[1 - Eq(,50)] [1 - Egla,gvo)]

G
N_(49) = ———— C.f 8+ C - (C, +C,)
F 1+ %9 170 2 Toe 1 2 Thg ¥

The rate of formation of fission products from 241Pu fission is

dNF(4l) ) N&l 041 ¢

dt 1+ a4l

By comparing Eq. (2.64) with Eq. (2.58), we see

dN;(41) o,

dt %1 dt
N
therefore N_(41) = 52
¥ %41

By integration of Eq. (2.60), the following solution is obtained:

a ]
25
N_(25) = ————— N
F 1+ a25 25

In the same manner, the following equations are obtained:

o] 8
N (49) . e e i

1+ a49 49

(2.63)

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)



a1 ®
1+ a4l

N . (2.69)

Np(41) = 41

The inventory of fission product pairs from U-238 is obtained by considering
the rate of production of neutrons in fast fission of U-238. The net rate
of production of neutron from 238U fission is Vog T 1 times the net rate of
fission of U-238, which at steady state is (UZS - 1) Nf(ZS)- The net rate
of production of neutrons by fast fission of U-238 is also € - 1 times the
rate of production of neutrons in fission of U-235, Pu-239, and Pu-241.

Therefore

Voo = 1) N_(28) = (e -
Fag = D Np(28) = (e = 1)Inyg N5 05 ¢+ myg Nyg g &+ myy Ny 0y 41

(2.70)
From (2.70) with (2.67), (2.68), (2.69), and since
v
T .
"mT 1 +a :
m
it follows that
_e-1
NF(ZS) = Sop - 1 [v25 NF(ZS) + Vg NF(49} + Vil NF(él)] . (2.71)
Uranium 238
The equation for the decrease in 238U concentration is obtained by
considering the processes by which 238U is used up:
N, - N, =N o, 6+v, . eP (L-P) N_(25)
28 28 28 728 25 71 F
+ Vag sPl(l - B) NF(49) # NF(ZB) (2.72)
NO 8 = Ab h
28 Y28 = sorption of thermal neutrons.
Vs aPl(l - P) NF(ZS) = Absorption of resonance neutrons from fission of 235U
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V49 ePl(l - P) NF(49) = Abgorption of resonance neutrons from fission of 239Pu

NF(ZS) = Fast fission of 238U

Equations developed in this section are incorporated into the computer

burnup codes for final fuel composition and concentration calculations.



24

3.0 NUCLEAR FUEL CYCLES AND NUCLEAR FUEL CYCLE COSTS

3.1 Natural Uranium Fuel Cycle

A nuclear power reactor consumes nuclear fuel to produce power. After
the fuel is consumed, some residual values which can be reclaimed for credit
remain in the spent fuel. The processing of nuclear fuel from its natural
or reprocessed state through its use in the nuclear reactor and the subsequent
reclamation of the residual values comprise the nuclear fuel cycle.

The present day natural uranium fuel cycle without uranium or plutonium
recycle, see Fig. 2, starts with the mining of uranium ore. The ore is then
processed to "yellow cake," which is crude oxide or salt concentrate assaying
(16) Natural uranium as it is mined and milled contains

%8
. (19) 235
only 0.711 percent U-235 by weight . To meet the U concentration neces-

70-90 percent U

sary for typical light water reactor operation, enrichment is required. In
preparing the uranium for enrichment, the yellow cake must be purified further
and converted into UF6 (uranium hexafluoride). This step is called conversion
or fluorination. After U,0, is converted into UF6, it is shipped to one of

38

the three gaseocus diffusion plants operated by AEC, where UF6 is enriched
to the desired concentration.

Nuclear fuels can be divided into two categories as far as ownership is
concerned. The private reactor operators have the option to either buy or
lease the fuel from AEC or private operators. If the nuclear fuel is leased
from AEC, the nuclear fuel cycle may be considered to start with the leasing
of enriched UF6 from the AEC.

The next step in the nuclear fuel cycle after U-235 enrichment is

fabrication, which includes conversion of enriched UF6 into U02. The UO2

powder is preésed into pellets and sintered. The pellets are ground to size
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and encapsulated in zircaloy or stainless steel rods. These rods are
mechanically fastened into bundles called fuel assemblies.

Fuel assemblies are shipped to the nuclear power plant and are loaded
into the reactor where the fuel undergoes irradiation to produce power, When
the fuel element reaches a certain estimated degree of burnup, based on a
measured average burnup, it is removed from the core. Due to the buildup
of fission products during the irradiation, the spent fuel discharged from
the reactor is extremely radioactive. It must be "cooled" in shielded
storage to permit radiation level and decay heat load to diminish substan-
tially before the spent fuel can be transported to a spent fuel reprocessing
facility, Shipment of spent fuel from the utility cooling pond to the
reprocessing plant must be carried out in massive, shielded casks. (Transport
of spent nuclear fuel is thus a costly as well as time consuming operation.)

In reprocessing, the uranium isotopes, plutonium isotopes, neptunium,
waste, and fission products are separated chemically by solvent extraction,
fluorination, and ion exchange processes. If the fuel is owned by AEC, then
Np-237 will be separated and recovered from the spent nuclear fuel to be used
as a target material for Pu-238 production in AEC facilities(3o). On the
contrary, if the fuel is privately owned, the neptunium is not recovered
but is discarded with the waste fission products(30).

The radiocactive wastes are concentrated. Under an AEC procedure adopted
last year, the wastes could be stored as liquids for up to five years, and
then are required to be calcined to a dry oxide solid form. They are then
canned in high integrity, stainless steel containers. After a suitable
observation and cooling period, (maximum duration is five years) these
containers must be shipped to a federal waste repository for perpetual

storage(lT).
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The uranium and plutonium isotopes recovered from the reprocessing
process are converted respectively into uranium hexafluoride and plutonium
nitrate or metal before they are available for sale, for credit claim, or

for recycle.

3.2 Spent Uranium Recycle by the Re-Enriching Procedure
When the spent uranium is to be recycled by the re-enriching procedure
(see Fig. 3), the nuclear fuel cycle starts with the feeding of recovered UF6

along with the natural UF, into the enrichment cascade to achieve the desired

235 ,
U concentration.

6

Special consideration must be given to the fuel enrichment ratio when
spent uranium is to be recycled. Since U-236 can act as a thermal neutron
poison, when reprocessed spent uranium is used, the final 235U concentration
must be enriched to a higher level than indicated in the reference-design
(see Tables 1 and 2) to obtain a fuel with the desired nuclear 1ifetime(9).
The excess 235U concentration required can be calculated from a neutron
balance analysis. In the re-enriching scheme, in spite of the fact that
a portion of the recycled 236U leaves the cycle in the diffusion plant tails,
a large quantity of the recycled 236U still can be found in the product
stream of the enrichment cascade. Therefore, a higher 235U concentration
is still needed. For the rest of the nuclear fuel cycle, every step of the

re-enriching scheme is identical to the nominal natural uranium fuel cycle

as stated in Section 3.1 and demonstrated by the flow sheet, Fig. 3.

3.3 Spent Uranium Recycle by the Blending Procedure
When the spent uranium is to be recycled by blending, see Fig. 3,

the nuclear fuel cycle starts with the blending of recycled UF6 with
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makeup fuel of natural enriched uranium having a high 235U concentration.
The makeup uranium may be obtained elther by purchasing it directly from
AEC or by assuming private ownership and shipping the natural UF6 feed to
a gaseous diffusion plant and using the "toll enrichment" service of AEC to
have it enriched to the desired 235U concentration. In the blending scheme,
all recycled 236U reenters the reactor. Therefore the blending scheme
requires a more highly enriched fuel than the re-enriching scheme.

After the recycled UFﬁis blended with the makeup natural UF6 having
a sufficiently high 235U concentration, the next step is the fabrication of
fuel elements. From this point on every step in the blending scheme is simi-

lar to the re-enriching scheme (see Fig. 3).

3.4 Nuclear Fuel Ownership
Nuclear fuels, in general, can be classified into two categories as
either leased fuel or privately owned fuel. When the fuel is privately
owned, after the cooling peried following burning is over the spent nuclear
fuel must be removed from the power plant (so that the cooling pond will not

be filieq)2¥

. Now a cholce is necessary. The reactor operator can either
move the spent fuel from the reactor to a perpetual storage facility by
paying the waste disposal service charge, or he can ship the spent fuel to

a reprocessing plant requlring the payment of a reprocessing charge generally
higher than the perpetual storage charge. In this latter case, however, the
reactor operator can expect a sales return or credit from the recovered
uranium, plutonium, and neptunium. Only if the wvalue of the recovered
uranium, plutonium, and neptunium exceeds the net reprocessing charge (total
charge minus disposal charge), is the spent fuel recovery a reasonable

business proposition(zg). Since the privately owned fuel is not leased from
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AEC or other private lessors, no one is obliged to purchase the recovered
uranium., Under this circumstance, the reactor operator must find a buyer
for his recovered uranium before having the spent fuel reprocessed(B).
Therefore, the uranium credit is an uncertainty in the case of privately
owned fuel. 1In this paper, in spite of the indefinite character of uranium
credits, the uranium credit was assumed to be calculated in the same manner
as for leased fuel but the U-236 penalty was also taken into consideratiom,

If the fuel is leased, when the spent fuel is discharged from the reactor,
it is fully depreciated, in other words, it is valueless. The plutonium credit
and the uranium credit have already been entered on the books. (Even though

(23).)

the cash income would not be received until the spent fuel is reprocessed
The reason for this is that AEC or private lessor has the obligation to

purchase the recovered uranium.

3.5 The Fuel Cycle Material Requirements

The quantity of uranium needed at each step of the fuel cycle is based
on one kg U as enriched UO2 loaded into the reactor of an equilibrium core.
Starting with reactor operation, the uranium requirements at each preceding
step will be derived by working backward throﬁgh the fuel cycle (see Figures 2
and 3). For example in the fabrication step, about 10 percent extra uranium is
required(ls) for two reasons. Excess uranium is needed to cover the scrap
requirements that arise in the manufacturing process due to chipped pellets,
grinding waste, etc. This scrap is largely recovered and subsequently reused.
A small amount of material is lost during the process, which is unavoidable.
Generally speaking, the recoverable scrap amounts to about 8 percent of the
extra uranium while the losses are near 2 percent. Therefore, for each kg
uranium loaded into the reactor, 1.1 kg must be supplied to the fabricationm

plant,
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The step preceding fabrication is enrichment. The material requirements
here are calculated using a model of the UF6 diffusion process(13’18). Each
stage within the enrichment cascade receives a feed stream which it separates
into two output streams: (1) an "enriched" stream which contains a higher
concentration of 235U than the feed stream, and (2) a "depleted" stream which
contains a lower concentration of 235U than does the feed stream. The mathe-
matical analysis of a gaseous diffusion plant consists of writing mass balances
for all of the uranium and for the fissile components of the uranium.
Assumptions made are that flows of different concentrations of 235U are not
mixed and the presence of 234U can be neglected, FEight variables are included
in the analysis: the flow rate of natural UF6 feed, the flow rate of recycled
UF6 feed, the flow rate of enriched product, the flow rate of waste, and

concentrations of each of these streams.

The necessary equations are

F+R=P+W (Mass Balance of Total Uranium) (3.1)
and
ol ; 235
XFF + XRR = XPP + XM (Mass Balance of Fissile Uranium-"""T) (3.2)
where
F = Flow rate of natural uranium feed, kg/day
R = Flow rate of recycle uranium feed, kg/day
P = Flow rate of product material, kg/day
W = Flow rate of waste materials, kg/day
_ 235 5
XF = Weight fraction of U in feed
XR = Weight fraction of 235U in recycle feed
_ . . 235
XP = Weight fraction of U in product
XW = Weight fraction of 235U in waste.
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Equations (3.1) and (3.2) can be combined and expressed in terms of
flow rate of waste materials and flow rate of natural uranium feed in
the following two equations:

PQG - Xp) - ROG - Xp)
i Xp = Xyq
POG - %) - ROG - %)

F = . (3-4)

Xy

is used to feed the cascades, in other words, no

(3.3)

If only natural UF6

recovered spent fuel is recycled back to cascades, then Equatioms (3.3) and

(3.4) are reduced to the general forms

W=P i (3.5)
Xp = Xy
F = P Xw (3-6)
X - &y
when the spent fuel is recycled. The flow rate of 236U in the waste stream,
Wb,is given by Guéron et al.(4) as
141/3 1 51/3
(ﬁ‘J - (g;ﬂ
W, = R, — (3.7)
6 6 [1_31/3 _ [L_J1/3
; 236
where R.6 is the weight of U in the recycle fuel. The schedule of base
charges and standard table of enriching services published by AEC(lg) are
computed on the basis of tails (waste) assay of 0.2 weight percent 235U.

This is also the value of weight fraction of 235U in waste assigned in this

paper,

(16) is incurred in the U308 to UF6 conver-—

sion or U02(N03)2 to UF6 conversion step. When yellow cake is used, the

A loss of about 0.5 percent
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usual case, its mass is commonly given in pounds. The fellowing equation may

be used to convert the mass of UF6 in kg of U308 (yellow cake) needed in

pounds.
_ 2,205 1b 1lkgU
TY X T kg  *0.848 kg U (3-8
where
X = weight of U308’ ib.
y = weight of uranium in the form of UFG’ kg

3.6 The Nuclear Fuel Cycle Costs
Fuel cycle costs are incurred for the purchase of fuel materials,
conversion, enrichment services, shipping, and spent fuel reprocessing;
credits are claimed for residual values in the spent fuel,
The cost per unit of material required at each step of the fuel cycle

is tabulated in Table 3.1. A price of $8/1b for U308(15’20’21) is assigned.

The cost of U308 to UF6 conversion is taken to be $2.20/kg U(Zl).

Uranium enrichment cost is obtained by summing up the cost of separative
duty and the cost of feed materials then subtracting the credit allowed for
the tail stream(l3’15’18). That is

Cost (§) = CgE + CgF + CpR = G (3.9)

where

F = flow rate of the feed stream

R = flow rate of the recycle stream
W = flow rate of the tails stream

E = geparative work

Cg = unit cost of the separative duty
CF = unit cost of the feed

CW = unit cost of the tails
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C, = unilt cost of the recycle feed

R

The separative work is given by Garrett et al.(s) as
%p iy — B

E = J 7 5 dX (3.10)
XW [x(1 - X) - 3 XZ]
with

i =5, 6, 8 representing 235U, 236U, and 2383

Hi = net mass upflow of isotope i in the cascade

X = weight fractiom of 235U

Z = weight fraction of 236U

. ; 235 .
XP = weight fraction of U in the product
XW = weight fraction of 235U in the waste.

If there is no 236U present, Eq. (3.10) reduces to the familiar

E = WVW + PVP - FVF - RVR (3.11)
with
X
v, = (2%, - 1) Log ifjfiiz (3.12)
X, = composition of ith flow stream fraction.

1

The function Vi defined by (3.12) is called the separative potential. It is
a function only of composition and is dimensionless. The separative work E
describes the relative difficulty of accomplishing the particular isotopic
separations task, and is described in units of kg. The extra separative work

4
contributed by the presence of 236U is given by Guéron etal.( ) as

*p

AE = 4 W, Logﬁiq + 4 P, Log (5} (3.13)

X Xy
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flow rate of 236U in the tails

=
i

= flow rate of 236U in the product.

v}
|

The charge per kilogram unit of separative work is $32 as published by

(2 having an assay of 0.711 weight percent

(19)

USAEC
235

, the cost of natural UF6

U is set by AEC to be $23.46/kg U

assay of 0.2 weight percent 235U. For the base charges on UF6 and the amount

, no value is assigned to the tails

of feed material, separative work required per kg of UF6 at different enrich-
ment ratios, see Table 2 which is published by USAEC.

The typical charge for fabricating an equilibrium core is set at
$70/kg U(22). The fabrication costs may include some conversion steps, such
as UF6 to U02, UOZ(N03)2 to UF6, and UOZ(NO3)2 to UOZ' The fabrication cost
also includes the cost of cladding and assembly hardware. During the operation
period of power reactor (fuel burning), no additional capital outlays are
required. In this phase of the cycle, the fuel is productive, electricity
is generated, and revenues are collected.

After the fuel is discharged from the reactor, the irradiated fuel has
to be "cooled" for a period of time. Since a depreciation charge is not taken
into the account, no cost is incurred during this step of the fuel cycle.
Shipping costs are calculated from unit cost and quantity data in the same
manner as fabrication costs. Cost of shipment from the enrichment plant to the
fabricator is included in the fabrication cost; therefore, zero value is assigned.

A value of $3/kg U(ls)

is used for the cost of shipment from the fabrication
plant to the reactor. After the cooling period is over, the spent fuel will
be shipped to the reprocessing plant. The cost of spent fuel transportation

can vary significantly depending upon where the reprocessing plant is located.

A uniform cost of $5/kg U is assumed in this study.
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(Weight
Percent U-235)

Schedule of Base Charges and Standard Table of
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Standard Table of Enriching Service
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Schedule of
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10.01
11.27
12.61
13.92
15.30
18.89
22,60
23,46
26.65
30.87
35.22
39.69
44.26
48,90
58.43
68.25
78.29
88,52
98.95
109.50
120.15
130.96
141.86
152.86
175.09
197.57
220,30
243,24
266.33
289.61
313.02
336.52
360.16
383.86
443.50
503,59
564.03
624,77
746.97
869.93
993,51
1,117.54
1,336.76
1,617.14
1,868,39
2,120.37
2,372.93
3,006,37
3,642.16
“4,279.78
4,918.92
6,201,33
7,488.93
8,782.18
10,082,97
10,737.71
11,397.63
11,664.01
11,798.05
11,932.86
12,233.13
13,129.41

0.098
0.1%6
0.294
0.352
¢.391
0.431
0.470
0,509
0.548
0.587
0.626
0.0665
0.705
0.744
0.783
0.881
0.978
1.000
1.076
1.174
1.272
1.370
1.468
1.566
1.761
1.957
2.153
2,348
2.544
2.740
2.935
3.131
3.327
3.523
3.914
4.305
4,697
5.088
5.479
5.871
6.262
6.654
7.045
7.436
8.415
9.393
10.372
11.350
13.307
15.264
17.221
19.178
23.092
27.006
30.920
34.834
38.748
48.532
58,317
68.102
77.887
97.456
117.025
136.595
156.164
165.949
175.734
179.648
181.605
183.562
187.476
191.38Y

-0.100
-0.158
-0.189
~0.197
-0.198
-0.197
-0.194
-0,189
-0.182
-0.173
-0.163
-0.151
-0.137
-0.123
-0.107
-0.062
-0.012
0.000
0.044
0.104
0.168
0.236
0.307
0.380
0.535
0.698
0.868
1.045
1.227
1.413
1.603
1.797
1.994
2.194
2,602
3.018
3.441
3.871
4,306
4.746
5.191
5.638
6.090
6.544
7.690
8.851
10.022
11.203
13.587
15.995
18.422
20.863
25,782
30.737
35.719
40.724
45.747
58.369
71,064
83.816
26.616
122,344
148.235
174.302
200.605
213.892
227.341
232.7196
235,550
238.328
244,842
269,982
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The cost of reprocessing can be calculated based on two different optioms.
The first option is a unit cost approach and is identical in method to the
fabrication cost. The quantity of fuel reprocessed is based on the quantity
of fuel charged into the reactor. The cost of $33/kg of uranium loaded into
the reactor is assigned to the first option(lﬁ). The second option is a cost
model of a reprocessing plant patterned after the Nuclear Fuel Services
(NFS)(ZA) plant. This model describes a plant having a basic throughput
for initial fuel enrichment up to 3%, and a throughput decreasing with higher

initial enrichment. The costs are calculated as follows:

Quantity Reprocessed
(Reprocessing Throughput) (1 + Cleanup Time)

Reprocessing Cost = (Cost/Day)

(3.14)

where

Cleanup Time 8 days or 1/3 of the reprocessing time,

whichever is greater.

Cost/Day $24,000/Day

Reprocessing Throughput 1,000 kg/day

1l

quantity of fuel charged into the reactor.

(15)

Quantity Reprocessed
This 1s equivalent to a unit cost of $32/kg U for reprocessing. There is
no charge for fission product waste disposal; this charge has already been
included in the reprocessing cost.

The reprocessing plant delivers the recovered uranium as uranyl nitrate,
UOz(N03)2, and plutonium as one of its nitrates. If the fuel is leased from
AEC, before the uranium can be returned to AEC for credit, it must be con-
(15)

verted to UF6' A price of $5.60/kg U 3)2

conversion. To claim the credit for plutonium the plutonium must be

is given for UOZ(NO to UF

6

converted to a metallic form from one of its nitrates. A cost of
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$1.50/g Pu(27) is charged by AEC for the plutonium conversion. If the
nuclear fuel is owned by a private reactor operator, the uranium credit
cannot be computed from the schedule of price versus enrichment given in
Table 2, as leased from AEC for the following reasons: (1) U-236 is a
neutron poison whereas U-238 is a fertile material, so they affect reactivity
life time differently. (2) The presence of U-236 increases the amount of
separative work expended in a gaseous diffusion plant to produce uranium of

a specified U-235 content since separation of the U-235 from U-238 is less
costly than separation of U-235 from an equal amount of U-236. Therefore,

in this paper, the uranium credit for privately owned fuel is computed by
treating 236U in the recovered uranium as 238U. Then the value of recovered
uranium can be found from Table 2 by subtracting the cost of extra separative
work induced by the presence of the 236U in the spent fuel., The extra
separative work required to completely eliminate 236U is difficult to

2
calculate. As a matter of fact, with the separation ratio between 35U

and 236U being so small, it is impossible to completely remove 236U from

the rest of uranium isotopes. Therefore, to simplify the problem, 236U is
treated as 235U, and the extra separative duty performed is interpreted as
the extra cost charged by the gaseous diffusion plant to achieve higher
enrichment of the product necessary to offset the presence of the 236U.
The AEC commitment to purchase plutonium expired at the end of 1970.

From now until breeder reactors are commercially available, the plutonium
market will be limited to (1) research needs for breeder reactor development
and (2) recycle plutonium to replace some of the 235U in nuclear fuel for

light water reactors. The determination of a market value for plutonium

after AEC purchase ceased is difficult because many of the factors important
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to the evaluation are not accurately known. Such factors include the cost
of plutonium fabrication, the future price of U308 which plutonium displaces
235U, and the nuclear behavior of plutonium-uranium fuel in light water
reactors. A plutonium value of $6/gm of fissile material is hence arbitrarily
assigned here, so the plutonium credit can be calculated. Another product
recovered from the reprocessing plant is Neptunium-237, which is a precursor
of 238Pu. At the present time, 238Pu has been selected for use in many
isotope applications, but mainly as a power source where its long half life,
high power density and lack of significant photon emission are important.
Depreciation expenses usually are not considered in the nuclear fuel
cycle. But since the two recycle schemes have different processing times
for material durations in the enrichment cascade, it is necessary to deduct
for the re-enriching scheme the depreciation expense of the extra three months
required in this case for processing of the spent fuel., The rate of
depreciating the spent fuel after it is discharged from the core is taken

(28)

as 16%, a charge used by Southern California Edison Company .

3.7 Duration of the Nuclear Fuel Cycle

The conversion U3O8 to UF6 conversion about three months, The subsequent

enrichment step required another three months when starting with natural UF6

feed material, but if the feed material includes the recycle stream of
recovered UF6 in addition to the natural UF6 feed stream, the duration
becomes six months due to the presence of 236U in the recycle stream.

Fabrication, including conversion of enriched UF6 to U02, pelletizing,

rod loading, and assembly takes about nine months,
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The shipment of enriched UF6 from the gaseous diffusion plant to the
fabrication plant, as well as the shipment of nuclear fuel assemblies from
fabrication plant to reactor site are both assumed to have a duration of
one month. For the next step, reactor operation, the duration is dependent
upon the type of light water reactor. For an equilibrium core, a PWR has
an average core life of 36 months, while a BWR has an average core life of
48 months. The cooling time for discharged spent fuel is set as four months
(120 days). This is a generally used time period for spent fuel cooling.

The majority of the nuclear power plants in operation or under construc-
tion do not have direct access to rail for shipment of the irradiated fuel,
Therefore, in many cases the spent fuel is shipped by truck. Due to the
payload limitation on even overweight truck shipments only a few fuel
assemblies can be shipped in one cask. It is estimated for a 1,000 MW(e)
light water reactor, six months will be required to complete spent fuel
transportation to the reprocessing site.

A time period of two months is required to separate uranium, plutonium,
and neptunium from the waste and fission products. After uranium and pluto-
nium have been recovered from the spent fuel, they are in the form of nitrate
salts which must be converted to UF6 and Pu metal respectively to claim the
credits. Three months have been assigned for these uranium and plutonium

conversions.

3.8 The Present Worth Method
Section 3.6 presented and discussed the cost of the individual steps in
the nuclear fuel cycle. These costs can be looked upon as dollars paid by
the utility to its suppliers for materials and services rendered. However,

most of these payments are made long before the utility collects revenues
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from its customers for the electric power produced from the fuel. Therefore
the utility has capital invested in nuclear fuel for many months before the
receipt of revenue. Thus in addition to dollars paid to suppliers, fuel
cycle costs should include a capital charge or interest on such advanced
payments.

A typical annual capital charge for private electric utilities would

(15,16) of the outstanding working capital. This includes a

be 10 percent
6.5 percent return to the bondholders and stockholders, 3.0 percent for
federal income taxes and another 0.5 percent for miscellanecus taxes and

(25) has been adopted here to

insurance. The net present worth method
calculate the total nuclear fuel cycle costs when considering the effects
of capital charge. This method assumes the anticipated cash outlays are
discounted at the cost of capital to obtain the present worth of the cash
outlays. Similarly, the anticipated cash incomes are discounted at the cost

of capital to obtain the present worth of the incomes. The net present worth

method is expressed by the following equation:

Present Worth = N S (Cash Flow) (3.15)
!
(1 + 1)
where
i = interest rate or cost of capital
n = number of years until income is received or expense is paid.
(1+ i)n = present worth factor
Cash Flow = receipt or payment in the nth year.
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3.9 The Net Nuclear Fuel Cycle Cost

The nuclear fuel cycle cost in mills/kilowatt hour is calculated by
dividing the present worth of revenue for a given time period with the amount
of total energy sold per kg uranium loaded into the reactor during the same
time period. In a nuclear power plant, income is derived from sales of
energy, uranium credit, plutonfum credit, possible neptunium credit, and the
sale of excess uranium to fuel fabricators. The cash outlays are for fuel
element costs, shipping costs, reprocessing costs, and conversion costs.

The present worth of revenue is equal to the present worth of the net
fuel cycle cost, in $/kg U charged to the reactor. For a once-through feed
of uranium oxide fuel elements, the present worth of the net nuclear fuel

cycle cost, C, is:

C = Cl costs of UF6 feed (include natural or recycled)
+02 pre-irradiation shipping costs
+C3 enrichment costs
+C4 fabrication cost
+C5 spent fuel transportation cost
+06 reprocessing cost
+C7 U02(N03)2 to UF6 conversion cost
+C8 I Pu nitrates to Pu metal conversion cost
—C9 credit for uranium in spent fuel
—C10 credit for plutonium in spent fuel
-Cll credit for uranium recovered from the fabrication process
-C12 potential credit for neptunium in spent fuel. (3.16)

In the above equation, all the costs or credits are present worth values.

Revenue is collected monthly during the reactor operation time; therefore,
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for a PWR, revenues are collected 36 times throughout the nuclear fuel cycle.
By the same procedure revenues are collected 48 times for a BWR.
The total present worth revenue is given by

C
R = o - (3.17)

2
[1}-3‘.}'1 [1'(111} !

=
"

1 number of months of pre-irradiation period

=]
fl

, = number of months of reactor operation

e
il

interest rate or capital charge per month

and

is the present worth factor of total revenue,
The contribution of the nuclear fuel cycle to the cost of electric

power, Cp, in mills/kWh, is then given by

n, X R(S/kg U) x l,DOO(kg/Tpnne) x 1,000(Mills/$)

E(MWD/Tonne) X 24,000 (kWh/MWD) x e(kWh Elec./kWh Heat)

Cp(Mills/kWh) =

where

E

burnup of fuel

e thermal efficiency of the power plant
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4.0 RESULTS AND DISCUSSION

Figures 4 through 7 present the calculated results of the contribution
of the nuclear fuel cycle cost to the total cost of electric power from
either natural uranium fuels or recycled spent uranium fuels. The figures
were plotted from the information listed in Tables 4 through 7 of Appendix B.

For the reference-design 1,000 MWe PWR at average burnup, the
re-enriching scheme was 4.44 percent cheaper than the blending scheme
for privately owned fuel, and was 3.56 percent cheaper for leased fuel.

With respect to the reference-design 1,065 MWe BWR at average burnup, the
re-enriching scheme was 5.72 percent cheaper than the blending scheme for
privately owned fuel, and was 4.83 percent cheaper for leased fuel.

The effects of varying the nuclear fuel cycle variables, one variable
at a time are shown in Figures 8 through 13. There are of course other
factors in the nuclear fuel cycle that may vary other than those used here,
but those factors including shipping cost, fabrication cost, and reprocessing
cost would be constant for both the spent uranium recycle schemes studied.
Since variations in these factors would not alter the final result, they were
omitted from the present discussion.

Changes in the price of yellow cake, the discharged fuel enrichment,
or the cost of separative work as can be seen from Figures 8-13 have no
influence on the choice between re-enriching and blending.

Under present technology Np-237 is the preferred target material for
the production of Pu-238. An argument exists whether or not a credit should
be assigned to neptunium recovered from spent fuel reprocessing. At the
present time, all Np-237 target material used by the AEC to produce Pu-238

is recovered from AEC owned fuels and AEC has no plans to purchase privately
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owned Np—237(30). Therefore in this study neptunium did not produce any
revenue or credits for the present fuel cycles.

For the reference-design 1,000 MWe PWR at average burnup, privately
owned natural uranium fuel was 2.20 percent cheaper than fuel produced
by the re-enriching scheme, and 11.75 percent cheaper than blending scheme
fuels. For the same reactor natural uranium fuel was 8.28 percent cheaper
than re-enriching scheme fuel and 12.28 percent cheaper than blending
scheme fuel when considering leased fuel.

For the reference-design 1,065 MWe BWR at average burnup, natural
uranium fuel was 1.47 percent cheaper than re-enriching scheme fuel, and
7.27 percent cheaper than blending scheme fuel for the case of privately
owned fuel. For the same rector, natural uranium fuel was 7.23 percent
cheaper than re-enriching scheme fuel, and 12.41 percent cheaper than
blending scheme fuel for the case of leased fuel. The conclusion can be
drawn of course that the natural uranium fuel cycle is cheaper than either
of the spent uranium recycle schemes. Therefore, the nominal natural uranium
fuel cycles are still economically favored over spent uranium recycle with
one exception occurring under the two conditions described below that will
favor the re-enriching scheme. The first condition occurs when the price of
yellow cake rises above $14.00 per pound; the second condition occurs when
instead of feeding both natural and recycle to the uranium cascade, only
recycle UF6 is used as the feed. The present re-enriched policy employed by
AEC calls for reenrichment of the spent uranium as part of the "toll enrich-
ing service" offered by AEC (the quantity of the recycled irradiated UF6 is
a small fraction of the feed stream32.) The second condition requires the
assumption that there will be a sufficient amount of recovered spent uranium

fuel accumulated so that 1t alone will serve as a cascade feed material.
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Further, AEC must agree to accept this situation which will lead to gross
contamination of the cascade. It appears unlikely that two conditions
described above will be met simultaneously within the next twenty years.
Of the two uranium recycle schemes studied, uranium blending in every case
is more expensive than re-enriching., Blending has been successfully accom-
plished in AEC plants over a period of years(Bl); however, it requires
special equipment and skill in performing isotopic analyses. (This is
another disadvantage of the blending scheme.) The only forseeable situation
that may make blending an economically attractive alternative will occcur if
a highly enriched uranium, now primarily stockpiled for weapon purposes, can
be obtained at a sale price relatively lower than the regular prices published
by AEC.

Under current policy, AEC's gaseous diffusion plants accept any feed
material as long as it is in the form of uranium hexafluoride(Bl). The
current feed consists of normal uranium owned by toll enrichment customers

(31)

and uranium recovered from irradiated reactor fuel + Since the recovered
spent uranium contains a certain amount of 236U (varies with the degree of
fuel burnup), it contaminates the enrichment cascade forever once it is
introduced into the cascade. As a matter of fact, the cascades of AEC's
gaseous diffusion plants have already been contaminated. But because the
quantity of recovered spent UF6 which has been fed into the cascade is almost
negligible compared to the main feed stream of normal UF6, the products show
only a trace of 236U(Bz).

At the present time, no penalty charge is asked by AEC fof cascade
contamination. AEC has not yet decided whether a penalty will be charged or

(32)

not in the future » With the fast growth of nuclear power it is expected

that much more recovered spent fuel will be recycled. Thus it can also be
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expected that a larger detectable 236U concentration will be found in each
successive batch of product passing through the diffusion plants. If a
penalty is charged by then, and if the penalty happens to be very costly,
then to recycle the recovered spent uranium by blending might be favored.
As indicated by the Figures 4 through 7 the re-enriching scheme is cheaper
than the blending scheme and the natural uranium fuel cycle is cheaper than
either re-enriching scheme for both leased and privately owned fuels. For
the private reactor operators that own their fuel, if they can't find a
buyer for their recovered spent uranium or if the type of warranty covering
their fuel purchase is not a comprehensive fuel supply agreement, in other
words, if the recovered spent uranium cannot be Sold or returned to the
vender for credit, then it virtually has a zero value., If this is the case,
the only solution to this problem is to recycle the recovered spent uranium

by the re-enriching process.
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5.0 SUGGESTIONS FOR FURTHER STUDY

At the present time, neptunium in spent nuclear fuel does not receive
a credit, but in the future, as Pu-238 requirements for space and marine
undersea power applications, heart pacemakers, heart assist and artificial
hearts as well as other applications increase, a considerable quantity (as
proposed and estimated by several agencies)ca), will be required and will
result in significant prices for both Np-237 and Pu-238. It is suggested
here that a future study should be directed to investigate the effects of
neptunium on the nuclear fuel cycle costs when a demand and market price
for recovered neptunium from privately owned spent nuclear fuel is
established.

It is also suggested that a study be undertaken to determine the
economics of mixing recycled plutonium with some of the recycled uranium
and upgrading the rest of the recycled uranium by re-enriching or blending
to take advantage of the situation that AEC had stopped purchasing plutonium

and it is currently available at a low price.
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AFPENDIX A

Two computer programs were used in this study. The code DRAGON was
designed to calculate the isotopic concentration of the spent nuclear fuel
discharged from the core after a specific burnup. The code FULCYC was

developed to compute the nuclear fuel cycle cost.

DRAGON--The Nuclear Fuel Burnup Code

This computer program was used to compute the final concentration of
various isotopes, i.e. U-235, U-236, U-238, Pu-239, Pu-240, Pu-241, Pu-242,
and Np-237. Existing in the irradiated fuel discharged from a reactor. In
this paper, the code "DRAGON" was used to determine the composition of the
spent natural uranium fuel. The spent fuel was then reprocessed and recycled
back to the reactor with the natural uranium make up fuel. After the fuel was
loaded in the reactor the new core burnup calculation for either natural or
recycled fuel would be performed by the built-in subroutine of another code,
FULCYC. The graded irradiation was chosen to be the standard irradiation
method. Comment cards presented in the program aid in understanding the
logic. The variables were defined in the FORTRAN listing and in the input

data below,

Input Data
Card 1: Format (8E 10.4)
S(25, 5(26), S(28), S(49), S(40), s(41), S(42), S(38) - Thermal neutron
absorption cross section of U-235, U-236, U-238, Pu~239, Pu-240, Pu-241,

Pu-242 and Np-238 in cmz.



Card 2: Format

S(37), S(48)

Pth -
EPS -

D49 =

Card 3: TFormat

D25, D48, D41 -

E25, E4l, E49 -

PHI =

Card 4: Format

V25, V28, V49,

DC27, DC38

Card 5: Format

AU25, AU26, AU2

66

(2E 10.4, 5F 10.0)
Thermal neutron absorption cross section of Np-237
and Pu-238 in cmz.
Fission-to-resonance nonleakage probability
Resonance escape probability
Resonance-to-thermal nonleakage probability
Fast fission factor
Ratio of capture cross section to fission cross section

of Pu-239

(6F 10.0, E 10.4)

Ratio of capture cross section to fission cross section
of U-235, Pu-238, and Pu-241,

Fission neutrons produced per thermal neutron absorbed
in U-235, Pu-241, and Pu-239.

5 2
Thermal neutron flux in n/cm -sec

(4F 10.0, 2E 10.3)
V41 - Neutrons produced per fission by U-235, U-238, Pu-239,
and Pu-241 nuclides.

- Decay constants of U-237 and Np-238.

(3F 10.0, II 10, F 10.0)
8 - The weight of U-235, U-236, and U-238 loaded into
the reactor.
= Number of sets of data to be computed

- Reactor power, thermal, in MW(t)
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ok etk ko kokokk ok ko ko h ko ke kR kot gkl kxR kR Rk k¥

THIS PROCRAM IS TC CALCULATE THE COMPODSITION IN UNMIXED FUEL
DISCHARGED AFTE? GRADED IRRADIATION TO A SPECIFIC FLUX TIME.

THS LIST OF MAIN VARIABLES:
ABSORPTION CRCSS SECTION, SQe CM.

S125)
5126)
S(28)
Sian)
5(49)
S{4m)
S(41)
S(42)
S(37)
S{38)
Pl

p

PTH
EPS
RATIO
D25
D4Af
D49

L O | e T € I | O S TN T O © (T R IO ' 1]

OF u-235

OF U-236

OF u-238

OF PuU-238

OF PU-239

OF PU-240

OF PU-241

CF PU-242

OF NP=237

OF NP-238

FISSICN-TO-RESONANCE NONLEAKAGE PROBABILITY.
RESONANCEZ ESCAPE PROBABILITY.
FISSION-TO-THERMAL NONLEAKAGE PRUBABILITY.
FAST FISSION FACTOR

¥ CAPTLRE CROSS SECTION TO FISSION CROSS SECTION.

FOR U-235
FOR PL-238
FOR PU-239

FISSIMTN NFUTRCMS PRODUCEC PER THERMAL NEUTRON ARSORABEOD INM
FISSIPMABLE WMATERIAL.

E25 = FOR U=235

F4al = FOR PL-241

E49 = FOR PU-239

NZUTRCNS PRODLCED PER FISSION.

V25 = BY U-235

vae = BY U-238

V&9 = BY PU-239

V4l = BY PU-241

DC27 = DECAY CONSTANT OF U-237.

pDC38 = DECAY CONSTANT OF NP-23B.
WEIGHT OF THE URANIUM ISCTOPES IN THE COREsKGe
Ay25 = OF U-235

AU26 = DOF U-236

AU28 = OF U-238

PHI = MEUTRCN FLUX,N/5Q. CM.

THW = REACTCR POWERy THERMALsMWT.
BRUCIY = BURNUP OF THE FUEL,MWD/TONNE.
z = CORE EEIGHT,CM.

P = EFFECTIVE CORE HEIGHT,CM.

M

NO. OF SETS (F DATA TO BE COMPUTED.

o she st ale ol ode ok e 3B e o o o e o e v 2 e ol ofe ofe ofe o o o o o ol ol e o e e o o e o ol e e e e ool e e oo e ke o e o o e e o ool e o

nImMENSION

S(50),B(50,50),C25T(50),C26T(50),4C2BT(50),C&49T(50),

1C40T(50),C41T(50),C42T(50),BA{50,450),BUl50)},RATIOI50),4C37T150),
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2TIMF50),FLULSO) 4CF(300),NG(3002,5UM{300),5UM1(300),FLTILOD)

READ (5,100 S{25),5(26),5026),5(49),5(40),5(41)45(42),5(38)
FORMAT {(PZ10e4)

PEAD {5,110 S(37),5(48),P1,PyPTH,EPS,D49
FOPMAT {2E1Q0«4+S5F10.0)

RZAD (5,%2) D25,C48,041,525,E41,E49,PHI
FORMAT (£FL1Q0+04,71C4)

READ [5,13) V25,V28,V49,V41,0027,DC38
FORMAT (6F10405251043)

READ (B5,%4) AUZ25,AU26,AU28sN ¢ THW

FAPMAT (®Fl0+0,1104F10.0)

RSAD {5,15) (BU(I}y, I=1,N)

FORMAT (10F8.0)

PSAD (5,14) Z,2P

FORMAT (2F10.0)

30 20 I=1,N

FLIX TIME CALCULATION.

TIME(T)=PU(TI*(AL25+AU26+AU2BI*]1aE-03%8.64E404/THUW
FLULT)=PHI*]l«E=-24%TIME(])

B{D, I} AMD BA(49,1) CALCULATICNS BY APPLYING SIMPSON RULEC.

S5(27T)=pC2T*TIME(LI)
A=3.14159/2P

Na 40 J=1,25

D=J+ 24

IF {D=27) 50,110,460

IF (D=-29) 50,40,7C

IF (D=-37) 40,50,80

IF (N=39) 130,40,90

IF {D-42) 50,450,100

IF {D=-48) 40,50,50
WW=S(D)%FLUIT)I*]1.E 24
GO TO 12°¢ :
WeH=SIDYRFLU(IY}*1.E 24+0C3B*TIME(D)
GO 7o 127

WW=S{D)

DX=7/2.
F4Q=FE49%TPS*PLl%E{]l.-P)
AL=1.~-F4°
WY=AL%S5{¢9)%FLU(T)*L.E 24
N1=0

NiD=2/2

Ml=N1+NiP
XM1=FLOATINL)
NE=DX/XN?

M2=M1+1
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N 150 M=1,4N2

_ IM=FLNAT{M)

ZM={ZM-11%DB
PGIM)=EXP{=WY*COS (A% IN))
IF {WW.GT.100) GC TO 140
DFIM)=EXP{~WW*COS(A*ZN))
Gn TN 1&0

DFI(M)=04

CONT INUE

DN 160 K=1,N2
SUMK)=DF (1) +DF (N2)
SUML(K)=TG({1)+DGIN2)
CONT IMUE

£0 170 L=2,M1,2
SUM[L)=4e*NF(L)

SUML (L) = +#DG(L)

CONT INUE

N3=N1-1

DN 180 L=3,N3,2
SUM(L)=2%CF(L)
SUML(L)=2+%CG(L)

CONT INUE

XSUM=0.

X51M1=0.

00 190 1¥=1,N1
XSUM=XSUF4+SUM( TK)
XSUML=XSUM1+SUML {IK)
CONT I NUE
XSUM=2 o #XSUMSDB / (3%2)
XSUM1=2 +#XSUML%DB/ {3 4% 2)
R(Ds ID=XSUM
BA{49,1)=XSUM]

CONT INUE

ISNTROPIC CONCENTRATIONS CALCULATION.
A25=AU25%238./(AL28%235.)
A26=AU26%238./(AU28%236.)

A28=1.

U-235 COMCENTRATION CALCULATIONS

C25=A25%P(25,1)
C2RTII)=C25%AU28%235,/238.

U-236 COMCENTRATICN CALCULATION.
C26A=A25%S(25)%D25%({B(26+11-B{25,1)3/{(5125)-5(26)0*(1.+D25)}

C26R=A26%B (26, 1)
C26=C26A+C26B
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C26T(I1)=C26%AU28%236+/238.
PU-239 CrNCENTRATIOM CALCULATION.

Cl=A2P%S5128)/(S(49)%AL)

F25=2252FPS¥PLx{l.~P)
C2=F25%A25%5(25)/({5{«9)*AL-5(23))
C49A=C1l+4C2%B(25,1)1-{CL+C2¥%BA{49,1])
POT=A25%C({25)%S5(26)*D25*PHI/{{5{(25)-5(261)%{1.4D25))
WAD3=NC2T7*{POT+A26%5(26)%PHI)/IDC27-5(26) %*PHI )
VANL==POTEDC2T/{CC2T7-5{25)%PHI)

WANS =WAO2%S({3T7)/(S(3T7)1=-5(261)
VAOG=WAOZ%S5{37)/15(37)-5(25))
WAO7==(W/03+WAC4)*S(3T7)%PHI/{S{3T7)*#PHI-DC2T7}
WAD=WAOS=DC38/ (CCAJ+PHI*(S(23B)-5(26)))
WALO=WAO#%*DC38/(CC3B+PHIX(5(38)-5(25)))

WALl =WAQT7*DC38/(CC38+5{38)*PHI-0C27)
WAL2==(W/O5+WA06+WAOT)*DC38/(DC3E+PHI*{(S(38)-S(37)))
WAL13=WAQO:S(48)%C48/({1l«+D48)%(5(48)-5(26)1)
VALA4=WALCRS(48)%C48/( (140481 %(5(48)-5(25)1))
VALS=WALY*«5(48)*C48*PHI/I11.+D4B)*({5(48)%PHI-DC27))
WAL6=WAL?*S(48)*C48/((1.4048)%{S(48)-5(37)))

VARE = (WACG+WALO+WALLl+WAL12)%*5({48)*048%PHI
WING=(1«+D4R)%(S(48)%PHI-DC3R-S{38)%PHI)

WALT=WARF /WINE
WAL1R=WA12%{R(26,1)-B(49,1))/{PHI*(S{491~5(26)))
WALG=WALA¥(B(25,1)-B(49, 1Y)/ IPHI*®(S5(49)-5(25})1))
WA2O=WALS*{R(27,1)-B149,11)/1S(49)%PHI-DC2T}
WAPL=WALF*{R(37,1)-B(49,11)/(PHI*{S5(49)-5{(371))

WAZ22=WAL7*(B(3B,I1)-B{49,1))/(5(49)%PHI-DC38-S5(38)*%PHI)

WA23 A== (WAL34+WAL4+WALS+WALG6+WALTI*(B(48,1)-B({49,1))
WA?3R=PHT*(5(49)-5(48))

WAZ3=WA2ZA/WAZ3B

CA9R=WALF+WAL19+WAZO+WA21+HA22+HA23

C49=C49A+C49E

CaaT (1)=ra9xpAU28%239./238.

NP-237 CPNCENTRATION CALCULATION.

WAZS=WAQ2%(B(264 1)=-B(37,12)/0(SI37)-S(26))*PHI}
WA26=HAQL X (B(25,1)=B(37,[0)/74(5{37)=5(25))*PHI)
WAZ2T==(W/O3+wAQ4)*(B(27,[)-B(37,1))/(S(37)*PHI-DC2T)
CI7=WA25+WA26+WAZT

CATT(T)=r37T*AU28%237./238.

PU-240 CONCENTRATION CALCULATION.
C3=A28%S(28)%049/(5(40)#ALE(1++D49))

C4=C2%S(£*D49/{(S{401-5125))1%[1.+D49})
C5=C3*5(£0)/(5{49)1%AL~5(40))+C4*(S5(40)-S{25))/(S{49)=AL=-5(40))
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C40=C3+Ce%Bl25,1)4CS*BA(49,1)=1C3+4C4+C5)%B(40,1)
C40TI(T)=C40%AU28%240,/238.

Pti=241 CrNCEMTRATION CALCULATIOM.

C6=C3%5(40)/5{41)

CT=Ca*5(£0)/{5(411-5(25))
CR=CS5%*5(40)1/{5(41)-S{49)%AL) .
CA={CI+CL+CHI%5(4C)/(5{40)-5{41))
Cal=Ch+CTER[25,1)4CB*BAL49, 1) -(CH+LTH+CB+CII*Bi4L, 1)
C4lT(1)=041%AU28%24]) /238

PU-2472 CrNCENTRATION CALCULATION.

BEN1=CO%F s 366E=01#FLUII)*1sE 244CT#{1.~B(25,1))/5(25)
REMN2=C8%(1le=BAL49,1))/(S{49)%AL)

BESM=BEN1+BEN2
PIG=CO*(Ye=B(40,1))/S5(40)=(CO+CT+CB+CII*¥(1e-R{4Ll,11)/5(41)
Ca42=D41%S {41 )% {BEN+PIG)/{1.+D41)
C42T(1)=r42*AU2B¥242./238.

U-238 COMCENTRATICN CALCULATION.

FP25=A25%(1.-B{25,11)/(1.+D25)

GENL=CL*FLUTTII®1+FE 24+C2%(1l.-B(25,1))/5(25)
GENZ2=={C1+C2)*{1.-BA{49,1))/(5(49)%AL)
GEM=GENL+GENM2

FP49=8{4°)*CEN/(1l+049)

FP41=C42/D%41

FP2R=(EPC=1e )% {V252%FP254V49FFP49+V4]1*FP4]1)/{V28-1.)
C2R=A28-FP28=C49-FP49-C40~-Cal-C42~-FP4l
C28T(1)=ry28*C28

FIMAL ENTICHMENT RATIO CALCULATION.

RATIOITI)=C25T{I)/(C28T(II+C26TII)4C25T(I))
FLT(IY=FLUlI)*1.E 03

COMT INUE

FORMAT (YH1,40X,' THE CONCENTRATIOM UF [ISOTOPES IN THE BURNUP FUEL
1"

WRITE {6433}

FORMAT {1HO.3X,' FLUX TIME u23s uz23s U236

1 P1t1239 PU240 PU24l PU242 NP2
237" /)

WRITE (6418)

FORMAT (PEl4.7)

WRITE (6+417) (FLT(I),C25T(T),C28T{I?,C26T(1},C49T(11,C40T([),
1C41T{1Y,C42TUIVCITTLI), [=1,N)

FORMAT ("HO,40X,s' THE FINAL ENRICHMENT RATIQ'/)

WRITE (6432}
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FORMAT

L10FL2.7)

WRITZ (6.31) {RATIOI(I),

sTnp
£ND

I=1:.N)
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Read Input
20
I+« 1,N
Calculate
the Flux
Time
®
<0 >0
o grpWe
= 0
i 85 28
<0 >0
=

Flg. A-1. "DRAGON" computer program flow sheet.
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Fig. A-3 (Continued)
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XSUM
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180
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XSUM
3 XSUM1
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XSUM(L) BA(49.1I)
XSUML (L) _

|

Calculate
the Isotropic
XSUM Concentration
XSUM1

Write
Output

Fig. A-4 (Continued)
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Card 6: Format (10F 8.0)

BU(I) - Nuclear fuel burnup in MWD/Tonne

Card 7: Format (2F 10.0)
Z - Core height in cm
ZP - Effective core height in cm

FULCYC - A computer code for computing nuclear fuel cycle costs

This computer program was developed to calculate the unit cost of nuclear
fuel, not the total nuclear power cost. Because expenses 1lncluding plant
capital cost, operating cost, and maintenance cost were not taken into consid-
eration, since the fuel cycle cost is the main concern of this research, the
discounted cash flow method was used for the calculation of fuel cost. The
code, FULCYC, consisted of a main program and a subroutine--BURNUP. The main
program read in the reactor core physics and operating data, unit cost of the
materials and services required for the nuclear fuel cycle. Then the contri-
bution of the fuel cycle to the cost of electric power was calculated. The
subroutine was designed to generate the fuel consumption information and the
composition of discharged fuel at some specific burnup, The spent fuel
compositions calculated by the subroutine, BURNUP, were fed back to the main
program for the credits calculation. Since the nuclear fuel might be privately
owned or leased, the fuel cycle might start with natural uranium or recovered
spent uranium, the type of reactor might be BWR or PWR. "FULCYC" was tailored
to handle all possible nuclear fuel cycles involving these variables.

Comment cards presented in the program aid in understanding the logic.

The variables were defined in the FORTRAN listing and in the input data below.
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Input Data
Card 1: Format (8E 10.4)
S$(25), s(26), s(28), S(49), S(40), S(41), S(42), 5(38) - Thermal neutron
absorption cross section of U-235, U-236, U-238, Pu-239, Pu-240, Pu-241,

Pu-242 and Np-238 in cm2

Card 2: Format (7E 10.4)

S(37), S(48) Thermal neutron absorption cross section of Np-237 and Pu-238

P1 - Fission-to-resonance nonleakage probability

P -~ Resonance escape probability

FTH - Resonance-to-thermal nonleakage probability

EPS - Fast Fission Factor

D49 - Ratio of capture cross section to fission cross section
of Pu-239

Card 3: Format (6E 10.4)

D25, D48, DAl - Ratio of capture cross section to fission cross section af
U-235, Pu-239, and Pu-241

E25, E41, E49 - Fission neutrons produced per thermal neutron absorbed in

U-235, Pu-241, and Pu-239

Card 4: Format (6E 10.4)
V25, V28, V49, V41 - Neutrons produced per fission by U-235, U-238, Pu-239,
Pu-241 nuclides

DC27, DC38 — Decay constants of U-237 and Np—238 in Euazc-l

Card 5: Format (2E 10.4)
Z - Core height in cm

ZP - Effective core height in cm
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Card 6: Format (3E 12.6, 1I8)
AV25, AV26, AV28 - Weight of U-235, U-236, U-238 in the fuel discharged
from the reactor in kg

N - No. of sets of data to be computed

Card 7: TFormat (3F 10.0, E 10.2)

AI25, AI28 - Reference design load of U-235 and U-238 in Kg

THW - Reactor power, thermal in MW(t)

PHI - Neutron flux in n/cmz-sec

Card 8: Format (8E 10.4)

PE — Plant efficiency

SEPT - Reprocessing plant operation cost in $/day

THRT - Reprocessing plant throughput in kg/day

UHCON - U02(N03)2 to UF6 conversion charge in $/day

CPl - Fuel shipping charge from gaseous diffusion plant to fabrication
plant in $/kg U

CP2 - Fuel element shipping charge from fabrication plant to reactor
site in $/kg U

CP3 - Spent fuel shipping charge from reactor site to reprocessing plant
in $/kg U

CFX - 0.711 weight percent uranium cost in $/kg

Card 9: Format (8E 10.4)

FABL - Fabrication loss ratio

FEX - Fabrication excess ratio

PRPU - Price of fissile plutonium, $/gm

RLP - Reprocessing loss ratio of plutonium



FABT

XwWl

XF2

CG

Card

1

Fabrication

charge, $/kg

Optimum tail stream composition
Natural uranium feed stream composition

Unit cost of separative duty, $/kg U separative work

10: Format (10F 8.0)

Duration of Steps in the Fuel Cycle in Month

™M1

™2

™3

™4

T™5

TM6

TM7

™8

™9

™10

Card

™11

Card

Duration of

= Duration of

- Duration of

fabrication

- Duration of

- Duration of

— Duration of

- Duration of

- Duration of

UF6 conversion

enrichment service

transportation from gaseous diffusion plant to fuel
plant

fuel fabrication

transportation from fabrication plant to reactor site
fuel in a PWR

spent fuel cooling

spent fuel transportation from reactor site to fuel

reprocessing plant

- Duration of

- Duration of

spent fuel reprocessing

re—enriching the recovered spent fuel

11: TFormat (F 8.0)

- Duration of

fuel in a BWR in month

12: Format (10F 8.0)

BU(I) - Fuel burnups in MWD/Tonne

Card

13: Format (6E 10.4)

REPLU - Reprocessing loss ratio of uranium

CONL

- Conversion

loss ratio

80



RATE = Capital interest rate

XP - Reference design enrichment ratio

DEPR - Ratio of depreciation on the spent fuel

CNF - Pu nitrates to Pu metal conversion loss ratio

Card 14: Format (F 4.0, 2I 4)
AM - 0, for spent uranium recycle cases
- 1, for natural uranium no recycle cases
IM - 1, for PWR
- 2, for BWR
NP - 0, AEC leased fuel

- 1, privately owned fuel

Card 15: Format (3E 10.4)
UNP - Unit cost of Np-237 in §$/gm
PL - Reprocessing loss ratio of Np-237

CONLP -~ Pu conversion loss ratio

81
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THZ LIST OF MAIN VARTABLES:
A125 = wIZIGHT OF REFERENCE DESIGN REACTOR U-235 CONTENT, KG.
A128 = WEIGHT OF RCFERENCE DISIGN REACTOR U-238 CONTINTs KGoe
A = 0y FOR RECYCLE CASES.
= Ly FOk FRzSH FU=L CASCS.
WEIGHT OF THE URAMIUM [SOTOPES [N THE CORE.
AU25 = OF U=-235
AU26 = OF U=236
Au28 = OF y-238 . '
AV25 = WEIGHT OF U-235 [N THE SPcNT FUEL WHEM FRESH FUEL IS
USED, KG.
AVZ26 = WEIGHT OF U-236 IN THZ SPENT FUEL WHIM FRESH FUEL 15
USED,y KGe.
AV28 = WEIGHT OF U-238 IN THE SPENT FUEL WHEN FRESH FUEZL IS
USEDy KG.
BULI) = BURNUP OF THE FUEL.
CFX = 0.T11 WEIGHT PZRCENT URANIUM COST, $/KG.
CG = UNIT COST OF SSPARATIVE DUTY, $/KG U SCP. WORK.
Cue = CONVERSION COST OF PU METAL FROM ONE OF ITS NIFRATES,
§/G OF PU.
CONL = COMVZRSION LOSS RATIO.
CONLP = CONVERSION LAOSS OF PU.
SHIPPTNG OR TRANSPORTATIOM CHARGESs 5/KGe.
CPl = FROM EARICHNMENT PLANT TO FABRICATION PLANT.
cp2 = FROM FABRICATION PLANT TO RIZACTOR. ‘
crP3 = FRAOM REACTOR TN REPROCESSING PLANT.
RATIO OF CAPTURE CROSS SECTION TO FISSION CROSS SECTION.
D2s = FOR U-235
D4A = FCR PU-231
N49 = FOR PU=-239
DC2?7 = DECAY CONSTANT 0OF U-237.
NPC38 = DECAY CONSTANT OF NP-238.
DEPR = RATIO GF DEPREZCILATION ON THE REPROCESSED SPENT FUEL.
FISSTrN NCUTRCNS PRUCUCED PER THERMAL NEUTRUM ABSORAED I
FISSIPNABLE MATERIAL.
k25 = FOR U=-235
E4l = FOR PU=241
E49 = FOR PL-239
EPS = FAST FISSION FACTOR
FARL = FABRICATION LCSS RATIC.
FABT = FABRICATION CHARGE, $/KG.
FEX = FARRICATION CEXCESS RATIO.
LM = 1 FOR PWR.
= 2 FOR BWR. :
N = NO. OF SETS OF DATA TO BE COMPUTED.
NP = 0 AEC-LEASED FUEL»
- = 1 PRIVATE CWNZIC FUEL.
P = RESOMANCE ESCAPE PROBABILITY.
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FISSICN-TO=RZSONANCE NOMLEAKAGE PROBARILITY.
WEIGHT OF FRZSH ENRICHED URANIUM TO BE MIXED WITH
REPRNCESSED FUFLy KGo

PLANT EFFICIZNCY.

NEUTRCN FLUXsAN/SCe CMe

REPROCESSING LOST OF NP-23T7.

PRICE CF PLUTONIUM, $/GM.

FISSTCA=TO=THERMAL NOMLEAKAGE PRUOBARBRIL ITY.
CAPITAL INTEREST.

REPROCESSING LOSS RATIO OF URANIUM.
REPROCESSING LOSS OF PLUTONIUM.

REPROCESSING PLANT OPERATING COST, $/DAY.

ARSHRDTIHN CRCSS SECTINN, 5Q. CM.

S(25)
S(?6)
S5(28)
Stagy
S(49)
S140)
Stald
Staz2)
S(37)
S(38)
THRT
THW

LIS TR (T O I Y T N O ]

OF uU-235

OF U-236

0OF u-238

OF Puy-238

€F PU-239

NF PU=240

OF PU=-241

OF PU-242

aF NP-=-237

OF MP-238

FEPROCESSING PLANT THROUGHPUT, KG/DAY.
REIACTCR PORER, THERMAL.

DURAT?HN OF STEPS IN THE FUEL CYCLE, MONTH.

™1
TM2
T™3

TMé4
TM5
™6
™7
THA

TH9
TM10
TM11
UHCGH
uN®P

h

nmmwanun

[T I T T}

CURATICN OF CONVERSION

DURATICN OF ENRICHMENT.

DURATION OF TRAMSPORTATION FROM EHRICHMENT PLANT TO
FABRICATION PLANT.

OURATICN OF FABRICATION.

DURATICN OF TRANSPORTATION FROM FABRICATION TO REACTOR.
DURATICN OF IRRATION OF A PHWRe.

DURATICN OF CCOLING.

DURATIGN OF TRANSPORTATION FROM REACTOR TO FUEL
REPROCESSING PLANT.

CURATICN OF REPROCESSING.

DURATION OF SNRICHMENT FOR RESNRICHING THE REPROCESSED
DURATION OF IRRATION OF A BHR.

UF6 CCNVERSION CHARGE FROM UD2(ND3)2, $/KG.

UNTT CAST OF NP=-23T7, $/G.

NTUTKONS PRODUCED PER FISSION.

V25
vae
Va9
V&l
XF2
xe
XWl
z

8Y U-235

BY U-238

BY PU-239

BY PU-241

0«711 WEIGHT PERCENT FEEQ STREAM COMPOSITION.
ENRICHMENT RATIO OF REFERENCE DESIGN REACTOR.
OPTIMUM TAIL STREAM COMPOSITION.,

CORE HEIGHT.

FUEL.
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rp = EFFECTIVE CORE HEIGHT.

o e el e o v ol o stc Aol ol o o ol o ol e o ofe ol ol o ok e oo o o ok o ok o o e ol ol o o e ol o ol ot o e ofe o o sl o e ol e e e e R Ok
COMMON AL25(2),AL26(2)4AU2B12),C25T(1042),C28T(10,2),C26T110,2),
1C49T (1N, 7)C40TI1Cy2)9C41T(1042),C42TIL092),FLTI{10Y,BUCLUY N,y
2P14P4PTH+EPS,049,C254C48B,F254E4L,549,PHI,V25,V28,V49,V41,DC2T7,
30C28 s THWsZ+ZPySI50) s AT 0414 PO AMGAVES5 JAV264AV2ZEB AL25,A1284FRy
4C3ITTI10,21,CONL

DIMENSICH PUCL1042)yUCRTI1042),XP3(2),SPR3{2),DcX3(2),
1PPUT{10,7)+PURTI10,2)+CS11042)4PRIL0,2),RRI10,2),FCCI10,2),TEX(2),
2XP412,2)40CX4(242) 9 TEY(242)9PCLL0s2)19P4(24234PPL(1042),
3CONILIN,2),PUCON(LQs 2y PCON(1042)4PPU{10,2)

MEAD (5470) S5025),51026),5{28)+5(49245({401,5141),5(42),5(38)

FARMAT (FZ10.4)

WRITE (6410) S1251,5026),5(28),5(49),5(40),5(41),5(42),5(38)
OZAN (5,71) S(37),5(48),Pl,P,PTH,5P5,D49

FORMAT (7510.4)

WRITE (64110 S(37)14S048)4PLlyP4PTH.+EPS,049

R=ZAD (5,12) D25,C48,D41+,E25,E41,E49

FORMAT (fE10.4)

WRITE (6,12) D25,D48,041,E25,E41,E49

READ (5,%3) V25,V28,4V49,V41,0C27,DC38

FNRMAT (€6210+4)

WRITE (Ae13) V25,V28,V49,V41,DC27,0C38

READ {5,16) Z,1IP

FORMAT (7E1044)

WRITS (6,16 Z,ZP

AEAD (5,f1) AV25,AV26,AV28,4N

FORMAT (7E12.6,18)

WRITZ (6461) AV25,AV26,AVZ28yN

READ (5,F1) AI25,A128,THW,PHI

FORMAT (2F10.0,E10+2)

WRITS (6,481) AI25,A128,THW,PHI

READ (5,£4) PEZSEPT,THRTyUHCON,CP1,CP2,CP3,CFX

FARMAT (FEL1D«4)

WRITT (6+464) PZ4SEPT,THRT,UHCON,CP1,CP2,CP3,CFX

READ (S54F4) FABL,FEX,PRPUJRLPFAUT,XW1,XF2,4CG

WRITE (6,64) FABL,FEX,PRPUyRLP,FABTXWLl,XF2,CG

READ (5466) TMLTH2yTMI,TMG,,TM5,TME,TMT,TM8,TMI,TM10

FORMAT (Y0F8.0)

WRITE (6,66) TM1,TM2,TM3,TM4,TM5,TM&, TM7,TMB8,TM9,TM10

READ (5,¢5) TM1l

FORMAT (Fg.0}

HRITS (6465) TML1

READ (5,68) (BUILL), T=1,N)

FORMAT (10FB8.0)

WRIT= (6,+68) (BU{I)y "I=14N)

READ (5,12) REPLU,CONL,RATE,XP,DEPR,CNP

WRIT= (6412) REPLUyCONL,RATE+XP,CEPRsCNP

RZAD (5,F2) AMysLM,NP
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OOooO0 OO0

o000

OO0 0

220
230

OO

laNeXg

FARMAT (F4.0,214)

WIITE (6462) AMysLMyNP
READ (5,F3) UNP,PL,CONLP
FARMAT (3E1Q.4)

WAIT= (6483) UNP,PL,CONLP
NN 300 1=1,M

nn 300 J=1,2

THE CALCULATION CF POWER SOLD PER KG URANIUM [NPUT.
PNWER=PE¥BU(I)1%24,

CALCULATTON OF SHIPPING COST ANC SPENT FUEL TRANSPORTATION,
$/KG U .

FR=FARL+FEX
P=1++FB
CO=CP1*(1.4FB)

CALCULATION OF FABRICATICN CHARGEs $/KG Ue.
FAR=FART*1.

CALCULATTYON OF REENRTCHMENT COST OF REPROCESScD FUEL, $/KG Ue
FIRST, CPALCULATE THE EXTRA SEPARATIVSE WORK CONTRIBUTED BY THE
PRESZNCE OF U-236.

AV=AV25+LV26+AV28

IF [LMe.ECa1) GO TO 220
FR=le/4.

GQ TN 23r

FR=1./3.

AT=(AT25+4AT26)*FR
R=AV¥(1e-COML) /AL
R&=R*AV2¢/AV

XFl=AV25/AV
HL=KF1**1—1.!3-)-XP**(-I-!B-)
WP=XW1%%(—1e/3e)=XP¥k[=1a/3s)
We=RO6ZWL/HWP

P4a=RH-Wb

SP2=4 o ¥ WEXALOGIXWL/XF1)+4.%PH*ALOGIXP/XFL)
CALL 8URMUP

CALCULATTION OF NP=237 CREDIT.

PCULyJY=VMNPXC3TT(I4J}*1000a*{1le~PL)/AI
IF (AM) 200,310,330

THEM, ASSUME THERE ARE NC U-236 IN THE FEED STREAM AND CALCULATE

THE SEPARATIVE WCRK REQUIRED.

85
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XP1=AU25113)/Al
Fl=({PQx(XPl=XW]l)=R¥(XF1=XW1))/{XF2-XW1)}

" W1=F1+R-FQ

VXPL={2.#XP1=1)%ALOGI{XPL/{1a=XP1))
VXFl=(2e2XFl=1e)*ALNGIXFL/(le=XF1))
VXWL=({2+*XWl=1e)*ALOGIXni/{1le=XHW1))
VXF2={(2+*XF2=14}*4LOG(XF2/{1«=XF2))
SP1=V1%VYW1+PQ*xVXPLl-F12VXF2-R%VXF1l
SPR1=5PLl+5P2

N=X1=CG*<PR1

FCTL=CFX*F1

TE1=DFEX14FCTL

CALCULATTION OF ENRICHMENT COST BY BLENDING REPROCESSED FUEL
WITH FRESH FUEL.

P2=PQ=AV*(1s=CONL)/AI
XP2=PQ¥AUZ25(2)/(AI*P2)-REXF1/P2
F2=P2* (XP2=-XW1)/{XF2-XH1)

W2=F2-P2
VXP2=(2.7XP2=1.)%ALDG(XP2/{1.-XP2))
VXW2 =VXi?
SPR2=W2%VXWZ2+P2xVXP2-F2*VXF2
PEX2=CG*TPR2

FCT2=CFX*F2

TE2=DEX24FCT2

CALCULATTION OF URANIUM CREDIT, $/KG U.

UgT=C25T(L,J)+C26TI(I,4)+C28T(1,J}
UIN=AT

XP3(112=C25T(1,4)/U0T

XP3(2)=AV25/AV

P3=1 .

DO 320 K=1,2
F3=(XP3(V)-XW1)/{XF2-XWl)

W3=F3-1.
VXP3={2+*XP3(KI=1« Y *ALOG{XPI(K)I/{Lle~XPI{K)))
VXF3=(2+¥XF2=1)*ALOG{XF2/{1ls=XF2))
VXW3=(2e*XWH1=1o ) *ALOGIAWL/{Lle=XNW1})
SPRI(KI=WI*VAXWI+P3IEVXP3I-F3I%VXF3
DEX3I(KI=CG*SPR3{Kk)

FCT3=CFX*F3

TEX(K)I=DFXA{KI+FCT3

COMT IMUE

CALCULATTON OF UC2(NO3)>2 TO UF6 CONVERSION COST.

CONUTJ)=UDT*UHCCN* (1« -REPLUYJUIN
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CALCULATION OF PU METAL CONVERSION COST FROM DHE OF ITS NITRATES.

SST=C49T(I,J)+C40T(I,J)+CalTlI44)+4C42T(1,4J)
PUCON(I »J)=SST*CAP%{]1+=RLP}/UIN

CALCULATTON OF REPROCESSING CHARGES,$/KG U AS 1.KG U INPUT BASED
ON NFS PLANT MODEL.

RCT=SFPT*4+/{THRT¥*3.)
CALCULATTON UF PLUTONIUM CRceDITS,$/KG U.

CPU=CALTII,J)4C4ST(I,I)
PUT=CPU*(1+—RLP)*(1.~-CONLP)/UIN
PUCII+J)=PRPUXPUT*1000.

CALCULATTON NOF URANIUM CREDIT IN THE SPENT FUEL.
UCRT(I,JY=UDT*{Le-REPLUI*(1.—CONLI*TEX(L)/UIN
COST NF FEPRUCESSED FUEL NEEDED FOR FABRICATION.

UF=TZX(2)*AV%{1.-CONL) /AT
IF (MPL.EM,0) GO TO 336

CALCULATTOM OF U=236 PENALTY IF THc FUZL IS MOT LEASCD FRUM AcC,
I OTHER WORDSy THE PRIVATE OWNERSHIP IS THE CASE.

00 335 Mm=1,2
DN 335 K=1,2
XP&4ll,L)=(AV25+AV26)/AYV
XP&4{1,2)=XF]
XP&4(Zy1)=(C25T(T,4)+C26T(I,J)2/U0T
XP4{2,2)1=C25T(T1,40/7U0T7

P4 (1l ,K)1=P ,

IF {M.EQ.1) GO TC 334
P4(2,K)=UIIT*(1l«=-REPLUJ/UIN
Fo=(XP4&{M,K)I=XWLI/{XF2=-XW1)
Wa=F4-P4 M, K]

VEP4= (2 %XP4{MsK) =1 YXALCG(XP4IMsKI/(Lo=XP4&(My4K)))
VXF4=VXF?2

VX We=VXW2

SPRA=WALHEVXHWLG+PH [N 4KIEYXP4G~F4RkVYXF 4

NEX& (M,K)=CG*SPR4

FCT4=CFX*F4

TEY(MyKI=DEX4(MsK)I+FCT4

COMTINUE ’
TE4=TEY(1,41)~TEY(1,42)
TZ6=TEY(791)-TEY(2,2)

.
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366

" Tei 3.7
T Thm).

T5E= 1,

I (AMelT o) GO TU S4u

PR ICTAaTTON cKP 0SS THLUURR=D T 8L 2 TS T
TI: CZul IRIb 19 GAS_TUs DIFFDLTLY PLA T,
DEP= Pl /e

IF (AN Cu)) GO TO 360

FH> CALCVLATION OQF FUZL COST IF Cuwi IS L0AunD

Fo=DOe( XU =Xt LY/ (XF2=AK1)

v a=fF L=-Pu !

UXFA= (2o XF2=1e ) #ALUGIXI 2/ Le=XI"2))
VAPS = {2 o7 XP=L & ¥FALCG( X2/ (La=X2))
APTG =LAWL 44 PURYXPO~-F 2 RFD

o KANEEGETIRT.

FOT5=5F A*F5

Too={=Ka+FCTS

THS CALUCTLATIONM OF TH: PATS2OT V0RTH OF Ciharse

PT=le4F T /1lcs

TL==7d1

IF [(1.¥e T4z} THO=TM]L]

IF {&#lfrall, GU TO 36{

IF (Jeaii o) THZ2=TH1O

T2==(TH T2}

Ta==(TM_470:24THN3)

Ta4=={TML+THZ+ TH3+TMG)

TH== (T 4Trid+TH3H+TMG+T15)
To==(THL4THI+THI4TME4+THI #TR0)
TT=={Th ATal+ TR +TMa+TH i+ T A0+ THT)
Tea={TH ATra+TH34TMA+ T A4 T TAT4T0)
TA=={THLATHZ4THI+TMG+TH o+ TG+ THATH+THa+T19)
IF (V0T aie) GO TO 365

PUF=JF*PT Fie(.

PIP=io Pl T o] 2

PF 1=Toi#PTakT2

DTI2=2T-e?PTH372

PRAT Y= T UF =108 )EF DX ¥ [ n] 3
Pl g 2= T2+ UF=TLa) tF _&awdTa%[3
IF (el eDa) SU 1O 266

P =T pTheT2

PLP=CRRPTERT

PCONCT o D)=l 0 UL J)XRPTHRETG

PG I )=PLCOHTT3J) %P THRT

PT d=Tiu%kPExd,

DA

SITIE FoL L Gh

88
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-
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NTEA=T- G PTSTY
PREB=F A “2T#=T3
PCPZ=CPL+DTEETS
PCPI=CP 3 » PTHETH
PALT =i L T#AT%4T9
PPCEL,d) = 2C( T4 J)#PTH2TT
POUT Ty J¥=PUCTT,J)*PT 89
PURT (T ) =UCRTL Y #PT#%T 9

CALSHULATTLN LF FUGSL CYQLae CULETy HILLS/Ka 113,

TF aid) a0, 280,270
CS1=TclAPCP+PRAB+FCP2HPCR34P R CT=PPUT( Iy 20470l 1)

Cois=PURTIL g L) 4PUF=P2( T4 L)4P P=PT 4=PPCI{Iy1)4PT20+2PU(1,2)
LSlTy1)=rSL4052

TF (Jelyel) &0 TG 3SU

Cas=PT . +2°014 P_I'-..’\E+I"L'.‘-"2+€V’C‘."3H"‘ECr-PPUT{l,‘_')+PC|'_, AT )

Cot==PUr Tl )+PUF=P AT 32 ) =T io=0P0 1420+ 0T uudo0Ul],.7)
Colle 237 S34C54

50 T 4al

PR T8 XA PTRETS

CSUla =T 04 PUP+PFAGIP LY 4P P a4 CT=PPuT ([ o d)=02LsT ([ 4.0)

== I PTZCH2C0 1T ddv 00Ty 1))

Pl =0 ST gd) S {ie=y o/ LLadPT D) TNG/ADPTRET =0T 257 64)
Itc(l'JJ"‘Hi"\‘[vt])’::;r_’.-)udlpnw’iﬂ

Conrisy

IF (atie Melsd 6D TH 495 ‘

FARYVAT A HipadX,? TAYL. CF PoiSo GORTH Ca3TsY)

Falt o™ (O, v { URNYP (R0 IR AV VR I I i d T ZrE0TT R R B R b
TET O A EPorClSsrh FLZL L2 NATCH T FomSH FhjooL T''Tae Cisi")
L2AITS {ae490) '

GRAITT (Lya92)

fnt 408 J=7 N

EATT = (ueaiin) BUCT)GPCO (T st ) o PUSTITI )9 2PUT{ Tt )y BLF 2T 010,10
FamMal (TR0 pFL2e33F LGy FiTa3aF TadeFLlled,FR2e%)

CnT I '

) a9s [=1,0

FRITS (0ea9T7) RUTIY g PCU il 92 o™unTlle2) 32000 0T 32) P01 32T 24051y )
FOR AT AT a g Fl2+23Flbeiy 2R ifeds iTAgFlaan,Flae3)

COaTT -

FORMAT (VML 40Xy THL SO0 ZRT2AT IO OF ISTTF U228 T TH- e 1 FaJL

1)

WRITT. (6«23)

P aT ("1, 53X, Y FLUX Tl u2 s> Ue 3 Jrlo

2t FI'250 Py2-n Pal R Wl
17 /)

WAIT . (Ge1li)

FARVAT (© .. 4el)

LARN IS BT |

ATl {welT) FLIGD o Qo Tty iy sl 2T e )y STty cdyi T tlsndy,



5C0

5C1
410
71
72

420
9l

440
460
74

470
75
502

480

s2
5C3

OO0

OO0

90

1CaNT T4 1), CALTIT,1)4C42TIT41),C37TI(I,1)

COMT INUE

IF (AM.iM.1s) GO TO 410

DO 501 I=1,M

PRITE (6417) FLT{I)oC25T(1,2)4C28T(I142),C26T(L42)9C49TII,2),
1CA0T(T,2Y4CALTULI,2),C42T(1,2),C3TT(1,42)

CONT INUE

WRITE (6+71)

FORMAT {(1H1,40X,® THE FUEL CYCLE COST'/)

WRITE (6,722

FORMAT (F4X,' FUcL CYCLE COST, BY WAY OF*)

IF (AMEr.0.) GO TO 440

WRITF (6,91)

FORMAT (28X, ' BURNUP FLUX TIME FUEL CYCLE COSTY)
IF {(AMLEN,1e) GO TO 460

WRITE (&6,73)

FARMAT (28X,* BURNUP FLUX TIME REENRICHMENT BLENDING')
WRITE (6+74)
FORMAT (28X,*' (MWC/TONNE) (N/KB) (MILLS/KW HR}'/)

IF (AM.EN.le} GO TO 480

0D 502 I=1,N

WRITE (&6475) BU(I)FLT(I)FCC(I4+1),FCC(I,2)
FARMAT (2?9XeF6+04ELE+TyELOTHEL5T)
COMT INUE

IF (AMZ0.0e) GO TO 505

N0 503 [=1,M

WRITT (6492) BU{II,FLT(I},FCCITI,1)
FORMAT (79XsF6e04+ELBeTyE224T)

CONT INUE

sSTNP

£MD

SUPROUTIME BURNUP

THIS PROFRAM IS TO CALCULATE THE COMPOSITION IN UNMIXED FUEL
DISCHARGFD AFTER GRADED IRRADIATION TO A SPECIFIC FLUX TIME.

COMMOM Al'25(2),AU261(22,AU28(2),C25T(L0y2)+,C28T{104+2)+C26T(10+2),
1C49T{10,7),C40T(10,2),C41T(10,2),Ca2T{1042),FLTI10),BUIL10)4M,
2P1yPyPTHIEPSsD49,D0254D4ByR25,C4L9E4I9PHI 4 V25,V28,V404V41,0L27,
IPCIA Gy THK 29 ZP S I50) Al 5041,P6AMyAV25,AV26,AV2B8,A1254A128+FR,
4C377T(10,7),CONL

DIMZNSICHM BI50,1C)+BAI50,10),TIME(10),FLU(L10),DF(300),DG(3002,
LSUME3N0), SUMLI30CY,EUL2)

PO 20 I=1,N

FLUX TIMF CALCULATION.

TIME(I)=PU(I)*ATI*1.E=-03%8+64E 04/ (THW*FR)
FLUT D) =PI %1« E=24*TIME(])
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S(27)=DCPTATIME(TI)
A=3.1415¢/2P
N0 40 J=1,25

c
c B{N,I) AMD BA(49,1) CALCULATIONS BY APPLYING SIMPSON RULE.
c
N=J+24
IF (N=27) 50,110,60
€0 IF (D=-29) 50,40,70
1cC IF (D=-37) 40,50,8C
8C IF (D=39) 130,40,90
9c IF (D=-42) 50,504,100

1C0O IF (D=48) 40,50,5C
5C WW=S{D1*TLU(L)*L.E 24
GO TO 120
130 WW=S{DIXFLUCIY*1.FE 24+0DC3BXTIMEL )Y
GO TO 120
110 WW=S5(D}
120 DX=7/72s
F49==49%TPSaP1%({].~P)
AL-‘-]. u"F‘Qn
WY=AL®S{£9)=FLU(T)*L.E 24
N1l=0
N1D=7/2
Nl=N1¢NLP
XN1=FLOAT{NL)
NR=0X/XN?
N2=N1+1
ND 150 M=1,N2
IM=FLOAT M)
IN={IM=1)*0B
IF (D-49) 122,121,150
121 DGIMY=EXP({-WYRCOS(A®ZIN))
122 IF (WW«GTL.100) GO TO 140
DF(M)=EXP(~WWHCOS{A%XZN})
GO TO 150
140 DE{M}=0.
150 CONT INUE
r0 160 K=1,N2
IF {D=49) 161,162,160
162 SUMLIKYI=TG(L)+DG(N2)
161 SUMIKI=DF{1)+DF(N2)
160 CONT INUR
0N 170 L=2,4,N1,2
IF {(ND=-49) 171,172,170
172 SUML(LY=¢ «%*DG (L)
171 SUMIL)=4.%DF(L)
170 CONT IMUFE
N3=N1~-1
DO 180 L=3,N3,2
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IF {(D-49) 181,182,180

182 SUML{L)Y=2.%DGC (L)

181 SUMIL)Y=2.2DF (L)

180 CONT INUE
Xsum=n,

XSuM1l=0.
0N 190 I¥=1,N1
IF (D=49) 191,192,190

162 XSUM1=XSUML1+SUML(IK)

151 XSUM=XSUM+SUM{TK)

150 CONT TNMUE
XSUM=2 o XSUMENR/ (3% 2)
XSUM1=2.%¥XSUML*DB/(3e%])
FLD, T)=XSUM
BAL549, 1)=XSUM]

40 CONTINUZ
C
C RECYCLE FUEL INITIAL CONCENTRATIONS CALCULATION.
C
DO 20 J=1,2
IF (AM) 70,21,22
21 AU26(1)1=P6*AT

AU26(2)=~V26%{1+-CONL)
FUL=AU26tJ)*(S5{28)+5(26))%*235.
EU2=1S5(2" )% (E25%PTH*P=1.)+4S(28))%236.
FUulJ)=FUl/EU2
AU25(J)=FU(JI+ATI25%FR
Au28 {J1=21~AU26(J)-AU25(J)
Gn 71O 210

22 AU261J)=0.
AURS(S)=P]25%FR
AUZB(J)Y=LI28%FR

C

C [SOTROPIC CONCENTRATIONS CALCULATION.

C

210 A25=AU25(J)%23B./(AU281(J)1%235.}
A26=AU26(J)*238./(AU2B(J)I*236.)
A2R=1.

U-235 CCMCENTRATICN CALCULATICN.

2Eale)

C25=A25%P(25,1)
C25T(1,J)=C25%AU28{J)*235./238,

U=-226 COMCEMNTRATION CALCULATION.

OO0

C26A=A25%5(25)%D25%{B(26+11-B(25,1))/015(25)=-5(26)1)%(1.+D25))
C26R=426%B(2641)

C26=C26A+(268B

C26T(I,J)=C26%#AU28(J)%2364+/238.
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PU=239 CPNCENTRATION CALCULATION.

CleA2B845t2R)/{5(49)WAL)

FeSa25urpSuplu(l.=P)
C2uF2R4AP8M5(25)/{5(491%AL=5(25))
C49AaC)l+M2aR(25,1)1=(CL+C2)%BA{49,])

PATaA2GHS (28) %S5[ 26)w025%PHI/((S(25)=5(26))%().+025))
WAQASOC2TH(POT+A26%WS(26)WPHI) /{DUC2T=5(26)*PHI)

WAD4 w=PUTWDC2T/ (CC2T=5(25)%PHI)
WANRaWAQDR®RS{3TY/(S(3T)=5(26))
WAQLuWAQLWS{3TY/(S(3T7)~8(25))

WAOTu= [WAO3+WAQA A IITISPHIZ{S(3TI*PH]I=DC2T)
WAO9uWAQRRNEL3B/(CCAB+PHIR(S5{38)1=58(26) 1)

WALD=WAQ #NC3R/ (CCIB+PHINIS3R)=5(25)))
WALL=WAQ?#DC3B/ICCAB+S (3B #PHI-LC2T)

WAL2a={ WP OS+WADO+WACTIWDC3B/(DC3B+PHIN{S(38)~5(3T711)
WAL aWAUNKS (48D 048/ { (1.+D4B) M (5(48)~5(261))
WALG=WALCRS(48) %48/ { (1. +D4B)™(5(48)=-5(25)))
WALS=WALIWS (4B )RCABSPHI/ ((144D4BI*(5{4B)%PHI=0C27))
WALlG=WALP*S(4B8)*C4B/{(L++D4BI*(S(48)~5(3T7)))

WART s (WACY+WALO+WALL+WAL2)¥S5(4B1#D48%PH]
WIME={Lls4D4BIR(S(48IRPHL-DCIB-S(38)*PHI)

WALT sWAPF /WINE
WALB=eWALP*(B26,1)=R(49, 1))/ (PHI*(S5({49)1=5(261))
WALGmUWALZ®{R(25,1)=B(49, 1))/ (PHTI*(5{(49)=5(25)))
PA20=WALFR(DB(27,1)=R{49, [) )/ (S{49)%PHI~-0CC2T)
WARL=WALF*(B{37,1)=R{49,1)}/{PHI*(S(49)=-5(3T) 1))
WA22=WALTR{B(3B,I1)-B(49,1)1/(S{49}%PHI-NC38-5(38)#PHI)
WAZIA=(VALB+WALL+WALS+WALOG+WALTI*(B(48,[)~B149,1))
WA23AR=PHI#*([S(49)=~5048))

WAZ3I=WA27A/WA23R

C49RaWALF+WALI+WA20+WAZL1+WA22+WA23

C40=C49A+L480

CaoT(1,J)aCe9%AU28(J)*239./238.

NP=-237 CPNCENTRATION CALCULATION.

WAZS=WAQ X {R (26, 1)=B{37, 110/ {S(3T)=S{26))%PHT)
WARA=WAQe #(BI2S,1)-B{3T7,10¥/0(S(3T)=5(253))%PHI)

WA T=={WA03+WADLIR(BI(2T,11=B{3T 1))/ (S(3T)1%PHI~-DC2T}
CiT=WAZ254WA26+WAZT

CITT{I,+J)=sCAT*AU28B{JI*237,./238.

PU=-240 CCMCENTRATION CALCULATION.

C3=AZR*S(NBI®D4T/(SI40)*ALR(1.+D49})
Ca=C2%S(£9)4D49/ {S(40)=5{25) )% (La+D49))

CR=C3nS(f0}/{S(49)1%XAL=5040))+C4%{S5{40)=-5(29))/(S5(491%AL~S(40))

Ca0=CI+CL%B{ 25, [1+C5%BAL49 1) =(C3+CH¢C5I*B140, 1)



OO0

OO0

aNgNe]

2C-

94

Ca0T(1,J)=C40*AU28(J)*240./238.
PU-241 CrNCENTRATION CALCULATION.

C6=C3%5{40)/5(41)

CT=CamS{£01/15{411-5125))
CR=CS5%S{20)/{S(41)-5(49)%AL)
CO={CI+Cr+C5)*5{40)/(5{40)~514l})
Cal=CH+CTI*B(25, I 1+CBXBAL49, I)-{CH+CT+CB+CII*B (41,1
CalTil,y)=Cal*AU2B{JI*24]1./238

PU-242 CONCENTRATION CALCULATION.

BEN] =CH6%F o 366E=0L¥FLU(T)I*LeE 24+CT*(1l-B{25,1)1/5125)
RENZ2=C8%11.-BA(4G, 1)}/ (5149)%AL)

R=N=REN14BENZ
PIG=CO9%{]1e=~R{40,1))/7S5(40)~{COH+CTH+CB+CII*{1e~B(41,1)3/5141)
Ca2=D41%*S(41)*(BEN+PIG)/(1.+4D41)
Ca2T(1,J1=C42*AU28(J)}*242./238.

PU-238 CCNCENTRATION CALCULATION.

FP25=A25%(1e~Bt25,1))/11.+D25)
GENL=Cl*FLU(IY*1.E 24+C2*(1.-B{25,1))/5(25)
GIN2==(CY+C2)*{1-BA{4I,12)/15(49)%AL)
GE=N=GENL+GEN2

FP49=S(4°)*GEN/{1.+C49)

FP41=C42/D41

FP2B=(EPS=1a )% (VZ5%FP25+V49%FP4O+4V4L%#FP4L)/(V28~14)
C28=A2A0-FP28-C49-FP49-L40-C4l-C42-FP4]}
C28T{I,J)=LU28(J)%(C28

FLT{IM)=FLU(I)*1l.E 03

CONT INUE

RETURM

END
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Fig. A-5. "FULCYC" computer program flow sheet.
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Fig. A-6 (Continued)
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Fig. A-7 (Continued)
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Fig. A-8 (Continued)
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Write the
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Fig. A-10 (Continued)
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Fig. A-12 (Continued)

102

BU(I),FLT(I)
Fcc(I,1)



103

Burnup

Calculate
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Time

Fig. A-13 (Continued)



Fig. A-14 (Continued)
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ZM, ZN

DF (M)

DG (M)

WW > 100

—{u)
SUML(K)

DF(M)

Fig. A-15 {(Continued)



SUM(K)

170

L « 2,N1,2

SUM1(L)

Fig. A-16.

{Continued)
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Fig. A-18 (Continued)
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ABSTRACT

The uranium recovered from spent nuclear fuel can be recycled back to
the reactor again after being upgraded to the necessary enrichment.

The spent uranium can be recycled by either of two schemes. In scheme
one, recycled uranium is re-enriched by blending it with makeup feed natural
uranium having a high 235U concentration; in scheme two, the recycled uranium
is re-enriched through the cascade of a gaseous diffusion plant with natural
feed uranium. The calculations show that the blending scheme is more costly
than the re-enriching scheme. By re-enriching the spent uranium containing

236U through an enrichment cascade the cascade would subsequently be contami-

nated with 236U; however, in the calculations presented here no penalty is
assessed for cascade contamination. Re-enriching scheme costs less to recycle
and is favored over the blending scheme.

The calculations also reveal that the natural uranium feed nuclear fuel
cycles are less costly than either of the recycled spent uranium feed nuclear

fuel cycles. In other words, it is still cheaper to use natural uranium fuel

instead of recycling the spent uranium.



