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THE FUEL CYCLE ECONOMICS OF IMPROVED URANIUM UTILIZATION
IN LIGHT WATER REACTORS

ABSTRACT -

A simple fuel cycle cost model has been formulated, tested
satisfactorily (within better than 3% for a wide range of cases)
using a more elaborate computer program, and applied to evaluate
a variety of PWR fuel cycles and fuel management options, with an
emphasis on issues pertinent to the NASAP/INFCE efforts. The
uranium and thorium cycles were examined, lattice fuel-to-moderator
and burnup were varied, and once-through and recycle modes were
examined.

It was found that increasing core burnup was economically
advantageous, particularly if busbar or total system cost is
considered in lieu of fuel cycle cost only, for both once-through
and recycle modes, so long as the number of staggered core batches
is increased concurrently. When optimized under comparable ground
rules, the once~through fuel cycle 1is competitive with the recycle
option; differences are well within the rather large (+ 20%) one
sigma uncertainty estimated for the overall fuel cycle costs by
propagating uncertainties in input data. Optimization on mills/kwhre
and ore usage, tones/GWe,yr, are generally, but not universally,
compatible criteria.

To the extent evaluated, the thorium fuel cycle was not found
to be economically competitive. Cost-optimum thorium lattices were
found to be - drier than for current PWRs, while cost-optimum uranium
lattices are essentially those in use today. The cost margin of
zircaloy over stainless steel decreases as lattice pitch is decreased,
to the point where steel clad could be useful in very dry cores where
its superior properties might be advantageous.

Increasing the scarcity-related escalation rate of ore price, or
the absolute cost of ore, does not alter any of the major conclusions
although the prospects for thorium and recycle cores improve somewhat.
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CHAPTER 1

INTRODUCTION

1.1 Foreword

The recent activation of the Nonproliferation Altermative System
Assessment Program (NASAP) and International Nuclear Fuel Cycle
Evaluation (INFCE) efforts to re-assess the status of prospects for the
nuclear fuel cycle has highlighted the need for work in a number of
areas. The associated subtasks funded by DOE at MIT are concerned with
the system characterization of improved PWR core designs and fuel cycle
performance. Work to date, published in two topical reports (G-1)(¥-3),
has focused on improving ore utilization. The present report analyzes
the same designs and operational scenarios from the point of view of
fuel cycle economics.

Although a major object of the present work has been to analyze a
broad spectrum of options on a self-consistent basis, the primary emphasis
has been oﬁ aspects of contemporary interest: the once-through LWR fuel
cycle in particular. Similarly, while the thorium fuel cycle is also
examined, the uranium fuel cycle is emphasized. Finally, consideration is
concentrated on current-design PWR cores, and a limited number of improved
versions (chiefly tight pitch) and fuel management schemes (mainly increased
burnup and more core batches) on the basis that LWR's dominate the current
nuclear economy and 2/3 of all LWRs world wide are PWRs; moreover BWRs are
sufficiently similar that many of the conclusions will épply across the
board. Breeder reactors have been excluded on the basis that they can not
have a substantial impact on fuel utilization during the time span of
interest here, and in specific recognition of current U.S. policy to forego

reprocessing and breeder deployment for the foreseeable future.
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1.2 Background

The term ""fuel cycle" refers to all steps from the time when the fuel
is purchased as yellowcake through enrichment, and fabrication (which comprise
the so~called front-end) followed by irradiation and then the back -end
steps: storage and/or disposal for the once-through mode, or reprocessing
(and sale for re-use) for the recycling mode. Figure (1.1) shows the nuclear
fuel cycle for LWRs. Each step, and transportation between steps, must
be considered in determination of the fuel cycle contribution to the cost
of electricity.

Among the steps in the nuclear fuel cycle the purchase of yellowcake
(U308) and the enrichment cost have the greatest effect on nuclear fuel
cycle costs. TFor example, for a typical PWR, operating on the uranium
cycle, the purchase cost of the ore accounts for on the order of 507 of
the fuel cycle cost, and the enrichment cost is about 25% of the total.
Thus 75% of the nuclear fuel cycle cost is attributable to these two
components. Therefore, variation of the unit prices of ore and separative
work will have a dominant effect on the fuel cycle cost, and hence on both
the short and long-term strategy which will be selacted for fuel management
and fuel cycle development. However, the unit cost of separative work is
not expected to change significantly in the future (being a manufacturing
process, and in an area where rapid technological advances are being made),
whereas the price of ore has already risen .from 7 $/1b in 1971 to 42 $/1b
in 1978 and as higher grade ore becomes scarcer, is projectad to escalate
steadily ad infinitum (G~2), Thus decreasing the annual ore usage of a PWR
will in general also cause the fuel cycle cost to decrease significantly.
Therefore initial work at MIT focused on ore utilization rather than fuel

cycle cost.
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Garel (G-1) has shown, for example, that on the once-through fuel
cycle, the optimum PWR core has a fuel-to-moderator volume ratio close
to that of present designs, and Fujita (F-3) subsequently confirmed that
ore utilization was further improved by extending burnup and increasing the
number of staggered core batches. Work is currently underway by Correa
(C~2) on recycle -mode optimization, considering both thorium and uranium
fuel cycles. To properly interpret the results to date and to establish
meaningful objectives for future work it is essential that the connection
between ore consumption and mills/kwhre be carefully delineated, particularly
where conventional economics may work to the disadvantage of ore saving in
the short term. The work summarized in this report was undertaken to
establish the nature of this functional transformation between optimization

criteria: tons U308/GWe vr and mills/kwhre.

1.3 Purpose and Outline of the Present Work

A primary objective of the work reported here has been to analyze the
effect of fuel-to-moderator volume ratio and discharged burnup on the
fuel cycle cost of a representative PWR. Side~by-side comparisons of
once~through and recycle modes have been of major interest. Comparative
analysis of the uranium and thorium cycles has been a major parallel topic.
To achieve these goals a simple economic model has been formulated.
In keeping with these objectives, this report has been organized into
three main chapters.

Chapter 2 deals with the derivation of a simple economic model to
provide a tool for calculation of fuel cycle costs. As will be seen, the
simplicity of this model provides sufficient flexibility to permit an

analysis of the effect of all key parameters on the fuel cycle cost of a
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wide variety of fuel cycle scenarios in a convenient (and inexpensive)
manner. In this chapter the accuracy and precision of this model is
examined against the considerably more elaborate state-of-the-art program
MITCOST-II. The simplifying assumptions which constitute the ultimate
limits on the accuracy of this model are also identified in this chapter.
In Chapter 3 the effect of fuel-to-moderator volume ratio on fuel
cycle cost has been discussed, Two coupled systems, nameiy 235U/U:Pu/U

and 235 233

U(93%) /Th: "~~U/Th are studied and the once-through uranium fuel
cycle is also considered to provide a basis for comparative analysis.
Different ways of increasing ore price and their effect on the fuel cycle
cost of each coupled cycle (and especially their intercomparison) are
studied in this chapter. The indifference value of fissile material is
determined, and correlations for the unit price of fissile plutonium and
233U as a function of ore price, separative work cost and escalation rate
are developed. Finally, the relative advantages and disadvantages of these
coupled cycles are discussed in this chapter.

The effect of discharged burnup on fuel cycle cost is investigated
in Chapter 4. In this chapter we optimize the discharged burnup of the
uranium cycle for both once~through and recycling modes. The effect of
increasing the number of batches on the optimum discharged burnup is
also studied, and discussed. The impact of ore escalation rate is also
considered. It is shown that consideration of busbar and system costs of
electricity increases the optimum burnup over that calculated using only

fuel cycle costs. The relative economic merits of zircaloy and stainless

steel clad are also studied in this chapter.



19

The report concludes with a summary, conclusions and recommendations
in Chapter 3. Finally,several appendixes are included to summarize
details which digress from the body of the text, to compile data of

various types, and to docoment the SIMMOD program.



20

CHAPTER 2

A SIMPLE MODEL FOR FUEL CYCLE COST CALCULATION

2.1 Introduction

The objective of this chépter is to provide a simple tool for
calculation of levelized fuel cycle cost. Although there are sophisticated
computer codes for this purpose, such as GEM-III and MITCOST~II, a more
explicit model capable of showing the effect of various parameters, such
as discount rate, unit costs, escalation rates, etc., in a more transparent
manner was felt to be highly desirable. As a result, a simple model,
stripped to its essentials, but capable of precision adequate for planned
applications, was developed. In addition to the advantage of being analytically
compact, the computerized version of the simple model is much less expensive
to run than the more elegant codes, which is preferable in work of the
present type, where a large number of parametric studies are to be carried
out.

The accuracy of the simple model has been checked against MITCOST-II
over a wide range of all important variables, and their effect on the
discrepancies of the simple model have been identified and discussed.

In the derivation of the simple model it should be noted that fuel
expenses can be treated as a depreciable investment (as is customary in
the Upited States today) or as an expensed cost similar in kind to that of
other types of fuel such as coal or oil (a variation of interest here since
we wish to ascertain the effect, if any, on fuel management strategy). Thus,

in derivation of the simple model both approaches have been considered.
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2.2 Derivation of Simple Model
2.2.1 Fuel Cost as a Depreciable Investment

In this section we will consider the fuel cost as a depreciable
investment and find an expression for the levelized fuel cycle cost.
The derivation of this "Simple Model" starts from the point where all
expenditures (such as ore cost, fabrication cost, enrichment cost) are
balanced against revenue from the sale of electricity produced by each
batch of fuel during the life of a reactor. In the fuel recycling mode,
post-irradiation credit for ore or separative work will be considered as
negative expenses.

Consider the nth

batch of a reactor core consisting of a succession
of N identical steady-state batches. Figure 2.1 shows the cash flow
diagram for this batch.

In this figure

Expenses or credits which occur for batch n, such

"

Ci (i=1, m)

as purchase of U308’ fabrication cost, credit for Pu

£ (i=1, m) The time at which payment or credit for step i will
occur for batch n, with respect to the start of

irradiation of batch n; ti is negative if the cash
flow is before the start of irradiation of batch n,

and it is positive if it occurs after this reference

time.

This figure shows a close approximation to the actual diagram,
since revenue from the sale of electricity and the payment of taxes

should be considered as explicit periodic cash flows. 1In the Simple Model
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it is assumed that revenue and depreciation charges for each batch are
represented by single payments at the middle of the irradiation interwval.
The effect of this assumption on the levelized fuel cvcle cost will be
discussed later.

Figure 2.2 shows the cash flow diagram which has been considered in
derivation of the Simple Model. The origin of the time variable is assumed
to be the starting time of the irradiation of the first batch, which
coincides with the irradiation of the first equilibrium batch. Equilibrium
batches are defined as those batches which have equal in-core residence times
and equal charge and discharge enrichment. In actual practice, (m-1) batches
of an m-batch initial core are "odd lot" batches required to start up the
reactor, and only the mth batch and reload batches are, for all practical
purposes, equilibrium batches. The last (m~1) batches can also be
non-equilibrium if the end of reactor life is properly anticipated. 1In
derivation of the Simplie Model only equilibrium batches are considered.
Thus the starting time of irradiation of the first batch will always coincide
with the irradiation of the first equilibrium batch. With this definition
if, for example, we have a three-zone core and one year refueling intervals,
batch number three and its successive batches (except for the final two
batches) will each remain in the core for three years. Figure 2.3 illustrates
the above discussion: note that batches have been renumbered 1, 2, ... n
so that the batch indexrefers to position in the sequence of equilibrium
batches. Thus, if tc is defined as the intra-refueling intarval (time
between post-refueling startups), the start of irradiation of batch n occurs
at (n—l)tc, as shown in Figure 2.3.

It should be emphasized that in derivation of the Simple Model only

equilibrium batches have been considered and the effects of the other startup
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batches (and shutdown batches) have been ignored. The effect of the final

batches on the levelized fuel cycle cost are not important, since they

occur a long time after the start of irradiation of the first.batch and

the present worth factors weighting these batches are small. Although the

startup batches have a non-negligible effect on the levelized fuel cycle

cost (and as will be discussed later, give rise to the single largest

discrepancy in the simple model), the error is within acceptable limits.
With the above assumptions and conventions, the model can now be set up;-

Actording to the pseudo-cash-flow formulation of a present worth balance

(see Appendix A).

1 (/F, x,n) =1 - jgl {@a- T)Fj + TDj}(P/F, x, i) (2.1)
where

Io = Initial investment

x = Discount rate = (1 - T)fbrb + fsrS

T = Tax fraction

Hh
]

b Debt fractiom

rh
[}

Equity fraction =1 - fb

Rate of return to bond holders

=
]

rate of return to stock holders

La]
]

D, = Depreciation

F, = Before-tax cash flow in year j'

[ 2a]
[}

End of life salvage value

number of period
(P/F, %, t) = (1 + x)_t = 1/(F/P, x, t), the present worth factor
(using standard nomenclature - see any recent text in engineering

economics, for example Reference (D-1)).
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In derivation of the Simple Model it is assumed that in-core fuel
cvcle operation and maintenance costs are equal to zero. On this basis

by 1 Tt 9
L Fy@/F, % ) =TT I - T3 ) Dy (P/F, x, 1) (2.2)

i=1

i=1

Now consider batch n; the present worth of the initial investment, I;,

with respect to the start of irradiation of batch n is

I
I = izl M, C *(B/F, x, t,) (2.3)
where
Mi = Transaction quantity involved in the ith step
(e.g. kg SWU or HM)
CI = Unit price (e.g. $/Kg or $/1b) of the ith stap
(in then-current dollars)
L, = lag or lead time for step i
i=1, 2, 3, ... I.D. numbers of transactions

The summation is over all steps.
As mentioned before, the origin of the time coordinate (time=-zero)
is the start of irradiation of the first batch; and time (n-l)tc, marks
the start of irradiation of batch n. Thus, if Ci is the unit price of the
th

i™ step at time zero (time zero dollars) and Vs is the escalation rate for

this step, then

C? = Ci(F/P, Ty (n—l)tC + ti] (2.4)
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Therefore, the present worth of the initial investment, Io for batch n, with
respect to the origin of the time axis, and in terms of time-zero dollars, is
I
I, = iz_'l M.C [F/P, y;, (@ - e +t 1[B/F, x, (a =Dt +t;] (2.5
It was mentioned that depreciation for each batch was assumed to take
place in a single payment at the middle of the irradiation interval. Thus,

the depreciation for batch n is equal to

and its present worth value with respect to time zero is

I ,
. 3 )
izl M,C¥ [B/F, %, (0 - Dt _+ to/o]

where tr is irradiation time. In terms of time-zero dollars we can write

I
ID, = ) Mici[F/P’ y;, (@ - e, + ti][P/F’ x, (@~ De_+ t,
j .

(2.6)
J i=1

,]
The levelized fuel cycle cost for batch n, eg, is defined as that unit
price in mills/kwhre, which if charged uniformly during the residence time
of batch n in the core (Irradiation time) will provide revenues which will
just pay for all charges. Thus if we assume batch n produces E kwhre
electricity during its residence time in the core, then according
to the definition of eg, the revenue required from the sale of electricity
is egE, which will be credited at the middle of the irradiation interval.

Thus, the revenue for batch n in then-current dollars is



29

e* E
a
and its present worth with respect to the origin of the time axis is

SJE(P/F, x, (a-l)t, + t ]

In terms of time-zero dollars we have

? Fj = enE[P/F, z, (n—l)tc + tr/z][F/P, Vs (n-l)tC + tr/2] Q2.7
where Ve is the escalation rate for the price of electricity (as allowed
for example, by the cognizant regulatory body).

If Equatioms (2.5), (2.6) and (2.7) are substituted into Equation

(2.2), one obtains for batch n:

1000 enE[F/P, Yoo (n—l)tc + tr/Z][P/F, x, (n—l)tc + tr/Z]

1

I
——3 izl M.C, [F/?, y;, (@=Lt + £ ]1[P/F, x, (a-1)c_ + t,]

I
1
- = 121 M,C,[F/B, v, (a-L)t_ + & 1[B/F, x, (a-L)t_ +t_,,] (2.8)

Now define an overall levelized fuel cycle cost, e, as that unit
price in (time-zero) mills kwhre which if charged uniformly during the whole
life of the reactor will provide enough revenue to exactly compensate for

all fuel cycle expenses. Thus, we can write

N

izl 1000 E e [F/?, v, (n-L)t_ + ¢t ,][F/F, x, (8-t + ¢t /]
N
iﬁl 1000 E eo[F/P, y;(n—l)tc + ct/Z][P/F, X, (n-l)tC + tr/2]

(2.9
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where N is the total number of equilibrium batches irradiated during the

entire life of the reactor. Equation (2.9) can be written

N
1000 e_ nzl E[F/P, v, (a-D)t_ +t_,][B/F, x, (a-Dt_+t ]
1 N I
=17 ) Z M C,[F/P, y,, (a-1)t_+ t 1[P/F, x, (n-1)t_ + t,]
n=1 i=1
1 N I
- Z z M,C [F/P, y,, (@bt  + t }[P/F, x, (a-1)t_ +t ]
n=1 i=1
The present worth factor (P/F, X, t) can be decomposed as
follows:
G/F, x, T+t) 2 A+x (T 2 0+ Ta+ 0"
= (P/F, x, T)(P/F, x, t)
and similarly
- 1 _
(F/P, x, T+ t) = (P/F, x5, T+¢t) = (F/P, X, T)(F/P’ X, t)
Thus, Equation (2-10) can be summed over i to yield,
N o
1000 e E(F/P,y .t /) (P/F,x,trn)nzl[F/P,ye, (a-1)t I[P/F,x;(2-1)t ]
I T 1 N

1 N
- = IMe {(F/r,yi,ci) LERIAR

151 _l[F/P,Yi,(n-l)tc][P/F,x,(n-l)tc]}

(2.11)
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The right hand side of Equation (2.11) can be written as

I ¢ (P/F,x,ti) .

1 Mici{ 1o - ®/F e ) 1F/R,y )

i=1
N
) [F/P,Y ,(n-l)t 1(P/F,x,(n=-1)t ]} (2.12)
n=1 -

Solving Equation (2.11) for e,

o 1000 E 1=1 i7il ‘l-tT (P/F,x,trlz) 1-T (F/P,yi,tr/z)

N
nél[F/P’yi’(“‘l>tc][P’F’x’<“'1>tc]
N } (2.13)

I [P/F,x, (a-1)t_][F/P,y_, (n-1)¢ ]
n=1

Define the collective parameters:

r(P/F X,t.)
]_(P/F x,t /2):1 [l—'t) tl-rJ (2.14)
and Z [F/P,y,,(a=1)t_1[B/F,x, (a-1)¢ ] _
G =r(F/P,Y ,t )_;J_‘n=l (2 15)
i -L(F/P:ye:t /2> i N .
g L [B/F,x,(a=1)¢ 1[F/P,y, (a~1)t ]
n=1

Using these definitioms in Equation (2.13), there results:

I
mills 1 C.F.C.

¢ 1 = 1000 = izl“i 1F4C6 (2.16)
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which is the final form of the Simple Model for the life time levelized
fuel cycle cost in time-zero dollars. At this point it will be convenient
and productive to simplify the Gi factor. First of all the summation in

the numerator of G, (Equation (2.15)) can be written as,

N
nzl[F/P’yi’(n—l)tc][P/F’X’(n-l)tc]

N 1+ yi)(n_l)tc N 1+ ¥y €, n-1

= = ] =D
n=1 (1 + x)(n‘l)tc n=1 1+x

This summation is a geometric series with initial value of 1 and
1+y,

common ratio of (l T xl)tc, thus
1+ vy Ntc
N - G3x)
—z- [F/Psyi’ (n-l)tc] [P/F,x,(n—l)tc] = 1+ v, t
n=1 1-¢ 1) c
1l +x
[P/styNt ]
1 - c
(B/F,y,,Nt ]
(P/F,x,t )
1] = —-C_
Similarly
[P/F,x,Nt ]
1 - <
N [P/F,ye, Ntc}
I [F/2,7,, (=D 1[R/F,x, (Dt ] =~y
n=1 1 - c
(P/F,ye,tc)
Therefore
[ IB/RxNe ] [T (R/Fxe) |
i1~ 1 -
. _BIEy st y) { (B/F,y,,Nt ] g (P/F,y,-t.) g (.17
1 TG,y t) | [B/F,x,Nc ] . (B/F,x,t) | ‘
‘ ‘1 - 1 = e
L_ [P/F,ye,Ntc]_ - (P/F,yi,tc)_i
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To simplify che'Gi factor, we define

7 = (2.18)
Thus, with this definition one can write

(p/F,y,N)(®/F,Z2,N) = (P/F,x,N)
Using the concept of uniform series present worth factor, namely

N
(e/a,i,y) = 22D -1 (2.19)

i1+ Y

then the present worth factor,in terms of the uniform series present worth

factor,can be written:

(p/F,x,N) = 1 - 1(P/A,x,N) (2.20)
with this definition

(¢/F,x,N)/(P/F,y,N) = (P/F,Z,N) = 1 - Z(P/A,Z,N) (2.21)

using Equation (2.21) in Equation (2.17)

—~ 1 Iy -1
L ey ) TRz ) TR A2 )
i tfP/F,yi,ti) !%(P/A,Ze,Ntc) L(P/A,Zi,tc)

~

(2.22)

A similar expression Zor tie Gi factor has been found by Stauffer et. al.

(s-4)
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Note that when y = Vo = 0 (no escalation) from Equation (2.17), Gi = 1 and

Equation (2.16) simplifies to

I
1
®o = 1000 E iEIMiCiFi (2.23)

Thus Gi may be identified as a "composite escalation factor".
Also when x = 0, from Equation (2.14) it can be seen that Fi = 1.
Thus, Fi may be identified as a "composite discounting factor" and as

can be seen from its definition, it is independent of N. Finally, when

Gi = (P/F’y,trlz = ti) (2.24)

Equation (2.16) together with Equations (2.14) and (2.17) or (2.22)
provides a simple set of prescriptions for calculation of overall levelized
fuel cycle costs. Although Equation (2.17) can be evaluated without
recourse to a large computer, for a large number of steps (I), or when
dealing with many cases,the use of a digital computer will prove extremely
convenient. Therefore a program has been written to find e s using the
above equations. This program, SIMMOD, is described in Appendix B.

Although the preceding derivation has been somewhat tedious, the end

results are of particular use in that they show in
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straight-forward fashion. the linear varia;ion of e, with Mi, Ci’ Fi and Gi -
an analytic result of great use in parametric semsitivity studies, linear
programming analvsis and many other subsequent analytic manipulations.

The quantity E appearing in Equation (2.16) is defined to be the
total electrical energy produced by each identical equilibrium batch
during its residence time in the core. This parameter can be writtem as

E(KWhre) = 8766 °* 103 nLH t. (2.25)

where

Efficiency of unit, MWe/MWth

3
]

L = capacity factor
H = reactor thermal power rating (MWth)
L. = intra-refueling interval (years)

Here L is defined as the total emergy which has been produced
during time tc’ divided by the maximum energy which could have been
produced during this time. Thus the refueling down time causes 3
reduction in the capacity factor. If we define the "availability-based
capacity” factor, L', the ratio of total emergy which has been producead
during time tc to the maximum energy available during normal operationm,
‘Equation (2.25) can be written

3

E(kwhre) = 8766 - 10" n L' H (tc - (2.26)

*r.p.’
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where ER.D is refueling down time ( in years ). Therefore L and L'

can be related as

t
L= —2>5 (2.27)

Also, E can be written in terms of discharge burnup and heavy metal charged,

E(kwhre) = 24 * 10°

nBM (2.28)
where
B = burnup (MWD/MTHM)

M = heavy metal charged to the reactor in a steady state batch

(metric ‘ton./batch)

2.2.2 Fuel Cost as an Expensed Cost

In the previous section we considered the fuel as a depreciable
investment. Now we will consider it as an operation and maintenance cost
as is the case for other kinds of fuel such as coal or oil. Revenue
from the sale of electricity is again balanced against expenses. Note
that in this case we will assume that the only source of '"revenue" is
from sale of electricity, and back-~end credits such as those for ore or
separative work will be considered as "negative expenses'.

Therefore the present worth of revenue with respect to the origin
of the time coordinate in the previous section should be equal to the

present worth of all expenses. On this basis we can write
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N
/ ) v < [ il - -
lQOOeoE(F/P,ye,tr/z)(?,F,x,tr/z)nil[(&/P,Je,(n l)tc)(P/r,x,(n l)‘c>]
Y oI
= i .E [MiCi(r/P,yi,ti)(P/F,x,ti)(F/P,yi,(n-l)tc)(P/F,x,(n—l)tc]

(2.29)
In derivation of Equation (2.29) all prior assumptions introduced
in Section 2.2.1, have been retained and re-employed. Solving Equation (2,29)
for e, and with mathematical maniuplations paralleling those of the

preceding section, there results:

el o [EERE SRy o
o 1000 E 2,71 i{(R/F,x,t_0)  ((F/B,y_,t o),
ﬁ (F/2,7,. (=Dt 1[B/F,x, (a-L) eIl
L%[F/P ,Yi,(n‘l)tcl [P/F’x9 (n_l)tc]—[ (2-30)
Define
(P/F,x,tc)
Py (B/F,x,t_5) (2.31)

The same definition for Gi as given by Equation (2.17) again applies;

one can then write

I
1
%5 = 1000 E iglMiCiPiGi (2.32)

which is the version of the Simple Model applicable if we consider fuel
expenses as operating costs. Comparison of Equations (2.32) and (2.14) shows
that Pi is merely Fi with T set equal to zero: but note that the effect

of T will remain due to its involvement in the discount rate (x).
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2.3 Computer Codes for Fuel Cycle Cost

2.3.1 MITCOST-II

MTICOST-II (C-1) is based upon Vondy's modified discount factor
approach fV—l), (S-1), using present worth techniques to evaluate the
levelized fuel cycle cost as revenue requirement per batch and per period,
and the overall levelized fuel cycle cost and overall revenue requirement.
This code can use four different types of depreciation methods, namely:
energy depreciation, straight line depreciation, sum-of-the-years-digits
depreciation and double declining balance depreciation. Four different
type of taxes: federal income tax, state income tax, state gross revenue
taxes, and local property taxes, have been considered in this code.

The number of tax payment periods and the number of billing (revenue)
periods per year can be taken from the set of 1, 2, 3, 4, 6, 12, and

tax payments can occur at times which differ from those at which billing
occurs.

Energy generation for each batch of fuel must.be provided as input by
introducing two of 6 parameters which include burnup, electrical or
thermal energy, availability-based capacity factor, length of irradiation
and time at which irradiation begins. Charged and discharged masses must
also be specified for each batch. The other important parameters which
must be given as input data are: 1lag times or lead times and umit prices
for each transaction and economic and financial parameters, such as tax
rate, stock and bond rate of return. Output results include: energy history,
mass flow, levelized fuel cycle cost and revenue requirement for each
batch and/or each period,overall levelized fuel cycle cost and overall revenue

requirement, and, if desired, a cash flow tabulation.
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It should be noted that MITCOST-II has been written for the recycle
mode, and thus back end credits for ore and separative work are calculated
by the code and employed in the determination of levelized fuel cycle cost
and other economic indices. It was necessary, therefore to make some minor
modifications to the code to allow it to handle the once-through or
throwaway mode. This modification is discussed in Appendix C. It should
be noted that the escalation rate of each step in fuel cycle can be
introduced as an input data to the code. However, the price of electricity

can not be escalated in this code. This can be done in SIMMOD.
2.3.2 GEM

The GEM (H-1) code also uses the Vondy's approach, this time combined
with continuous discounting to calculate levelized fuel cycle cost.

This code uses only the energy depreciation method (unit-of-production
depreciation) and has provisions only for accommodating federal income

taxes (or a combined equivalent federal and state income tax); no property
taxes have been considered. Similar to MITCOST-II, GEM is designed to
predict fuel cycle cost for any type of nuclear system (LWR HTGR, LMFBR...)
Inventory charges and depreciation are assumed to occur at a discrete point
in time, but revenue from the sale of electricity has been assumed to be
continuous.

The input data are quite similar to MITCOST-II. The output results
are the economic analysis of a batch in three forms, namely, cash flow,
allocated costs and yearly cash flow. The cash flow analysis divides batch
life into three different periods, which are pre-irradiation time, irradiation
time and post-irradiation time, and for each period the levelized cash flow

for major transactions is printed out. The total levelized cash flow yields
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the levelized fuel cycle cost in cents/Btu and/or cents/kwhr. In the
allocated cost analysis, all major costs are divided into two parts:
expensed costs and inventory costs. Again the éotal of expenses and
inventory costs for all steps will give us the overall levelized fuel
cost. The yearly cash flow analysis gives the cash flow occuring during
each year the batch is in existence for major fuel cycle transactioms.

The newest version of GEM, GEM-III, also performs a sensitivity analysis.
2.3.3 A Comparison of MITCOST with GEM

A comparison between MITCOST and GEM has been done by Brehm and
Spriggs (B-1l) for a one batch LWR fuel cycle case with uranium and plutonium
recycle. Their results are shown in Table(2.1l),and as can be seen, there
is good agreement (within 0.13%) between the most recent versions of
these codes. Therefore either one of these codes could be used as a proven
method to validate the Simple Model. Since MITCOST-II was available and
operational at MIT, and a certain amount of in-house experience with its
use had been accumulated over the past several years, MITCOST-II was
selected as the reference program.

Other important codes for economic analysis of fuel cycle cost are:
GACOST' (A-1) which is modernized version of PWCOST (L-1), CINCAS(F-1) which
has some similarity to GEM, CINCAS-II, which is another name for the newest
version of GEM, namely GEM-III, REFCO or POW76 (S-2), NUS FUELCOST 1A (K-1)

All deal with the same input parameters in much the same
fashion if consistently applied, and therefore we will do no more than

call attention to their existence here, in the interest of completeness.
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A NUMERICAL CCMPARISON OF RESULTS BETWEEN THE

ORIGINAL AND MODIFIED VERSICNS COF GEM AND MITCOST*
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Criginal Modified Original Modified
MITCOST MITCOST GEM GEM
Batch Levelized Cost
(mills/kwhe) 5.3223 5.3524 5.3402 5.3458
Non-time-valued Costs
(106 3)
Uranium Ore 7.3483 7.3377 7.3483
|
?Fabrication 2.5520
; .
Uranium Credit 1.7339 1.6429 1.6480 1.6511
Plutonium Credit 2.5491
Shipping .4983 L4917
Reprocessing 2.9900 2.9503
Total Discounted Energy 5
(109 kwhe) 2.3271 2.3351
to53t sy ecounsed Cost 1.2386 1.2456 1.2470 1.2483

*Reported in Reference (X~1l) for a one-batch LWR fuel cycle
Uranium and Plutonium recycle mode

for the
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2.4 Comparison of Simple Model with MITCOST-II

2.4.1 Base Case Study

In this section a reactor system is chosen and its fuel cycle cost
is calculated with the Simple Model and with MITCOST-II, and then the
results are compared to demonstrate the validity of the Simple Model.
The system which was selected for this purpose is system~80TM, which is a
typical 3-batch PWR, designed by Combustion Engineering, (however, it
should be noted that the results and the validity of the conclusions are
not sensitive to the specific LWR design chosen). Table (2.2), shows the
fuel cycle characteristics of the system SOTM ?WR (F~2). The data given
in Table (2.2) are for steady state batches. Mass and burnup parameters for
nonequilibrium batches are given in Table (2-3) (P-1). On the basis of
information given in Tables (2-2) and (2-3) the quantity of each fuel
cycle transaction has been calculated and listed in Table (2-4) for steady
state batches. Also shown in this table are the other parameters necessary
for calculation of fuel cycle cost. The unit prices are the same as those
used by C.E. (S-3) for a recent economic study. Using the data given in

the table, the levelized fuel cycle cost is,
;o(Simple Model) = 5.717 mills/kwhre
EO(MITCOST—II) = 5.865 mills/kwhre

The Simple Model differs from MITCOST~II by

(e -e ) + e = - 2.52%
Oy OMITCOST SMITCOST

which is acceptable for the purpose of the current study.
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CHARACTERISTICS OF A REPRESENTATIVE PWR*

Number of fuel assemblies

Number of fuel rods

Core equivalent diameter

Active fuel length

Total core heat output

Average linear heat rate

Primary system pressure

Core inlet temperature

Core outlet temperature

Average full power moderator temperature

Fuel management

Average cycle burnup

Average reload enrichment

Discharge exposure

Capacity factor

Fissile residual in discharged fuel
total fissile (w/o)
U-235 (w/o)

fissile Pu (w/o

*CE's system BOTM (F=2)

241

56,876

143 in. (363.2 cm)

150 in. (381.0 cm)

3800 Mw

5.34 kw/ft (175.8 w/cm)
2250 psi (15513.2 Kpa)
565 °F (569.3 °K)

621 °F (600.4 °K)

549 °F (585.4 °X)

3 batches, mixed central zone
101,20 MWD/MTHM

3.07

30636 MWD/MTHM

75%

1.55
0.86

0.69
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TABLE 2-4

BASE CASE FUEL CYCLE TRANSACTIONS
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Transaction Lead or Lag Time*(yr)  Unit Cost Quantitv
Pay for U,0g -1.0467 35 $/1b 5.005 x 10° 1b
Pay for conversion 5
or for UF -0.5417 4.0 $/kg 1.9155 x 10° kg
Pay for separative#* 5
work -0.5417 85 §/SWU  1.5211 x 10 kg SWU
Pay for fabrication ~-0.2083 101.0 $/kg 3.3764 x 104 kg
Pay for shipping fuel 4
to reprocessing 0.5 15.0 $/kg 3.3764 x 10 kg
Pay for reprocessing 0.75 150.0 $/kg 3.3764 x lO4 kg
Pay for waste disposal 0.75 100.0 $/kg 3.3764 x lO4 kg
Credit for U,0, 1 -35  $/1b  1.1246 x 10° 1b U 0,
Credit for conversion 4
or for UF 1 - 4.0 $/kg 3.3764 x 10 kg
Credit for separative ‘ 3
work 1 -85 $/kg 5.896 x 10~ kg SWU
Credit for Pu 1 -27140 $/kg 230.0 kg
ENERGY HISTORY
E = 8.41462 x lO4 kwhre
H = 3800 MWth
N = 30 Batches
n = 0.342, MWe/MWTH
t = 0,125 (vr), refueling downtime

R.D.



TABLE 2-4

(continued)

rt
(]

0.9849 yrs.

c
tg = 2.8297 yrs.
L=20.75

L' = 0.8599

ECONCMIC PARAMETERS

T = 50%
fb = 0.5
£f =0.5
s
Ty = 8%
r = 147
s
t*x = 9%

= = 0.0
yi Ye

*%*%*Billing periods per year = 12

***Tax periods per year = 4

*Lag times are given with respect to the time at which the
batch was discharged, i.e. they must be incremented by the
irradiation interval (tR = 2.9547 yrs.) in fuel cycle cost
calculations.

**Tails assay enrichment is assumed to be 0.27 (w/o)

*%%*0nly for use in MITCOST-II

+% 3 = -
T* x.= (1 T)fbrb+ fsrs

46
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2.4.,2 Parametric Variations and Sensitivity Analysis

In this section the parameters whose effect on the levelized fuel
cycle cost are most pronounced are varied, and thus their effect on
the discrepancy between MITCOST-II and the Simple Model is studied. The
most important parameter is ore cost, since on the order of 50% of the
fuel cost for a LWR is attributable to the purchase of yellowcake.
Equation (2-16) shows that if all other parameters are held comstant, e >
the overall levelized fuel cycle cost, is a linear function of ore price

(c This fact is shown in Figure (2.4j, accompanied by the results

).
U30q

from MITCOST-1I calculations. As can be seen from this figure the
linearity of Eo with CU 0 is also confirmed by the MITCOST-II results.

378

Also from this figure, note that for the highest price of U O8 considered

3
(90 $/1b) the discrepancy between the Simple Model and MITCOST-II is less
than -3%.

Table 2.5 shows the overall levelized fuel cycle cost when all
parameters are the same as for the base case with the exception of the
varied parameter specified in the table. From this table it can be seen
that the error in the Simple Model is less than =-3% (with the exception of
T = 0, where it is slightly larger). Moreover the model is consistently
biased . The important variable of ore cost escalation rate has also
been studied: values up to 6% per year were examined for base-case
economics. The results are indicated in Table 2-6.

These results show that there is good agreement between the Simple
Model and MITCOST-~II. The difference between models is almost always less
than -37%,averaging approximately -27%, more than adequate for present purposes.

Furthermore, the differences are readily explained as consequences of the
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TABLE 2-6

EVALUATION OF THE EFFECT OF ORE ESCALATION RATE

Escalation Rate eo eo
% per year MITCOST-II Simple Model % Difference*
2% 6.253 6.165 - 1.4.%
47 6.763 6.758 - 0.07%
67% 7.442 ’ 7.551 + 1.45%

~

e - e
* % Difference =|—>: °MITCOST
| Sarcost

* 100
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additional simplifying assumptions in the Simple Model, as explained
in the next section.

It should be noted that the discrepancy between these two models
increases as the discount rate is increased. However, even for high

discount rate (14%Z) the discrepancy is less than -3% (see Table 2-5).

2.5 Analysis of Approximations

2.5.1 Effect of Startup Batches

To assess the effect of startup batches on the difference between
the Simple Model and MITCOST-II, a general approach will be introduced
for a reactor system consisting of M startup batches and N equilibrium
batches. For each of the M-1 startup batches, the Simple Model,
Equation (2-16), is considered for the case when N=1 (a single batch)
to calculate the levelized fuel cycle cost. Note that for each startup batch
the electrical energy produced, the irradiation time and lag times are

different, and thus Fi and G, change for each startup batch. The levelized

i
fuel cycle cost for the jth batch of the M startup batches can be written

from Equation (2-16) by using N=1, thus;

I
M
e = I 121 MiCiF;36ys (2.33)
Where;

h

j=1,2, 3, «cieesy M1 (since the M™® batch is an equilibrium

batch and is considered in N)
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(P/F,x,trj + Ti)

1 T
F,. = - (2.34)
ij  1-t (P/F,x,trjlz) 1-T
G - (P/F’ye’trj/z) (2 35)
ij (P/F,yi,trj + Ti)
tj =it -ty 5 (2.36)
Ti = Absolute lead or lag time (Note that Ti is equal to ti’
defined previously for front-end transactions and it is
equal to £y + . for back and transactions)
Other parameters have the same definitions as before.
According to the definition of overall levelized fuel cycle cost
(including startup batches), one can write
Ee 2Ee jEe
1 2 i M-1
—_—=t —+ ... cae =
- _ M M -+ + M * + M Eem+ es.s.E(P/A’x’Ntc)
%~ E , 2E iE M-l (2.37)
E+_ﬁ-+”'+M +"-+TE+E(P/A’X9,N‘:C)

In Equation (2-37), e s is the overall levelized fuel cycle cost for
N equilibrium batches (steady-state batches) which can be calculated,
using Equation (2-16), and (P/A,x”NtJis the uniform series present worth

factor, which has been defined as

(1 + X)Ntc
x(1 + X)Nt.c

(P/A,X,N€?= (2.38)
Equation (2.3%7) is approximate since we have assumed all revenues and
expenses occur at time zero for all startup batches and at the end of

year N for all steady state batches.



Equation (2-37) can be simplified to yield

1 I’I§l
— s + s y N
M o« ] ej e S.S.(P/A’X’Vtc>

e = 4=l — (2.39)
5 (R/a,x,Ne)

Equation (2.39) with the aid of Equation (2.16) give the overall
levelized fuel cycle cost including the. effect of startup batches.

For a three batch reactor Equation (2.39) reduces to

1 2
= = N
_ 3o tFeyte,  , (B/AxNE)

0 1+ (P/A,x,N€)

(2.40)

To evaluate the effect of startup batches, Equation (2.40) was used
for the base-case problem previously defined, With the data given in
Table (2-3) and (2-4) and.by employing Equation (2.33) for the first

and second startup batches, one obtains:

e, = 8.166 mills/kwhre

e, = 6.04 mills/kwhre

then, by using Equation (2.40) the overall levelized fuel cycle cost is

Eo = 5,808 mills/kwhre

where ;s 5, Was given in Section (2.4.1) as 5.717 mills/kwhre and
(P/A,x,Nngas calculated to be 10.2736 using Equation (2-38) with
data from Table (2-4). Compare this result with Eo from MITCOST-II

which is

Ec(nxrcosw-zz) = 5.865 mills/kwhre



. 54

The difference between the startup batch corrected Simple Model and
MITCOST-II is -0.9%,which is a factor of three smaller than the
discrepancy if the two startup batches are ignored. Thus this analysis
indicates that about 2/3 of the discrepancy between the Simple Model and
MITCOST-II is due to the negléct of startup batches.

An indirect indication of the effect of startup batches can be
obtained by analysis of a batch-loaded reactor (where all batches can be
considered as equilibrium batches, and there are no "startup" batches).
For this purpose a batch-loaded PWR studied in Ref. (R-1l) was selected
and the overall levelized fuel cycle cost was determined using Equation (2-16).
The specifications of this batch-loaded reactor are given in Table (2-7).
Unit prices and lag or lead times are the same as for the base-case (Table (2-4)).
Table (2-3) shows the quantities per transaction. Using the above information

and Equation (2.16), the overall levelized fuel cycle cost was found to be:

20(31mp1e Model) = 17.190 mills/kwhre
and from MITCOST-II

EO(MITCOST—II) = 17.044 mills/kwhre

The difference is + 0.85%, which again suggests that about 2/3 of the
discrepancy is due to the startup batches, in view of the fact that a
consistant discrepancy of roughly =27 was found in all of the prior

parametric studies on three-~batch cores.
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CHARACTERISTICS OF 250 MWth, BATCH-LOADED PWR

Mass Charge and Discharged

Heavy metal charged
Heavy metal discharged

2
35)

Initial enrichment (w/o of U
Final enrichment of U235 (w/0)

Fissile Pu Discharged

Energy Historvy

Discharge burnup
Heat rate
Efficiency of unit

Capacity factor

Fuel Management Parameters

1 batch reactor
Equilibrium batches
Irradiation time

Refueling down time

Economic Parameters

Discount rate

All escalation rates

9703.3 kg
9351 kg
4,597
2.30

69 kg

25516 MWD/MT
250 Mwth
0.24 MWe/MWth

0.6

5
4,595 yrs

1 month
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TABLE 2.8

TRANSACTION QUANTITIES FOR BATCH LOADED PWR

TRANSACTION Quantity
Purchase of U398 220,379.0 1b
Conversion to UF6 84,337.3 kg
Separative work* 77,573.7 kg SWU
Fabrication 97,033.0 kg
Fuel shipped to reprocessing 93,510.0 kg
Waste disposal 93,510.0 kg
Credit for U308, 100,487.4 1b U,0,4
Credit for separative work* : 26,402.0 kg SWU
Credit for fissile Pu - 69.0 kg

*tails assay enrichment was assumed to be 0.2% (w/o)
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2.5.2 Effect of Shutdown Batches

As menticned before, the shutdown batches should have a small
effect on the overall levelized fuel cycle cost. To confirm this assertion,
m shutdown batches will be considered, of which the first is considered
an equilibrium batch and m~1 are nonequilibrium batches, for which
individual levelized fuel cycle costs can be calculated using Equation (2.33).
Using the definition of overall levelized fuel cycle cost, and also
considering M startup batches, as discussed in section 2.5.1, then omne
can write (see Equation(2.41)on next page).

In a more compact form:

m-1 '
% .z 3ley + (B/F,x, (N +m -3 -Detdeg o1+ e o (P/A,x,Nt )
;o - =i m=-1
P%l- + (P/A,X,Ntc'i'% z j(P/F,X, N+a-3- l)tc)
i=1
(2.42)

Since we can assume that

ej = eN +m - j

(the jth batch among the startup batches is similar to the (N + m - j)th

batch of the shutdown batches) then

m-1
jle[l +P/Fx, (N =m =3 - De)dley + e o (B/Ax,Ne)

Y
m

So T 1. 1%t
= 3 } jCP/F,x,(N+m -] - De) + (P/4, x,Nt )
! (2.4%)
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For a three-batchreactor from Equation (2.43)

W |

[1+ (3/F,x, (1)t e, + 2 [1 + P/F,x,Mt Je. + (®/4,%,5¢ ]
c 1 3 c’ 2 ¢

°s.s.
L+ (@/a,x% +3 (B/Fx, (WD) + 5 (B/F,x,3¢ )

(2.44)
For the base case, using the data from Table(2-4)and other information

as siven in Section 2.5.1, one can obtain:
e = 5.8092
o

If this result is compared with the overall levelized fuel cycle
cost given in Section 2.5.1 where only startup batches were considered
(5.808) then it can be concluded that the shutdown batches have a very
small effect on overall levelized fuel cycle cost. We are therefore
fully justified in ignoring them. Furthermore there is alsoc the option
of using steady state batches throughout, and employing the partially-

burned end-of-reactor life batches to start up a replacement reactor.
2.5.3 Effect of Using a Single Cash Flow for Revenue and Depreciation

To reveal the effect of using a single cash flow, in which the revenue
and depreciation charges occur at the middle of the irradiation period,
we can instead assume that they occur continuously during the time of

irradiation. For this case, Equation (2-10) can be written as:
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2

1000 eOE (F/Z,ye,tr) (F/P ,yea (n-l) tC) (P/*st’tr) (P/F,X, (n—l) tC)

Il 0~

L
n=1 t2
T

N I
1
= nZl 1-1 iZl M,C [F/P,y,, (=Dt + € 1[B/F,x,(n-1)t _ + t.]

H

N

T 1 <

- nzl = L ;;-Mici[F/P,yi,(n-l)tc +t,1 [B/F,x,(a-Dt _J1(P/A,x,t)
(2.45)

with some manipulation one can express the results in the form of the

Simple Model expression;

3 I
1
e = To60 & L. MiCiFeiCes (2.46)
o i=1
where for this case
i 1T 1 < 1-T )
¢ T (B/E,x,t )

(F/P’Ye’tr/ziw

G ., = G, (2.48)
ci 1 - i
t CF/A’ye’tIZJ
T
- xt r Xt
(B/A,x,t) = (e " -1/xe * (2.49)
vy t

(F/Ey_,t) = (57 - D/y, (2.50)
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Using the data given in Table (2-4) for the base-case, the overall

levelized fuel cycle cost from Equation (2.46) is

eo(S.M.) = 5.7425

whereas from MITCOST-II:

eo(MITCOST—II) = 5.865

and thus

eo(S.M.) - eo(MITCOST—II)
eo(MITCOST-II)

x 100 = -2 %

which is only slightly smaller than before. Thus it can be said that the
effect of the simple cash flow approximation is small, amounting perhaps

to about 1/5 of the overall discrepancy. It was shown in a previous section
that 2/3 of the discrepancy between the Simple Model and MITCOST-II is

due to the neglect of startup batches. The remainder of the discrepancy
between these two models can be attributed to the greater detail in
MITCOST-II (and corresponding simplifying assumptions in the Simple Model)
such as using different periods for billing and tax payments. Since the
combined effect of all of these simplifications contributes but a small
fraction of the discrepancy (“2/15 of 3%) between these two models, no

further analysis of approximations and differences was considered necessary.
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2.6 Summary and Conclusions

In this chapter a simple and accurate model was developed for the
calculation of overall levelized fuel cycle cost. Two major assumptioms
employed in the derivation of this Simple Model are: only equilibrium
batches (defined in Section (2.2.1)) were considered, and revenue and
depreciation charges were assumed to occur at the mid point of the irradiation
period. On the basis of these assumptions the Simple Model was found

to take the form:

1
. o1
e, (mills/kwhre) = Too5— 121 M,C,F.C, (2.16)
where
O ithlisae I(-l-—) - (2.14)
i .fP/F’x’tr/z)_L 1-1 -T

(P/F,ye,trlzi[ (P/A,zi,mc')'[ FP/A,Ze,tc:‘I
i (P/F,yi,ti)_'l (P/A,Ze,Ntczl EP/A,zi,tcz[

(2.22)

@
it

Z= (x~y)/(1 +7y) (2.18)

This modél was checked against MITCOST-II and the discrepancy was
shown to be less than 37 in the range of interest for all key independent
valuables. The results were consistently biased on the low side: hence
differences are quite accurately reproduced. The analysis of the
approximations revealed that two—tﬁirds of the discrepancy is due to the

omission of startup batches in the Simple Model. To obtain a more accurate
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result one can use Equation (2.39) to analyze the startup batches, and
thereby decrease the discrepancy. Using continuous discounting for

revenue and depreciation instead of one cash flow at the middle of the
irradiation period showed that on the order of ome-fifth of the

discrepancy between MITCOST-II and the Simplg Model is due to this

single cash flow approximation. Table (2-9) shows the ovefall levelized

fuel cycle cost for the base case, described in Table (2-4), using MITCOST-II
and different versions of the Simple Model. We conclude that the accuracy
of the Simple Model has been confirmed by MITCOST-II. As a result this
model can now be employed for determination of overall levelized fuel

cycle costs, as will be done in the remainder of this report.
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CHAPTER 3
ECONOMIC ANALYSIS OF COUPLED FUEL CYCLES
3.1 Introduction
The purpose of the work reported in this chapter is to find the
economic optimum value of the fuel-to-moderator volume ratio, where the
overall levelized fuel cycle cost is a minimum, for coupled fuel cycles
and to compare the results with those based upon optimization of
minimize ore usage. Three systems, namely 235U/U units coupled with Pu/U

233

units, 2'35U/Th reactors coupled to U/Th reactors (for both segregated

and non-~segregated recycle of 233U and 235U in the discharged fuel), and

finally the 235U/U system without recycle, will be comnsidered here.

The SIMMOD code described in Appendix B, based on the "simple model"
developed in the preceding chapter, is employed for fuel cycle cost
calculations. The economic analysis assumes that fissile material is
bought and sold at its indifference value. The effectsof ore price and
the scarcity-related ore price escalation rate on the overall levelized

fuel cycle cost of different scenarios are also considered. Finally, a

comparative study of the various options is carried out.

3.2 Reactor Systems Analyzed

As mentioned before,one major objective of the present work involves
consideration of the economic aspects of the thorium fuel cycle in LWRs.
For the reasons enumerated by other investigators in this program (G-1),
(C-2), the Maine Yankee PWR was selected as the representative reactor
in their work, thus the same reactor was chosen here to permit use of the
data obtained in these other studies for the economic calculations in the

present work. The Maine Yankee reactor is a 2440 MWTh PWR reactor, designed
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bv C-E; it is operated by the Yankee Atomic Elzctric Co. Cors parameters

of this reacror shacwna in Table (3-1), (M-1) and (G-1).

[V)

AL

r

To examine che econcmic aspects of the thorium cycle, it is necessary

cl

to consider the ways that fissile material can be provided for this cycle.

232Th after absorption of one neutron (and two 8-1 decays) transmutes

233

into the fissile material U, which can provide some part of the fissile

] . 233 . . .
material required. Since Udoes not exist in nature, operation of some

other fuel cycle must be considered to produce this fissile material for

235

the 233U/ ZJzThcycle. 770 is the only fissile material existing in

235,/ 252 233,

nature, and hence a Th system can be used to provide U for the

3 32 . 2 235, ,
'33U/2 Th cycle. However, the fissile 33U produced by U/Th units

. , . . , 235 ,
can be considered either to be mixed with residual U, or it can be assumed

be kept segregated from the 235U. In the first case (non-segregated),

the fuel charged to the %QBUYTh units is a mixture of 235U and 233U} In

2 : 2
the latter case, where it is possible to separate 33U from 35U(segregated:

s , , ; . 2235
perhaps using pellets with two different regions, ome containing the U

2 2
and the other 23 Th, or using 35U as a seed region and 232Th as a blanket),

2 235, 233
discharged 35U can be recycled to the 35L/Th units and 3 U can be used

233U'232

to feed the / Th units, Since in reference (G-1) the segregated case

has been considered, in this report we will also deal with the problem
in this way. However, later in this chapter the non-segregated option will
also be studied to raveal the difference between these two cases. Tigures
(3-1a) and (3-1b) show these two options.
s , . 239 232 .
Another alternative exists in the form of the Pu/ Th cycle, which
’ 233, 239 ) .

can also be emploved :to produce U, but then Pu itself has cto be

715
“BJU/238

produced, using the U cycle, for example. In this case the



TABLE 3-1

MAINE YANKEE CORE PARAMETERS

Core thermal power, MWth

Nominal electric output, MW(e)

Nominal thermal efficiency (MW(e)/MWTH
Fuel management

Equilibrium discharged burnup, MWD/MTHM
Power density, kw/liter

Core heavy metal loading, MTU

Number of fuel assemblies

Fuel rod array

Number of active fuel rods

Fuel rod pitch, inches

Total length of fuel rod, inches
Active length of fuel rod, inches

Fuel material (sintered pellet)

Clad material

Clad ID, inches

Clad OD, inches

Clad thickness, inch

UOZ/HZO volume ratio Vf/Vm

Supercell

Unit cell

2440
790
0.33
3 batch, mixed
33000
75.2
87
217
14 x 14
38192
0.58
145.4
137.0
Uo
Zy-4
0.388
0.440

0.026

0.4816

0.621

67

central zone
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Z35U/238U 239Pu 239

) Pu/232Th

2330),233U/232Th(233

coupled cvcles ( ( U)

must be considered concurrently as shown in Figure (3-2). Note
that in this case the discharged fissile materials from each reactor can

be segregated from each other easily by chemical processing. However,

235U/Th; 23.3U/Th combination is considered

,232
in the economic analysis of the 233U/ Th cycle. For comparison, the

235U/238U(239 239 238U

in this report only the

239Pu

Pu/ (

economic aspects of a Pu) cycle coupled with a )

cycle, as shown in Figure (3-3), is also studied. Finally, in view of

238

235
current US policy, = U/ U with no recycle (the once-~through cycle) is

also considered. ©Note that in the recycling mode, the uranium is

235

recycled to the producer reactor for all cases (except non-segregated u/U:

233U/Th) as shown in Figures (3-1) through (3-3). Consideration of

235

recycled uranium is important especially for the segregated U/Th cycle,

since in this case the weight per cent of feed enrichment is 93%,and thus

the discharged fuel has a high 2°°

U enrichment (about 45%).

The optimization of these cycles from the point view of ore usage has
been carried out by K. Garel and M. J. Driscoll (G~1). Their results
show that the ore and SWU requirements are insensitive to fuel pin diameter
(at constant fuel-to-moderator volume ratio (Vf/Vm)). Since ore and SWU
cost contribute on the order of 707 of the overall fuel cycle cost, in the
present work we will fix the pin diameter and vary only the Vf/Vm ratio
in order to find the minimum fuel cycle cost 6f the system of coupled
reactors. It should be noted that for this analysis we use both types
of fuel cycle (uranium and thorium cycles) in the same type of reactor.
Thus linear heat generation rate, fuel pin heat flux and volumetric
power density are the same; but since the thorium has a lower density,

the specific power (kw/kg ) for the thorium cycle is greater than for the

uranium cycle.
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3.3 Optimizaticn of

3.3.1 Effact 27

In this section the physics effects of varving che fuel-to-moderaror
volume ratio, Vf/Vm, will be briefly discussed. Increasing Vf/Vm means
less moderation, which results in a harder neutron spectrum in the core.
Reduced moderator content and a harder spectrum both lead to a decrease
in the parasitic absorption in the core, and an increase in the conversion
ratio, since more neutromns are available for capture in fertile material
(even though increasing the neutron energy also causes the neutron yield
per absorption, n, to decrease slightly). However, the decreased magnitude
of the spectrum averaged fissile absorption cross sections also lead to an
increase in fissile inventory. Thus there are two opposing effects: high
conversion and high inventory. At some Vf/Vm these two effects trade off
against each other to give a minimum fuel cycle cost for the system of
coupled reactors. Determination of this minimum point is the subject of_

the next section.
3.3.2 The Indifference Value of Fissile Material

The goal of this section is to introduce the method used to determine

the value of fissile plutonium and 233U. The unit price of 235U enriched
uranium can be easily found since it can be defined in terms of ore

price and SWU cost as:

- s F 3 :
Cr5€) = Cou ¥ “v,0, 7 * Xg (3.1)
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where
235, . ; . ; I1r
CU-S = cost of 77U enriched uranium fed to reactor, $/Kg
Cy; o = cost of natural U,0q, $/1b
378
CSWU = cost of separative work, $/Kg SWU

F/P = 1bs of U308feed per Kg of enriched uranium fed to reactor

separative work units required per Kg of enriched product

2]

Ny

d
i

. 235 .
€ = weight fraction of U in uranium fed to reactor
If we assume the tail's assay to be 0.2% w/o, then

F/P = 431.51 (e - 0.002) (3.2)

€

= (28 - 1) T

+ 258.1e - 6.704 (3.3

rd|wna

For 937 enrichment, from the above equations:

CU_5(0.93) = 0.400 CU308 + 0.236 CSWU’ $/gr (3.4)

on the basis of the unit prices in Table (3-2)

Cyosg = 38.2 $/gr

. . . . 233 .
For determination. of fissile plutonium and U values we must consider

2
the use of reactors to irradiate 38U and 232Th, respectively, using the

235U/238U a 235U/232

nd Th fuel cycles. (Other methods such as fusion or

accelerator-driven breeding blankets are conceptually possible but
far from commerciallyproven). Thus the prices of these fissile materials

-

2
depend on the value of 3DU, or in other words, on the value of ore and SWU.
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To determine this relationship two LWRs will be ccnsiderad: one
producing fissile marterial (the srcducer reactor) and che other consuming
it (che consumer reactor). aAs the price of fissile material increases,

the producer reactor earns more credits as the result of the sale of fissile
material and thus its power cost will decrease. On the other hand an
increase in the unit price of fissile material will increase the power

cost of the consumer reactor. Figure (3-4) illustrates the above relatiomship.
As shown in this figure, at same price, Co’ the power cost of the producer
reactor and the consumer resactor become equal (eo). If the price of

fissile material is less than Co’ that is, C., then the power cost of the

1

consumer reactor (ecl) is less than the power cost of the producer reactor
(epl), which will encourage the installation of more consumer type reactor
cores, which will result in a greater demand for fissile material, and
consequently an increase in the price of fissile material. If the price

of fissile material is increased above Co to Ch, the power cost of

the producer reactor (eoh) is now less than that of the consumer reactor
(ech) and therefore a producer-type reactor is more favorable for production
of electricity. Therefore the demand for fissile material will decrease
and force the unit price of fissile material to go down. Thus the unit
price C0 will give us an equilibrium condition, where consumer and

producer reactors are equally advantageous. Thus unit price is called

the "indifference'" value of fissile material - that value which will result
in an equal power cost for consumer and producer reactors. In the present
work a less general interpretation is appropriate. Since we are dealing
with different core designs used in reactors, which are otherwise similar,

the preceding discussion can be modified to consider only fuel cvcle cost,

rather than total busbar cost (which would be appropriate for coupled LWR-LMFRR
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38

2
U coupled with Pu/ U

For these coupled cycles, a reactor on the uranium cycle (with

uranium recycle) is used to produce plutonium for a reactor which consumes
. 238 . . .

plutonium on the Pu/ ~ U cycle (Figure 3-3). While a single reactor may
not generate enough plutonium to fuel a consumer reactor of equal rating,
we will analvze equally-rated svstems on the assumption that a larze aumber
oI both types of reactors are engaged in a free market exchange of plutonium.
As Garel also notes (G-1l), in most instances there is little difference
whether plutonium is recycled in a separate reactor or in separate assemblies
within the producer reactor - hence one may wish to think of the coupled
systems as being in this self-generated recycle mode. We will, however,
also treat cases in which the consumer and producer have different Vf/Vm
values, which would probably be impractical in the same core.

Tables (D-1) and (D-2) in Appendix D show the mass flows charged

235,238
and discharged for the v/

and Pu/238U cycles, respectively, for
different fuel-to—moderator volume ratios. Table (3-2) shows the unit
prices and economic parameters which have been used to calculate the
overall levelized fuel cycle cost for this study. The unit prices given

in this table are from the recent study by the Atomic Industrial Ferum

(A-2), except for the fabrication cost, reprocessing cost and waste

{

disposal cost (for the reasons explained in the next section). 1In

e

reference (A-2) an arithmetic average for each step of the fuel cycle was



UNIT PRICES AMD ECONOMIC DATA

TABLE 3-2
5

TRANSACTION UNITS

Ore Cost (U308) $/1b
Enrichment $/SWU
Spent Fuel Transportation $/Kg M
UF6 Conversion $/Kg HM
Fuel Fabrication

235U/238U(3) $/Kg HM

235U/232Th(3) $§/Kg HM

Pu/238U(3) $/Kg HM

233U/232Th(4) : $/Kg HM
Reprocessing

235U/238U(3) $/Kg uM

235U/232Th(3) $/Kg uM

233U/232Th(4) $/Kg HM
Waste Disposal

ol

235U/238U(J) $/Kg HM

235U/232Th(3) $/Kg BM

Pu/238U(3) $/Kg HM

233U/232Th(4) $/Kg HM
2320y price® $/1b
238U Price $/1b

(1) From Ref.

(3) Ref. (X-2)
(4) Ref. (A-3)

(A-2), otherwise as specified
(2) Values in terms of 1977 dollars

77

FOR COUPLED FUEL CYCLES

VALUE<2)

40
94
17

4.0

150
200
500

570

221
278
221

278

71
92
71
92

15.0
15.0

(table continued on next page)



Bond-holder fraction, fb

Stock-holder fraction, fs
Return to bond-holder (deflated), Ty
Return to stock~holder (deflated), T,

Tax rate, T

Discount rate (deflated), x

-+

(= (1 - T)fbrb + Er,

)

Scarcity-related escalation rate for ore

5.5%

0.0%

78
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calculated using base-case values from nine studies. The unit prices of
239Pu and 2333 in the present work were then obtained using the concept
of indifference valus.

Tables (E-1) and (E-2) in Appendix E give the quantities involved in
each step in the fuel cycle. These mass transactions were obtained using
the equations introduced in Appendix E, under the assumptions which have
been discussed there, and by using the mass fiows charged and discharged
in Tables (D-1) and (D-2) of Appendix D. Use of this information and
the economic data from Table (3-2) in SIMMOD gives the overall levelized

235U/238

238
fuel cycle cost for a U fueled reactor coupled with a Pu/ U fueled

reactor corresponding to the indifference value of fissile plutonium.

238

235,238y

Figure (3-5) shows the overall levelized fuel cycle costs of the
system (producer) and the Pu/238U unit (consumer) as a function of the unit
price of fissile plutonium for different fuel-to-moderator volume ratios.
The intersection of one producer reactor line and one consumer reactor line
gives the overall levelized fuel cost of these coupled fuel cycles. Since
four different Vf/Vm values have been considered for both consumer aﬁd
producer reactors, sixteen different combinations of producer and consumer
reactors are possible. Table (3-3) shows the overall levelized fuel cycle

5
23SU/238Uunits coupled with the Pu/ “38U units for different

cost of
combinations of Vf/Vm for producer and consumer reactors. Figure (3-6)

shows the-overall levelized fuel cycle cost as a function of fuel-to-moderator
volume ratio in the case where both producer and consumer reactors have the
same Vf/Vm, and also where Vf/Vm for the producer reactor is fixed at

0.4816. As can be seen from this figure, when both producer and consumer

reactor have the same Vf/Vm the minimum fuel cycle cost is at a fuel-to-

moderator volume ratio of about 0.5 (6.18 mills/kwhre), which corresponds to



.
Vf/Im

Producer

235U/238U

0.

0.

*For

338

338

.338

.338

L4816
L4816
.4816

. 4816

.9161
.9161
L9151

.9161

. 496
.496

. 496

zero systam growth rate

OVERALL LEVE

T
Lo =

oT D

il

238

COUPLED WITH 2t/

Vf/vm

Consumer

Pu/

0.

/
»

238U

338

. 4818

.338

L4816

.9161

.496

.338

.4816

.9161

o}
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UTNIIS

overall levelized

fuel cycle cost

Ore Requirement*

(mills/kwhr) ST UBQS/GWe,vr
6.60 130.53
6.58 126.02
6.80 137.11
6.31 137.53
6.21 114.63
6.19 110.17
6,40 121.99
6.42 122.45
7.30 105.586
7.20 99.45
7.79 116.18
7.81 116.88
9.30 111.18
G.20 103.36

10.35 125.3C
10.40 126.25

and 0.2% tail assay of separation plant
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current LWR designs (e.g. Maine Yankee has Vf/Vm = 0.4816). 1If the Vf/Vm of

the producer reactor is kept constant, the overall levelized fuel cycle cost

is insensitive to variation of the fuel-to-moderator volume ratio of the

consumer reactor, as can be seen in Table (3-3); also, Figure (3-6) shows

the fuel cycle cost where the producer reactor has a fixed Vf/Vm equal to

0.4816. As a result, it can be concluded that when both producer and

consumer reactor have a Vf/Vm of about 0.5, the overall levelized fuel

cycle cost of

235U

238 . 238 .
Uunitscoupled to Pu/ ~ Uunitsis a minimum.: To

/

compare the fuel cycle cost with the ore usage, the ore usage model described

in reference (G-1) was employed to determine the ore requirement for

each case as shown in Table (3-3) and Figure (3-6). As can be seen, the

fuel cycle cost
expected, since
balance). This
fuel cycle cost

therefore there

and ore requirement curves have similar shapes (as

ore cost is the dominant component of the fuel cycle cost
figure shows that the minimum in the overall levelized
occurs at a lower Vf/Vm than the minimum in ore usage,

is no economic incentive to use tight-pitch lattices for

these coupled cycles. In referemce (G-1) it was also found that the ore

requirement was

optimized when the producer reactor and the consumer reactor

had a Vf/Vm equal to 0.9161 and 0.4816, respectively (see Table (3-3).

But, to reiterateinvestigation of Table (3-3) shows that the fuel cycle

cost is optimized when both producer and consumer reactor have a Vf/Vm equal

to 0.4816.
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235, 232, 233..,232
3.3.4 < (93%)/ I Reactors Coupled with 333/ 3 Th Reactors

(Segregated Case)

e 235 o
This coupled cvcle consists of a producer reactor which uses U (93%
o s . 232 . .
as its fissile material and Th as its fertile material to produce energy
233 - 233,232 233
and U. The consumer reactor uses the u/ Th cycle, and consumes U
which has been produced by the producer reactor. As before, simultaneous
operarion of the comsumer and producer reactors is assumed, which implies
a large-scale market in fissile materials. Tables (D-3) and (D-4) in

2
Appendix D show the mass flows charged and discharged for the 35U (93%)/232Th

233, ,232 o
and u/ Th units, respectively. The unit prices and economic parameters
given in Table (3-2) are also emploved here. It should be noted that
there is considerable uncertainty in regard to the fabrication cost and

2 2
33U/ 2m cycle. Kasten et. al. (K-2) have

reprocessing cost for the
estimated the unit prices for these steps for different types of fuel
cycles. The recent study by Abtahi (A-3) gives a higher value (by a factor
of 1.3) for the fabrication and wasté disposal cost in the U/232Th cycle.
These values were selected for use in the current studv. For the other
fuel cycles the unit prices estimated by Kasten have been used for these
steps. A study by the Atomic Industrial Forum (A-2) gives a reference
value of 99 $/kg HM for the UO2 fuel fabrication cost, and a highest

price of 134 $/Kg HM. But as can be seen in Table (3-2), a value of 150
$/Rg HM has been chosen from Reference (K-2), which is greater than the
highest value in Reference (A-2). Although 99 $/Kg HM is in line with the

235U/238U cycle, the values for

current price of fuel fabricaticn for the
Reference (K-2) are selected to insure a valid cycle-to-cycle comparison.
The same reasoning was applied in the case of reprocessing and waste disposal

costs, and thus the values given in Table (3-2) are used for present economic

calculations.
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Using the data in Tables (D-1) and (D-2), and the equations given in
Appendix E, one can find the transaction quantities for each step in the
fuel cycle, as tabulated in Tables (E-3) and (E-4) of Appendix E. Note

235
that for U/Th units, discharged Pu was ignored, since the weight per

cent of 238U in charged fuel is very small (7% of charged uranium) and
thus the production of fissile plutonium is very low (there are, in addition,
some other assumptions, which are discussed £n Appendix E).

Using these data and the economic information in.Téble (2-3) omne
can find the overall levelized fuel cycie cost of this coupled‘system of
reactors corresponding to the indifference value of 233U.

Figure (3-7) shows the overall levelized fuel cycle cost of the

2 2 232
235U/ 32 33U/ Th (consumer) reactor

Th (producer) reactor and the
233, . . . . .
versus the unit price of - U.. Following the discussion outlined in
Section 3.3.2, the intersection of producer reactor and consumer reactor
traces gives the overall levelized fuel cycle cost of the coupled system.

. 235, ,232
Figure (3-8) shows the overall levelized fuel cycle cost of a u/ Th

"233..,232
U/"""Th ynit, as a function of fuel-to-moderator

unit coupled with a
volume ratio. Table (3-4) gives the overall levelized fuel cycle cost

at the indifference value of 233U for different combinations of producer

and consumer reactors. From Figure (3-8) and Table (3-4) it can be
concluded that when both producer and consumer reactor have the

same Vf/Vm the minimum overall levelized fuel cycle cost is at Vf/Vm

equal to roughly 0.6. Also, it can be seen from Table (3-4) that

(except for Vf/Vm equal to 1.496 fﬁr the producer reactor) most combinations
have almost the same overall levelized fuel cycle cost. However,‘as can

be seen from Table (3.4) (also see Figure 3-8) when the producer reactor has a

fixed fuel-to-moderator volume ratio of 0.4861, the overall levelized fuel
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TABLE 3-4
OVERALL LEVELIZED FUEL CYCLE COST OF 235U(93%)/232Th REACTORS
COUPLED WITH 233U/232Th REACTORS

Vf/vm Vf/Vm Eo

Producer Consumer Overall Levelized .

235 232 233, 232 Fuel Cycle Cost Ore Requirement*

U(93%)/ " ~“Th 7T/ TTTTh (mills/kwhre) . ST Uggg/GWe/yr

0.338 0.338 8.50 105.32
0.338 0.4816 8.40 97.23
0.338 0.9161 8.33 89.36
0.338 1.496 8.42 84.98
0.4816 0.338 8.23 98.32
0.4816 0.4816 8.10 90.53
0.4816 0.9161 .Ji;gé_ 82.99
0.4816 1.496 8.13 78.80
0.9161 0.338 8.64 95.50
0.9161 0.4816 8.53 87.83
0.9161 0.9161 8.44 80.12
0.9161 1.496 8.66 75.85
1.496 0.338 10.3 101.51
1.496 0.4816 10.1 92.45
1.496 0.9161 10.0 83.87
1.496 1.496 10.1 79.20

*For 0%/yr system growth rate and 0.27% tail assay of separation plant
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cycle cost is lower for any consumer reactor Vf/Vm; and where the

consumer reactor has a fuel-to-coolant volume ratio of 0.9161, the overall
levelized fuel cycle cost is the minimum. Figure'(3-8) and Table (3-4)

also show the ore requirements as a function of fuel-to-moderator

volume ratio (both préducer and consumer have .the same

volume ratio).. The ore - usage curve shows that és the

fuel - to - moderator volume ratio increases the ore requirement for

this coupled cycle will decrease, even though, as can be seen from Figure (3-8)
and Table (3-4) the overall levelized fuel cycle cost (for Vf/Vm greater
than 0.6) will increase. This difference can be explained readily by
investigation of Table (3-5). This table shows ore requirements, separative
work requirements,_and the corresponding contribution to fuel cycle costs
for these two steps for the 235U(93%)/232Th cycle for different Vf/Vﬁ; As
can be seen from this table, the contribution of enrichment charges to fuel
cycle cost is greater than that for ore requirements for all Vf/Vm, and the
margin becomes more pronounced as Vf/Vm increases. Thus the effect of SWU
requirements on the economics of this coupled fuel cycle is very important
in that it causes the overall levelized fuel cycle cost to increase for

high Vf/Vm' Also, Table (3-4) shows that the minimum ore requirement occurs
when the producer and consumer reactors have Vf/Vm equal to 0.9161 and 1.496,
respaetively, whereas, as mentioned above, the minimum fuel cycle cost is

at Vf/Vm equal to 0.4816 for the producer reactorand 0.9161 for the consumer
reactor. For this reason using tight-lattice cores for producer reactors

1s not attractive, since it causes the overall levelized fuel cycle cost

235U/U units coupled with Pu/U units),

to increase. However (similar to
using a producer reactor with fixed Vf/VIn causes the overall levelized

fuel cycle cost to be insensitive to variation in the Vf/Vm of the consumer
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reactors. This claim can be readily explained by investigation of Figures
(3-5) and (3-7). Since the credit from sale of the fissile material is
a émall fraction -of overall levelized fuel cycle cost of the producer
reactors, its fuel cycle cost does not change very much with variation
of the unit cost of fissile material. Therefore the trace of the fuel
cycle cost function versus the unit price of fissile material has a
small slope for.the producer reactor, hence the points of intersection
with the traces of consumer reactor cost functions remain at nearly the
same vertical height, which means that the fuel cycle cost is relatively
insensitive to variation of Vf/Vm in the consumer reactor. Hence, if
the Vf/Vm of the producer reactor is fixed at constant Vf/Vm’ the Vf/Vm

235U/Th) can within limits be chosen to

for the consumer reactor (Pu/U or
satisfy other objectives such as minimizing fissile inventory, make up needs,
or facilitating core physics and safety design.

Work is currently underway by investigators at MIT on very tight

233U/232Th fueled reactors (C-2). Therefore

pitch (high Vf/Vm) lattices of
fuel-to-moderator volume ratios were increased beyond those considered in
Figure (3-8) to examine the effect of large Vf/Vm value on the overall
levelized fuel cycle cost. Since it was shown that the overall levelized
fuel cycle cost has the lowest value for a producer reactor Vf/Vﬁequal to
0.4861, the Vf/Vm ratio of the producer reactor was held constant at this
value. Table (D-5) gives the mass flows charged and discharged. The
transaction quantities for each stép in the fuel cycle are shown in Table (3-2).
the overall levelized fuel cycle cost versus unit price of fissile material
has been computed (the results are shown in Figure (3-7)). Using the 233U

indifference prices computed in this manner, the overall levelized fuel

cycle cost has been computed as a function of fuel-to-moderator wvolume ratio
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and plotted in Figure (3-9). As can be seen from this figure even for
ltra-tight lattice pitch in the consumer resactors, when the Vf/Vm ratio
is equal to 0.4816 for the producer reactor the fuel cycle cost doesn't
change very much, and it can be said that it is insensitive to variation
of Vf/vm'

It is appropriate, however, at this point to call attention to the
fact that all of the preceding analyses were done at the same (zero) ore
price escalation rate. Different ore use rates imply different ore price
escalation rates - a refinement which will be considered later in this

chapter.
3.3.5 The Once~Through Fuel Cycle

As mentioned before, the effect of varying the fuel-to-moderator

235U/238U fuel cycle cost with no recycle has been

volume ratio on the
examined. Two limiting-cases have been considered. First spent fuel

can be stored on site by the operator (and costs subsumed into plant
capital and operating cost) in which case only disposal costs are charged
to the fuel cycle; or the fuel can be shipped to an away-from-reactor
storage facility and subsequently disposed of. Unit price estimates for
each case have been published by DOE (D-2): 117$/Kg HM in the case of
"disposal only" and 233 $/Kg HM in the case of "storage and disposal"
(1978) dollars). Using a 6% inflation rate, these prices become

110 $/Kg HM and 219 $/Kg HM in 1977 dollars. Using these costs, and
those given in Table (3-2) for the other steps in the fuel cycle, and
employing the mass flow transactions givenm in Table (E-2), the overall
levelized fuel cycle cost can be obtained for each Vf/Vﬁ, as shown in

Figure (3-10) and Table (3-6). The ore requirements are also given in

Table (3-6) and depicted in Figure (35;0); As can be seen, for high
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TABLE 3-6

ORE USAGE AND FUEL CYCLE COST FOR THE ONCE-THROUGH FUEL CYCLE

Eo mills/kwhre

*
U308 Requirement

VIV : . Sté;;ger&.3

£f''m Disposal Disposal - (ST/GWe-yr)
0.338 6.36 6.67 ' 190.40
0.4816 6.06 | 6.37 181.15
0.9161 8.45 8.75 255.3
1.497 13.25 13.55 401.7

* 0%/yr system growth rate and 0.2% tail assay of separation plant
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Vf/Vm, both fuel cycle cost and ore usage increase very rapidly, and minima
in both fuel cvcle cost and ore usage occur at a Vf/Vm of about 0.3,

whnich is again close to the V:./Vm ratio of current PWR designs. We will
return to a discussion of the once-through fuel cycle later, in Chapter 4,

when burnup optimization is discussed.
3.4 Effect of Ore Scarcity on the Economics of Coupled Fuel Cycles
3.4.1 Nature of the Problem

In the preceding sections the economics of coupled fuel cycles were
investigated without considering the potential for an increase (in constant
dollars) of unit prices with time. Costs will rise due to both inflatiom
and increasing scarcity. If inflation is induced in the pricing structure
(use of then-current dollars) then the actual market discount rates, which
also contain an implicit allowance for inflation, must be used. 1In
Appendix F it is shown that there is no difference between using a discount
rate and unit prices which include inflation, and deflated discount rate
together with constant-dollar prices. The discrepancy between the simple
model and MITCOST-II increases with discount rate.

Therefore for this report instead of using inflated discount rates and
escalating the unit prices, we use deflated discount rates and do not
escalate unit prices. The second important factor affecting price level,
namely scarcity, is important only in the case of ore price. Since all
other costs are for manufacturing processes, their product unit prices in
constant dollars should be relatively constant with time in the long run.
There are of course factors which make time cost invariance unliikely in

all specific cost centers: on one hand increasing regulatory requirements
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may lead to cost increases, and on the other hand improved technology
and economics of scale can lead to cost decreases. We assume here, in
effect, the combined overall effect in all areas not involving ore
production averages out to a fixed constant dollar contribution. For
this report, scarcity-related escalation is only considered for the
price of yellowcake - the primary natural resource involved in the
nuclear fuel cycle - and the dominant cost component.

To study the effect of increasing ore price, three cases can be
considered. 1In the first case it can be assumed that the time-zero
cost of ore is constant and the escalation rate varies. In the
second case the time-zero cost of ore is assumed to increase in a
step—wise fashion and no further escalation is considered. Finally,
it can be assumed that both the time-zero cost of ore for each scenario

and the scarcity-related escalation rate are changed.

Case 1:
For this case it is assumed that the time-zero cost of ore is

fixed at the price, given in Table (3-2) (40 $/1b U 08) and the

3
scarcity-related escalation rate, y, varies; two values of y, namely

6%/yr and 10%/yr are studied. Using the data given in Table (3-2) for

the economic environment, the deflated discount rate, and Tables (E-1),

(E-2), (E-3) and (E-4) for the mass transactions of uranium and thorium

in SIMMOD, the overall levelized fuel cycle cost of producer and

consumer reactors can be obtained as a function of the unit price of

fissile material. Then ffom Figures similar to Figures (3-5) and (3-7)

the overall levelized fuel cycle cost of a coupled cycle corresponding to

the indifference value of fissile material can be determined. Figures (3.1la)

235U/238

and (3.1lb)show the overall levelized fuel cycle cost of U units

235,,,232 2

U/""“Th units coupled with 33U/Th units,

coupled with Pu/U units..and
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respectively, as a function of fuel-to-moderator volume ratio. These
figures show that the escalation rate does not change the optimum fuel-
to-moderator volume ratio appraciably: Vf/Vm equal to 0.5 for all values
of the escalation rate gives the minimum overall levelized fuel cycle cost

for 235U/U units coupled with Pu/U units (and Vf/V"n = 0.6 for 235U/Th

units coupled with 233U/'I‘h units). Also (for the reason which was explained
before), even at high escalation rates, for both types of coupled fuel
cycles, using a producer reactor at fixed Vf/Vm (here equal to 0.4816),
results in a fuel cycle cost which is insensitive to wvariation of the
consumer reactor fuel-to-moderator ratio. Finally, it should be noted

that increasing the scarcity-related escalation rate will further discourage

any inclination to go to tight lattice pitches.

Case 2:

For this case, since the escalation rate for ore is equal to zero,
the G factor (escalation factor) in the simple model is equal to 1(see
Section 2.2). Thus, using Equation (2.16), the overall levelized
fuel cycle cost of coupled fuel cycles can be written as a linear function

of ore price:

e =a (o) +8 : (3.5)
o} CU308

where & and 8 are two constants for each Vf/Vm and C (o) is the

U50g

time-zero cost of ore. Now if we increase the time-zero cost of ore
from a to b, the fuel cycle cost, from Equation (3.5), will increase
linearly from ®a to b At this point we can consider a hypothetical

G factor, namely G*, where;
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b =a G* (3.6)

Similarly for each hypothetical G factor a corresponding implied escalation
rate, y*, can be considered, which can be found from Equation (2.17 ).

Therefore instead of changing C (0) in a stepwise fashion, one can

U30g

keep C (o) constant and find the corresponding hypothetical G factor

U308

from Equation (3.6) and then by using Equation (2.17 ) the corresponding
scarcity-related escalation rate. Considered in this light Case 2

becomes equivalent to Case 1, where C (o) is constant and escalation

U30g

rates are changed. Thus, the result is similar to those shown in Figures

(3.11a) and (3.ilb).

Case 3

For this case it is first of all necessary to consider a model for
ore price and ore escalation rate. A model of this type has been developed
by K. Gharamani and M. J. Driscoll (G-2). According to this study the cost

of U308 for a system comprised of PWR reactors can be represented as

follows:
C = C(o) eét (3.7)
with
Clo) = 0.21 TL/® 1 (3.8)
where
C = U,0gprice at time t, $/1b U,0q
C(o) = time~zero cost of U3O8’ $/1b U308
§ = Escalation rate for the price of ore
T = yearly industry-wide raw ore usage rate, tona/yr
x = the grade of ore (weight of U O8 per weight of raw ore)

3
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t = time elapsed since base year, yr

The relation between the price escalation rate and the demand

growth rate has been given in this study as
2

Mean growth rates projected for installed nuclear capacity vary widely:
between (at least) 7 and 14%/yr(N-2) which, according to Equation (3-9),
will give us a scarcity rate spanning the range 5 < 8 < 10 %Z/yr. Thus

two values,namely 6%/yr and 10%/vr were chosen for examination in this
report.

It should be noted that the C(o) is actually an extrapolated

time-zero cost of ore, as shown schematically in Figure (3.12). AFter

a transition period the ore price reaches an asymptotic situation where

it varies exponentially with time (Equation (3.7)). Thus at zero time,we
have a fictional time-zero cost of ore, denoted by C(o). In the exponmential
regime the slope of the curve depends on the growth rate and increases

as the growth rate is increased. Also note that C(o) depends on the annual
ore use rate per GWe yr by the dominant or mean reactor type in service.
Thus,if the initial transient period is ignored,different time-zero
extrapolated ore costs should be considered. As can be seen from
Tables (E-~2) and (E-4), for each fuel-to-moderator volume ratio the

ore requirement per batch (i.e. annual ore usage) is different; therefore
for economic analysis of coupled cycles the fictional variatiom of the
time-zero cost of ore has to be considered.
According to the development in reference (G-3), the time-zero

extrapolated reference ore value varies as
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2/3

C(o) = Cx(0) %) (3.10)

where
CR(O) = reference unit price of U3O8 when the system is made up
of PWR reactors of current design (Vf/Vm = 0.4816)
C(o) = reference price of U308 when the system is made up of some

other type of reactor
mp = yearly demand for U308 of a system consisting of current
PWR reactors, tons/MWe yr
m = yearly demand for U308 of a system of modified reactors,

tonnes/MWe yr

In this study, if we assume that CR(o) is the reference ore price
appropriate for current design PWRs using the uranium cycle, then
varying the fuel-to-moderator volume ratio or using any other cycle

instead of the uranium cycle will cause the yearly demand for U to

3%
change, and thus according to Equation (3.10) the time-zero cost of ore
will change.

To consider this variation in ore)economic analyses, the correct
reference price of ore in the current market is assumed to be 40 $/1b U308’
and current design PWRs are represented by the Maine~Yankee reactor (with
fuel-to-moderator volume ratio equal to 0.4816 operating on the once-through
uranium cycle). Then, by employing the data given in Tables (3-3), (3-4)
and 73-6) and using Equation (3-10)one can find the time-zero cost of ore

for each scenario when producer and consumer reactors have the same Vf/Vm,

and when Vf/Vm is fixed at 0.4816 and then at 0.9161 for the producer reactor
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(the minimum ore usage or minimum fuel cycle cost systems are included
among these combinations), as tabulated in Table (3.7). Figure (3.13)
shows the overall levelized fuel cycle cost when different time-zero
costs of ore from Table (3.7) have been employed.

Comparing this figure with Figures (3.6) and (3.8) reveals that,
using a different time-zero cost of ore will give a fuel cycle cost
versus Vf/Vm curve which is slightly flatter than if one uses the same
time-zero cost of ore, if both producer and consumer reactor have the same
Vf/Vm. However, fixing the V_I./Vm of the producer reactor at Vf/Vm equal

to 0.4816 and using different time zero costs of ore causes the overall

233 2
levelized fuel cycle cost for the '3JU/Th: 3?

U /Th combination to decrease
slightly as Vf/Vm increases, whereas for the 235U)U: Pu/U combination
tight-pitch lattices became less attractive. The effect of escalation
rate can be readily understood by examining the C(o) values in Table (3.7).
According to this table, the time zero cost of ore for 235U/Th:233U /%h
systems decreases as we go to tighter lattice pitches, since annual ore
usage for this coupled cycle is decreased as vf/Vm is increased.v'Thus
escalation of ore price makes this advantage of tighter-lattice pitch

235, .
For U/U: Pu/U systems the annual ore usage increases

more prounounced.
with increasing fuel-to-moderator volume ratio. Thus, as can be seen
from Table (3.7), the time-zero cost of ore will increase as we go to
tight-lattice pitches. Therefore, escalating the ore price discourages
going to tight lattice pitch. Consequently the effect of increasing the
. . . 235 .. 233
escalation rate for ore price is favorable only for U/ Th: U /Th
; 235
systems. It should be noted that in the case of C/U:Pu/U cycles the

minimum time-zero cost of ore (26.80 $/1b U308) is for VF/Vm equal to 0.9161
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TABLE 3-7

TIME-ZERO COST OF ORE FOR DIFFERENT SCENARIOS

235 235 233

Vf/Vm Vf/Vm U/u_: P?ég) U/Th : (gé?h
Producer Consumer gﬁgﬁi §l;b_g398 n/m.* §l;§_gags
0.338 0.338 0.72 32.15 0.58 27.88
0.4816 0.4816 0.61 28.71 0.50 25.19
0.9161 0.9161 0.64 29.75 0.44 23.22
1.497 1.497 0.70 31.44 0.44 23.04
0.4816 0.338 0.63 29.48 0.54 26.60
0.4816 0.9161 0.67 30.72 0.46 23.77
0.4816 1.497 0.68 20.81 0.43 22.96
0.9161 0.338 0.58 27.91 0.53 26.30
0.9161 0.4816 0.55 26.80. 0.48 24.69
0.9161 1.497 0.65 29.87 0.42 22.39

*mR for the reference case is 181.15 ST/GWe-yr
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and 0.481% for producer and consumer reactors,respectively (see Table
(3.7)). Hewever, the difference is only about two dollars with respect
to the case where producer and consumer reactors have their optimum
(from the point of view of fuel cycle cost) Vf/Vh value (at which

C(o) = 28.71 $§/1b U308). This two dollar cheaper price of ore is not
able to overcome the other advantages of the latter case, in that the
fuel cycle cost is minimum where both producer and consumer reactor
have Vf/Vm equal to 0.4816 (same as Case 1, where the time-zero cost

of ore was assumed to be the same for all cases).

3.5 Comparative Analysis of Coupled Fuel Cycles

In this section the merits of different scenarios will be studied.
Figure (3-14a) shows the fuel cycle cost of 235U/U:Pu/U and 235U/Th:zzBU/Th
systems versus fuel-to-moderator volume ratio for 0, 6 and 10%/yr
escalation rates (this figure has been reconstructed from previous results).

According to this figure, the 235U/U:Pu/U system is better than the

235 233 . .
U U/Th arrangement when each coupled cycle has its optimum

/Th:
fuel-to-moderator volume ratio, that is, the Vf/Vm which results in a

minimum fuel cycle cost. Only for high rates of ore price escalation

does 235U/Th:233U/Th become better than 235U/U:Pu/U. As we go to
tight-lattice pitches 235U/Th:233U/Th approaches and then surpasses
235

U/U:Pu/U, in that, at a V‘/Vm equal to 1.497, for all escalation rates,
s

235U/Th:233U/Th is the better choice. Note that if the Vc/Vm'of the

producer reactor is fixed at 0.4816, then for tight-lattice pitches
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235 . , . ; - o
U/Pu is the best, and again only for high rates of escalation

235 233, .
v/ L

is U/Th: h advantageous.

It should be noted that up to this point the number of steady
state batches for both coupled cycles were assumed to be equal (30

batches). Since the intra-refueling interval is different for each

coupled cycle, the life span of the 235U/U:Pu/U system is greater

235U :233

than that of the /Th

Therefore, the 235U/U:Pu/U system has been penalized relative to

2 23

U/Th system (42 years versus 37 years).
3SU/Th: 3U/Th system., If instead of matching the number of
batches, we fix the lifetime of the two coupled systems, as can

be seen from Figure (3-14b) even for a 10%/yr escalation rate,

for optimum fuel-to-moderator volume ratios the 235U/U:Pu/U system
is a better choice, and only at the highest escalation rate, and for

Vf/Vm greater than 1.0 is the 235U/Th:233

U/Th system better. However,
at this fuel-to-moderator volume ratio the fuel cycle cost is far

from the minimum.

To determine the breakeven escalation rate (at which neither coupled
cycle has an advantage over the other), the fuel cycle cost (both coupled
cycles have 30 batches),versus escalation rate was examined for two cases,
namely (a)eachcoupledcyclehasitsoptimmmVf/Vm;nd(b)whenbothproducerand

consumerreactorshaver/Vm=l.497. The results are shown in Fig. (3-15). Also, for
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235y

comparison, /U fueling without recycle has been shown in this figure.

First of all, for optimum Vf/Vm, up to an 8%/yr scarcity related (i.e.
2 - -2 EN
inflation free) escalation rate 35U/U:Pu/U is better. than 35U/Th:233UVTh.
2
Even for this case, up to an escalation rate of 5.5%/yr, 35U/U without

2
33U/Th. However for the tight-lattice pitch

2

2 ]
recycle is better than 3-SU/T‘n:
. 235 33 .
case for all escalation rates, U/Th: U/Th is preferred. It should be
noted that since fixing Vf/Vm for producer reactors at 0.4816 results in
a fuel cycle cost very close to that at the optimum Vf/Vm’ and the cost does

not change appreciably with variation of Vf/Vm of the consumer reactor,

the plot of fuel cycle cost versus ore price escalation for the optimum

case can also be considered representative of the case in which Vf/Vm
of the producer reactors is fixed at 0.4816.

The above analysis was on the basis of the same time-zero cost of
ore for all cases (40 $/1b U308). However, as discussed before, variation
of the (extrapolated) time-zero cost of ore should also be considered.
According to Table (3.7), the time zero cost of ore for all cases for

235 233U/Th cycles is lower than for the 23SU/U=P11/U cases.

233U/Th comgination and it becomes comparable to its

coupled U/Th:

235

This favors the U/Th:

competitor, the 235U/U:Pu/U system, at lower escalation rates than before.

This behavior can be readily explained. TFigure (3 1l6a) shows

(schematically) the variation of fuel cycle cost with the unit price of

R . . 2
fissile material, for zero escalation rate, for 35

2 .
(1ine B), 235U/Th (line C) and 33U/Th (line D) (similar to Figures {3-5)

U/U (line A), Pu/U
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and (3-7)) where Vf/Vm is in the lower end of the range of interest
(current reactor designs). As can be seen, the traces for the consumer
reactor are close to each other (lines B and D) but line Cis well
separated from line A, since at low Vf/Vm, 235U/U uses less ore and less
separative work. Thus the intersection point of line A and B (Pl)
has a lower height than that of lines C and D (Pz), which results in a
lower fuel cycle cost for the 235U/U:Pu/U combination. As the escalation
rate for ore increases lines D and C do not change, since the consumer
reactor does not use fissile 235U (hence does ﬁot need ore); but lines A
and C shift to A' and C', respectively, (see Figure (3-16a)). As the
escalation rate increases, the fuel cycle cost of 235U/U units increases
more rapidly than that of 235U/’I‘h units. Therefore, for high escalation
rates lines C' and A' are close to each other. The slope of line C' is
greater than that of line A' (since the fissile mass discharged from
235U/Th cores is greater than that from 235U/U cores, and thus the 235U/Th
core is more sensitive to a variation of fissile price); consequently, the
intersection point of lines C' and D (Pé) has a lower height than the
intersection point of lines A' and B (Pi). Therefore, for high escalation
rates the 235ﬁ/Th:233U/Th combination is the better option.

As the fuel—to;moderator volume ratio is varied, the traces of fuel
cycle cost change as shown in Figure (3-16b). For high Vf/Vm the net

233

inventory charge for Pu/U is much greater than for U/Th, therefore line B

is above line D and has a greater slope. The ore requirement for the

235U/232Th unit for this case (high Vf/Vm) is smaller than that fortthe 235y/y

case, but the separative work requirement is greater (see Tables (E-2) and
(E-4) in Appendix E). The net result is that the fuel cycle cost for the

‘ 235
ZBSUVTh case is greater (butclose to) that for the U/U case (lines C
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Unit Price of Fissile Material, $/Kg
Figure 3.16a Fuel Cycle Cost as a Function of Fissile Price for Low Vf/Vm

A

Unit:zPrice of Fissile Material, $/Kg —
Figure 3.16b TFuel Cycle as a Function of Fissile Price for High Vf/Vm
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and A in Figure (3-16b)), therefore the intersection point of lines A and B

falls above the intersection point of line D and C. As a result the

235U/Th:233

x
1

fuel cycle cost of the U/Th combination is lower than that for

235

the U/U:Pu/U cases. As the escalation rate is increased, line A rises

235y /mm:233y/mh

235

faster than line C, which makes the situation better for the

cycles. Consequently for all escalation rates and for high Vf/Vm, U/Th:

233U/Th is the better option(if the number of batches are matched); in this off-

optimum range of operating conditioms.

3.6 The Unit Price of Fissile Material

In Section 3.3.2 the way in which the unit price of fissile material
can be determined was discussed. In this section this method will be used
to develop explicit correlations for the indifference price of plutonium
and 2330.

Our simple model for the fuel cycle costs of producer and consumer

reactors can be written

1 P PP
- E'{ [ wcirie: + DEFG | HPFPGOIdi ¢,
“‘ i=1 3 3
1¢U308,SWD fissile
P P P .
+ DTS, | ™ MoFaSe|a1l%sw = EFEOF | eass Cfiss} (3.11a)
_1 G0 CoC|  _yCgCeC
e T E { 2 M{CITOL + DEFEOE| o - ¥ 20 dis]Cfiss} (3.118)

i=1
i#fissile



Thus, if we define

I
P P
‘Zl ) icip‘zci = v, (3.12)
i#U308,SW fissile
Z MICIFIG! = Y, (3.13)
i=1
if#fissile
by equating Equations 3.11a and 3.113 and solving for Cfiss’ we obtain;
NMre| -Mre|  Ic + [M’PF -G Jo 4 vy
o0 o0 o0 of,, U,0 . SW P 'C
C - ch dis 378 ch dis
fiss C.C.C c.C.C
F G F_ G + F_G
MF FF | MF F Fldis Mi dis
(3.14)
We next define
MFGe 2T - MFe (3.15).
0o o0 00 o0 00 0
ch dis
mFe 2P| - e (3.16)
s s s s s s S 8 S|4,
ch dis
A . C.C.C C.C.C P P
AMFpCp = MpFplp| — MpFplp + Mi‘FFGF (3.17)
ch dis dis

where the parameters have the same definitioms given in Chapter 2, and the

subscripts and superscripts have the following significance:

o = ore

s = SWU

F = fissile
ch = charged to reactor
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dis = discharged from reactor
C = consumer reactor
P = producer reactor

and
= fissile price, $/kg

1

Cfiss

CU308 = ore price, $/1b

CSWU = ynit price of separative work, $/kg SWU

Note that the summations in Equations 3.1la) and B.11h) represent
all steps except purchase or credit for ore, separative work and fissile
material. Therefore for a given design of the producer and consumer reactors
these terms are constant and do not change with variation of ore or SWU

prices, in which case:

(AM F G )C
0% o U308

fiss AM_F_ G

+ (AMSFSGS)Cs + YP - YC

(3.18)

For further simplification, we define

AM F G
0 0o

a = Eﬁ;?;ﬁ; (3.19)

R = AMstGs

MM FrGp
YP-YC

AMAF Gp

(3.20)
T

(3.21)

Then Equation (3.18) can be written as

Ceiss = “CU308 +8Cgy + T (3.22)
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Note that if we assume that the discount rate is equal to zero (F and G
equal to 1), o and B are proportional to the net ore usage and net
separative work requirement; Note that with variation of Vf/Vm, parameters
such as Mi, Mi, Mg, Mg etc., will change; therefore o, B, T vary with Vf/Vm.
In general any changes which result in a change in the amount of 235U charged
and discharged (or separative work and bred fissile material) will change
o, B and T (changing parameters such as the unit cost of fabrication will
affect only T: here we assume the other parameters are invariant). Thus,
no unique price of fissile material can be defined, as the price deperds
on the conditions under which it has been produced.

In the previous section it was shown that if both producer and consumer
reactor have Vf/Vm equal to 0.4816, the fuel cycle cost is minimum among
other combination for 23'SU/U units coupled to Pu/U units; for 235U/Th units
coupled with 233U/Th units the minimum fuel cycle cost occurs when the
producer and consumer reactors have Vf/Vm equal to 0.4816 and 0.9161,respectively.
Since the production of electricity at minimum price is the goal of utilities,
these cases will be chosen fof each coupled fuel cycle to determine o, 8 and T.

Using the best combination of producer and consumer reactors, one finds:

Cpy = 0.578 cU308 +0.178 Co. - 13.90  §/gr (3.23)
CU_3 = 0.678 CU308 + 0.318 CSW - 13.72 §/gr (3.24)
where CPU and CU-3 are, the unit price of fissile Pu and 233U, respectively in

23

$/gr. Equation (3-4) also gives the price of 5U (93% enriched):

Cys = 0.400 Cy  +0.236 Co  $/ax (3-4)
1%
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Note that in the unit price ccrrelation for fissile material, CU 0 and
378

CS“U are the time-zero prices of ore and separative work, respectively.
N
For the unit prices for ore and separative work given in Table (3-2)

(40 $/1b U308, 94 $/kg SWU), the unit prices of fissile material are:

Cy_g = 38.2 $/gr
CPu = 26.0 $§/gr

Cy_g = 43-3 $/8r

As can be seen, 2333 is the most valuable (or most expensive, depending
on ones point of view) fissile material. This was to be expected, since
in addition to U-233 having the best neutronic properties in the thermal
and epithermal range (which justifies a higher value) the 233U producer
reactor uses more ore and separative work than the plutonium producer reactor
(note that Vf/Vm for each coupled cycle is at the optimum value).

As ore prices increase, the unit price of fissile material will also
increase. Since escalation has been considered only for ore prices, in
Equation (3-14) the only factors which will change, are Gi’ and GP

o
ch dis
which, in turn, changes the value of o in (3-22). The variation of &

with escalation rate is shown in Figure (3-17). A least squares fit gives

12y
o, = 0.560 - (3.25)

0-10y

%_233 = 0.663 e (3.26)

where y is the unit price escalation rate for ore in Z/vr.
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Using Equation (3.25) and (3.26) in Equations (3.23) and (3.24),

thers results

Py = CU3°8(O) + 0.178 Csw(o) - 13.9 $/gr (3.27)

and

C. . =0.663 210

0-3 CU3°3(°) +0.318 Cg (o) - 13.72 $/gr (3.28)

0 Z/yr <y < 10%/yr
As can be seen from Equations (3.27) and (3.28), CPu increases faster
than CU—3 as the ore price escalation rate increases.
For other cases, using the data given in Appendix E and Table (3-2)
the constants in Equation (3.22) can be found for any other combination
of producer and consumer reactors. Table (3-8) shows values of a, B, T for

Pu and 233U for the cases where both producer and consumer reactors have

the same Vf/Vm.
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232

235U/232 /77 "Th Units (non segregated)

233U

3.7 Th Units Coupled to

23

. 2 . .
In the previous economic analyses of 35U/Th: 3J/'I‘h systems it

2
was assumed that 233U and "35U can be segregated from each other. Thus

233U was used to feed the 233U/Th cycle and 235U was recycled

235

discharged

back to the U/Th cycle, and hence credit for ore, conversion and separative

work were considered. Here we will look at the problem in another way

33 235

and assume that separation of 2 U and

235Uf232

U in discharged fuel from
Th units is not possible (see Figure (3~13)). For the economic

analyses of the nonsegregated case the discharged fissile material from

the producer reactor is a mixture of isotopes. Discharged 235U and 23')U

masses were added together, and subsequent analysis based use of this

standard fissile mixture in subsequent tramsactions. It should be noted

233

that the weight fraction of U in discharged fuel from the 233U/‘I'h

units is higher than in charged fuel. Therefore based only on this

factor the discharged mixture of isotopes from this unit can be more

valuable than the high 235U feed mixtore. However, the high 235U -

content in the fuel charged to the consumer reactor means that the

production of 236U is significant. The presence of 236U,which is a

neutron poison decreases the value of the discharged fissile material.

Thus, we assumed that the increased value of discharged fissile material

due to the increased weight percent of 233U is offset by the higher

content of 236U, and the same value was considered for both charged

and discharged fissile material.

233U/Th units for

Although the composition of fuel charged to the
the non-segregated case differs from that in the segregated case the

consumer reactor mass balance given in Table (D-4) for the segregated
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case was re-employed; this assumption favors the non-segregated system.
Thus, using the data given in Tables (D-3) and (D-4) and economic data
from Table (3-2), the overall levelized fuel cycle cost corresponding

235

to the indifference value of fissile material (the mixture of U and

233U) can be obtained. Figure (3-18) shows the fuel cycle cost of

235U/Th:233

U/Th (non segregated) versus fuel-to-moderator volume ratio.
As can be seen when both producer and consumer reactor have the
same Vf/Vh, the minimum fuel cycle cost is at Vf/Vm equal to 0.6, the
same fuel-to-moderator volume ratio for the segregated case. However,
the minimum fuel cycle cost occurs when producer and consumer reactors
have Vf/Vm equal to 0.4816 and 0.9161 respectively. Comparison of Figure (3-18)
and Figure (3-8) reveals that the miﬁimum fuel cycle cost. for the sggregated
q;@&igpgiyvéfyéiiéﬁtlylﬁwérthan for the non segregated case. However,
for tight-lattice pitch, where both producer and consumer reactors have
the same Vf/Vm, the fuel cycle cost for the non-segregated case is smaller
than for the segregated case, and in general for non-segregated recycle
the fuel cycle cost depends only weakly on the variation of Vf/Vm, whereas
for the segregated case it is more sensitive to this variationm.

Perhaps the most significant conclusion, however, is that near their
respective optima, the segregated and non-segregated fuel cycles have
costs, mills/kwhre, which differ by less than 2%. Thus our comparisons
should not be biased by our use of the hard-to-implement segregated cycle
as the base case for our comparisons. There is a clear need, however,
for more detail examination of both modes of operation to properly assess
penalties for variation in the isotopic composition of . all fuel streams

involved. This is left for future work.
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3.8 Summary and Conclusions

In this chapter the effect of fuel-to-moderator volume ratio on the
economics of coupled fuel cycles has been studied. The Maine Yankee reactor
was selected as a representative reactor and the SIMMOD Code, described
in Chapter 2, was employed for calculation of levelized fuel cycle costs.
The coupled fuel eycleswhich have been studied are 235U/U systems coupled to

235U/Th systems coupled to 233U/Th systems. The latter

233U can be

Pu/U systems and

combination was considered for both segregated recycle (where

235U in fuel discharged from the 235U/Th unit and non=-

segregated recycle (where the mixture of 235U and 233U discharged from the

2 233

separated from
35U/Th units is fed to the U/Th reactor). The Uranium once-through
or throw-away fuel cycle was also considered as <: a reference case.

The economic analysis was based on use of the indifference value of
fissile material, that is, the unit price for fissile material which makes
the fuel cycle costs of the reactor producing the fissile material and
that consuming the fissile material equal, By application of the definitionm,
correlations for the unit price of fissile Pu and 233U were also derived.
These correlations (where all units in the coupled fuél cycle are at their

system optimum fuel~-to~moderator volume ratio) are;

C. = 0.560 e°'12YcU

u (o) + 0.178 cSWU(o) -~ 13.9 $/gr (3.27)

308

- 0.10y -
cU_3 0.663 e cU308(o) + 0.318 cSW(o) 13.72 $/gr (3.28)

where y = annual rate of increase in ore price, Z/yr.
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In the subject analysis the unit prices of 31l steps in the fuel

cvele, except for the purchase of or credit for ore, were held constant,

and numerical values were selected from the recent AIF study (A-2) for the

uranium fuel cycle. Values for other fuel cycles were developed from

the literature, primarily References (K-2) and (A-3). In the economic

analysis a deflated discount rate has been used, and constant dollar values

were used for all transactions.

The effect of ore price variation was considered in three different

ways, (a) applying a scarcity related escalation rate but holding the time

cost constant, (b) changing the time-zero cost of ore in a stepwise

‘fashion without further escalation (e) changing both the time-zero cost of

ore and the escalation rate, in accord with the model devéloped by

Gharamani (G-2). The time~-zero cost of ore in the third case is an

extrapolated time-zero cost, which is different for each scenario.

The results developed in this manner shows that:

1.

The optimum fuel-to-moderator volume ratio for both

the 235U/U:Pu/U system and the 235U/U once~-through fuel
cycle is approximately 0.5 (which is close to current design
values of typical PWR cores such as the Maine Yankee reactor)

for the 235U

/Th:233U/Th systems  the optimum Vf/Vm"is higher :
about O0,6.

Keeping the fuel-to-moderator volume ratio of the producer
reactor constant results in an overall levelized fuel cycle cost

which is insensitive to variation of the Vf/Vm of the consumer

reactor.

Zero
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235U/U units and the Pu/U units

When Vf/Vm for both the
is equal to 0.4816 the system fuel cycle cost has the lowest
value among any other combinations (6.19 mills/kwhre).

2

When Vf/Vm is equal to 0.4816 and 0,9161 for the 35U/Th and

233U/Th units (with segregated recycle) respectively, the fuel
cycle cost has the lowest value among any other combinations
for this system (8.03 mills/kwhre)

The minimum fuel cycle cost of once-through fuel cycle at its
optimum fuel-to-moderator volume ratio is 6.06 mills/kwhre

(for federal disposal of discharged fuel. Disposal and storage
of discharged fuel will increase the minimum fuel cycle cost by
5%) .

The ore price escalation rate has no appreciable effect on the

optimum fuel-to-moderator volume.

If the coupled systems are evaluated for the same number of steady

235

state batches, the U/U:Pu/U combination is more semsitive to

variation of the scarcity related escalation of ore price than

235 233
e

th U/Th: U/Th combination for both segregated and non-

235 233

segregated recycle. When the U/U:Pu/U and U/Th:Pu/U

combinations are each at their respective optimum fuel-to-

23

moderator volume ratios, the 5U/U:Pu/U system is better than

235U/Th:237

U/Th system for ore scarcity-related escalation rates
less than 8%Z/yr. Below a 5.5%/yr escalation rate for ore price
the once-through uranium cycle is less expensive than the

235 233

-7U/Th: ""U/Th cycle. However, the once-through cycle has no

advantage over the 235U/U:Pu_/_U system under the equal burnup

constraint imposed up to this point.
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8. When the coupled reactors are assumed to have equal lifetime
(same Ntc) at their optimum fuel-to-moderator volume ratio, the
235 . . .
U/U:Pu/U system is the most attractive system for the entire
range of escalation rates examined.

9. The 235U/Th:23

3U/Th combination with segregated recycle is only
slightly more favorable than the non-segregated case in the vicinity
of the optimum fyel-to-moderator volume ratio; but as the
escalation rate for the price of ore increases, the difference
becomes more appreciable. Therefore since the non-segregated case
is the more realistic option, the overall outlook for the

235U/Th:233

U/Th system is diminished.

10. However using different time-zeroc costs for ore prices (note
that this time-zero cost of ore is an extrapolated time-zero
cost and is a function of annual ore usage which varies for each
combination of producer and consumer reactors) makes the situation

235 233

better. for the U/Th: " U/Th combinations, especially when the

escalation rate of ore prices is also increased.

The most significant conclusion of the work reported so far is that
today's producer reactors are very nearly at their optimum fuel-to-moderator
volume ratio. Furthermore, to first order, optimization of the fuel cycle
either to minimize ore usag; or to minimize overall fuel cycle cost are
roughly comparable courses of action.

This work has also identified the need for additional refinement in several
regards - in particular, more attention must be paid to assignment of cost as a
function of composition and to realistic treatment of the re-enrichment vs.

blending option for recycle of mixed uranium isotopes. In additiom all of
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the work in this chapter was for fixed burnup (33,000 MWD/MTHM) :
optimization of this parameter is clearly a desirable further goal.
The chapter which follows will address a number of these additional

considerations.
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CHAPTER 4

ECONOMIC ANALYSIS OF PWR CORE DESIGN AND FUEL MANAGEMENT

4.1 Introduction

Decreasing the annual ore usage of PWRs on the once-through fuel .
cycle by increasing the discharged burnup is a widely recognized stratagem.
Fujita (F-3) for example, has shown that significant ore saving (V20%) are
obtained if the discharged burnup can be doubled (to V60000 MWD/MTHM).
Achieving ‘this goal will of course require considerable attention to
fuel pin design and materials technology: topics not addressed here, since
we are more concerned - with development of the economic motivation for
pursuing this goal.

In this chapter we study the effect of increasing discharged burnup
on the fuel cycle cost of PWRs for both once-through and recycling modes;
and determine the optimum discharged burnup, where the fuel cycle cost
is minimum. Since the fuel cycle cost is one-quarter to one-third of
the busbar cost, -busbar and total syétemcosts (where the cost of
replacement energy must be considered) are also studied briefly.

Going to very high discharged burnups (or tight pitch lattices) may
favor stainless steel clad over zircaloy clad. Therefore the impact of
using stainless steel in the core on the fuel cycle cost of the PWR is
examined.

While burnup variation is the main theme underlying all of the sectioms
of this chapter, as will be seen, a number of other points will be brought

out in the course of the presentationm.
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236U

4.2 Allowing for the Presence of in Discharged Fuel

4.2.1 A Blending Method

The uranium fuel cycles which are considered in this chapter have
two important variations: the once~through mode, which is in effect at
the present time, and the recycling mode. For the first mode no credits
are considered for discharged fuel, and discharged fuel is disposed of or
stored for future use. However credits exist for the second mode due to

235U

the presence of fissile plutonium and uranium; the weight fractiom of
in spent fuel is usually greater than 0,00711 (natural uranium), and
always greater than typical separation plant tails assay (Vv0.002), and it

is thus worth re-enrichment. However, during irradiation of the fuel, other

236U. 236U has

isotopes are created in it, onme of the most important being
a large capture cross section, is not readily fissionable (nor are its
immediate transmutation/decay products) and hence behaves as a poison. The

236

separation of U from 235U is not possible chemically, and thus the

uranium recycled to the reactor has to have a higher 235U enrichment to
compensate for the negative reactivity due to the presence of 236U.

The enrichment of reprocessed uranium can be increased using one of
two methods. In the first method reprocessed uranium can be enriched by
conversion to UF6 and using a diffusion or centrifuge plant. In the second
method, the reprocessed uranium can be blended with unirradiated uranium
of sufficient enrichment to produce a product having the desired enrichment.
Each method has some advantages (G-4).

In the blending method, since no recycled uranium is to be re—enriched
in a diffusion plant, no conversion of uranium to UF6 is necessary and the
additional complications due to the presence of 236U in a separations cascade

can be avoided.



134

237N

Another advantage of blending is associated with production of D.

237Np is the precursor of 238Pu which has been developed for many isotope

237Np in turn is obtained by irradiation of 236U. In the

blending method all 236U can be recycled to the reactor and irradiated for

production of 237Np. The disadvantages of blending are associated with the

fact that, as the concentration of 236U in the fuel charge increases, the

applications;

requirement for additional fissile material increases. More separative work
is also needed for the enrichment of the fresh uranium which is to be used
for blending.

In this section we will discuss the blending method. Re-;nrichment of

recycled uranium will be discussed in the next section. Figure (4-1) shows

the échematic diagram for the blending method. The weight fractions of 235U

236

and U at each stage, have been labeled by subscripts R, E, F and P, denoting

recycle, enriched feed to diffusion palnt, tails assay of the diffusion
plant, and output of the blending step, respectively. In accordance with

the preceding discussion Z_,, Z_ and Zw are equal to zero.

F* "E
The object is to blend R Kg of reprocessed uranium with E Kg of

enriched uranium so that the mixture has Yp weight fraction of 2350 and ZP

weight fraction of 236U. At this point we assume the Yp should be equal

to the feed enrichment of the reactor when Zp is equal to zero. However,

236

since a fraction Zp, of U remains in the charged fuel, Yp has to be

increased by AYP, where AYp is the extra enrichment needed to compensate
for the negative reactivity due to the presence of 236U. In Appendix E it

is shown that AYP is proportional to Z , that is:

AYp = 0.2 (Zp) (4.1)



Reactoq
Blending

Operation

Free Market

Key:

T P{ZZ

R.= Kg uranium discharged from the reactor
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W = Kg depleted uranium, enrichment plant tails
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. . 236
2 = weight fraction of U

Figure 4.1 Recycling of Uranium Using the Blending Method
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Expressions similar to Equation (4.3) have been found by other investigators
(H-2), (G-8).
Imposing the conservation of mass one can write

P=R+E (4.2)

R*Y +E*Y

R E
YP + AYP R+ E (4.3)
R+ Z
R
" E+E (4.4
Solving Equations (4.3) and (4.4) for YE and E, respectively, gives:
Y, - Y Z
P R R
Y, = |=—— 2 + Y +AY_ |s—— (4.5)
E ZR - ZP P P P ZR - ZP
Zp # 0, Zy
z
E=|=-1 R (4.6)
P
By using Equation (4.1) in (4.5) there results:
Y. - Y ZP -2
P~ 'R|, R
YE = E;T:-z; ZP + YP + K ZR - ZP (4.7)
YP and ZR are always greater than YR and ZP respectively. Hence, according

to Equation (4.7) YE is always greater than YP'
Using Equations €4.6) and (4.7), the quantity of natural uranium
required for blending can be found,

T, - Y
£~ Y
F=E {0.00711 - YW] (4.8)
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For calculating the credit for uranium discharged from the reactor

it should be notad that in the output of the blending step there are P Xg

2
of uranium with (YP + AYP) and ZP weight fraction of ~35U and 236U

respectively, which can be considered equivalent to YP weight fraction of

235U in the ahsence of 236U.

The net credit from discharged uranium can be obtained as:

The revenue from
The Net Credit for] _ !sale of P Kg of - Total )
Discharged Uraniumj uranium with YP 235 kExpenses}
weight fraction UJ

TC = RU - TE ‘ 4.9)

The revenue from the sale of P Kg of uranium with Ip weight fraction of

235U, RU, and Total Expenses, TE, can be calculated from;

s
RU = 2.6 M Cy o + () PBCqn + M, * Cyp (4.10)
3% P 6
s
TE=2.6 FC. . + (3 EC.  +FC (4.11)
U,04 © B, Foswu T Four,
where: ‘
I Sl 1-==(R+z)- o Ty | (4.12)
p 0.00711 - T 0.00711 - T, :
s T, Y, - 0.00711 T,
® = & - DhajrTy * Goo - v, Pw-0B(TT T,
(Y, -x
_ | i W }
“-87 3o07iL - 1) (4.13)

i = P or E, as appropriate
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CU308, CSW and CUF6 are the ore unit price in $/1b, the separative
work price in $/Kg SWU, and the conversion of uranium to UF, cost in .
$/Kg HM respectively. These costs are as of the time when the fuel is

discharged from the reactor. Defining

Mnet = MP -F (4.14)

and
Sy . - S
Snet = (P)P - P (P% E (4.15)

then the net credit can be written as

TC = 2.6 CU308 M;et + CSWU‘? Snet + CUF6 . Mnet (4.16)

Using Equations (4.8) and (4.12) in Equation (4.14) and using 0.2 w/o
for the tails assay of the diffusion plant:
-1 - -
Mﬁet = 0 00511 [R(YP 0.002) + E(YP YE)] (4.17)
The quantity (YP - YE) can be found from Equation (4.7), and
Equation (4.8) can be used for E; then M oo can be written as

R y

Met = 000517 [Yg ~ 0-002 - K * Z;] (4.18)

Equation (4.18) indicates that Mﬁet depends only on the characteristics
of the discharged fuel, and it is independent of ZP and YP' Similarly

Equation (4.15) can be written:
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S , S S
Snec = (59 * R+ [(gﬁ - (Eﬁ 1= (4.19)
P P E

Using Equation (4.13) gives;

¥ Y

S S : P E
— - (= = -'l ———— - —— -
(P)P (P)E (ZYP )&n T YP (YE 1)4n T YE + 256.0(YP YE)

(4.20)

Substituting Equation (4.20) in Equation (4.19) and employing the
expressions for E and (YP - YE) from Equation (4.6) and (4.7) respectively,

one can write

Y Y
= i L] - D — - -
Siee = @ " RHEQIFIR T - EQY1)0 T
P P :
- 256.0 R(Y¥, - Y, + KZ) (4.21)

Note that YE cannot be greater than 1.0. Thus from Equation (4.7), ZP

cannot be greater than, Z? where
max
[ 1-1 )
YA =2 = (4.22)
gnax R tl YR KZRJ

Also, TC, the total net credit must be greater than zero to make it worth

using the blending method. Hence by employing Equation (4.16);

y . 4
(2.6 Gy o+ Cyp Mg * gy * Spge 20 (4.23)

All parameters for a given batch of recycled uranium are constant, and
=2

do not depend on Z_ except Sn , thus

P et
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2.6 CU 0 + CUF;]

378
S > - Iy
net — CSWU _‘ net

(4.24)

Mnet’ Snet and R can be used in SIMMOD to characterize the back end crédit

of the uranium recycle mode. It should be noted that since the blended

236

uranium charged to the reactor has ZP weight fraction.of U, the weight

236

fraction of U, Z,, in discharged fuel is greater than when fresh fuel

R’
is charged to the reactor; thus even more fresh uranium is needed to hold

the fraction of 236U at ZP in uranium recycled to the reactor. On the

236U charged to the reactor is burned and

becomes 237Np, which, not only reduces the concentration of 236U in the

core, but after reprocessing of discharged fuel, g37Np can be separated

chemically and sold. Consequently there is a credit due to sale of 237Np.

other hand, some fraction of the

Here we will in effect (by ignoringboth effects) assume that the credit

237

due to sale of Np compensates for the extra expenses of additional.fresh

fuel (AE) to keep the weight fractionm of 236U in the recycled uranium
charged to the reactor constant.

In the above equations Z_ can be selected to be between 0 and ZP

P
However a small ZP means a large amount of ore is required for blending,

and the choice of avalue of ZP near ZR means that a large amount of
separative work is needed. For a three batch core (Maine Yankee) and a

feed enrichment equal to 3.0 w/o the compositions of discharged fuel given

in Table (D-6) were used to calculate the net credit, TC, due to discharged
uranium. The results showed that TC is negative for all values of ZP’ and
consequently the blending method is not attractive. However, for the same

core But with 1.5 w/o feed enrichment (again see Table (D-6) for the discharged

composition), TC versus Z_, was found to be as shown in Figure (4-2). As

P
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can be seen, the net credit is almost constant between 0.0001 and 0.001
weight fraction of 236U charged to the reactor., Thus it can be said that
using the blending method to achieve a specific weight per cent of 236U in
the output of the blending operation is attractive only for low discharged
burnup.

Another way to use the blending method is to blend R Kg of recycled
uranium with E Kg of enriched fresh fuel to obtain P Kg of blended uranium
with YP + AYP weight fraction of 235U and ZP weight fraction of 236U. Again
AYp is the increase in enrichment due to the presence of ZP weight fraction

236

of U. Now instead of assuming a value of for ZP (as before) we assume

that P and YP should be equal to the heavy metal per batch charged to the

reactor and the weight fraction of 235U in charged fuel (when there is no 236U)
respectively. Thus in ~ (4.2) through (4.4), P, Y , R and ZP are
known and ZP E and YE are unknown. Solving these equations for ZP’ E and YE:
’
E=(1-9J)P . (4.25a)
Z, = ¢ Zy (4.25b)
. = YP + KQ(ZR - YR) 5.250)
E 1-9 ¢
where
d = R/P

Again at the output of the blender we have P Kg of uranium with YP + AYP

235

= 0.2 ZP) weight fraction of 3

(AY U and Zp weight fraction of 236U which

35

P

is equivalent to P Kg of uranium with YP weight fraction of 2 U in the
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236 , , .
absence of U. The net credit can also be written as before, that is,

— ' ¢ '
€728 Qop Yhee T Cswu Snee T Cur, Yhec (4.2%)
where,
. (Tp = ¥p) + (¥ - YW')-.I.P 6.27)
net 0.00511 il -

and Snetis given by Equation (4.21)

For a three-batch core and a feed enrichment equal to 3.0 w/o (see
Table (D-6)) the net credit due to discharged uranium is again negative,

(=5.7 x 106$). It should be noted that even if we assume that Z the

236

R’
weight fraction of U in discharged fuel, is zero the credit with the

blending method is negative. For example, using the above method, for the
3 batch core the net credit is -4.7 x 106 $ when ZR is equal to zero. Thus
the presence of 236U penalizes' the credit an additiomal 21%Z. These results
show that the blending.meéhod is not an attractive method and it can be

used only for low burnup where the charged enrichment is low and the weight

per cent of 236

U is small. Thus for this report we consider only the
re—enrichment method, as discussed in the next section, for calculation of
the credit for discharged uranium.

Finally, note that :credit must also be given for the discharged

plutonium. This was done using tlhe indifference method discussed in

Section 3.3 of Chapter 3.
4.2.2 Re-enrichment

In this section we determine the credit for discharged uranium using

the re-enrichment method. That is, the discharged uranium is fed to a
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diffusion (or other enrichment) plant to increase the weight per cent

235

of U to the desired level.

Figure (4.3) shows a schematic diagram. As illustrated in this

figure R Kg of discharged uranium are fed to the diffusion plant to

235

increase the weight fraction of U from Y_ to Y, + AYP, where, as

R P
discussed before, AYP is the increase in the weight fraction needed to

offset the presence of ZP weight fraction of 236U;

AYP =K zP (4.1)

with (from LEOPARD Calculations) K = 0.2. Also, due to the presence

of 236U, some extra separative work has to be expended to get the

desired weight percent of 235U. In reference (G-7) this extra contribution

due to 236U has been given as;

YW Y+ ¥
4W, n 5=+ 4 P, in —g—
6 YR 6 YR

As

(4.28)

where

AS = extra separative work needed, KgSWU
236

W6 =W ZW’ Kg of U in tails
P, = P+ Z,, Kg of 236y in product
The ratio of the amount of 236U in tails to the amount of 236U

fed to the diffusion plant can be written as (G-7)
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kg uranium discharged fromithe reactor

P = kg of enriched uranium
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Subscripts R, P, W denote recycle, product and
tails assay steps respectively.

Figuze 4.3 Schematic Diagram of Re—enrichment Method
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(4.29)

1.1/3 1 1/3
&) - ( )
w_6 ) Yo Y, + AYP
R, ,1.1/3 1 1/3
6 () - ( )
Y Y, + AYP
where
236, . . . .
R6 =R * ZR’ Kg of U in recycled uranium; using mass conservation

one can write

o
4
n

P (YP+AYP)+W~YW

Using Equation (4.1), Equation (4.30c)can be written as

R YR = PYP + K- PZP + WYW

Solving Equations (4.30a),(4.30b)and (4.30d)simultaneously for P, Zp

and W gives:

R(Yp - ¥,) - K(RZp - W)
P = Y. - Y
P W
L B (4 - T
P R(Y, - Y,) - K(RZ, - W)
o R(Y, - Yp) + K(RZ, - W,)

oW

(4.30a)

(4.3.0b)

(4.30c)

(4.304)

(4.3D

(4.32)

(4.33)
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. . 236, , . cee
Note that when there is no U in the uranium fed to the diffusion

plant Z_ and Wé are a2qual to zero, and hence from Equatiom (4.32) ZJ is
&

R

zero and the expressions given for ? and W reduce to their standard form.

It should be mentioned that W, in the above equation is itself dependent

6

(AY, = KZP’ see Equation (4.29)). Thus a trial and error method

P P

has been used: we first estimate a value for ZP’ and then by using Equation (4.1)

on AYP or 2

find AYP, then employing Equation (4.29) W6 can be found, and hence ZP can

be calculated using Equation (4.32). If the difference between calculated

and estimated wvalues of ZP is within acceptable limits this value of W6 can be

used to calculate P and W from Equations (4.31) and (4.33), otherwise, the
calculated value of ZP is considered as the new estimate for a second iteration.
This procedure is repeated until the desired difference between the new value

of ZP and the previous value of Z

P is reached. However, AYP is small,®and

hence its effect on W6 is not pronounced. Thus W6 can be calculated accurately
enough for most purposes by assuming AYP is equal to zero (ZP equals zero).

After reenrichment of the recycled uranium we have P Kg of enriched
235

uranium with Y, + AYP weight fractiomn of U and ZP weight fraction of
236U, which is equivalent to P Kg of enriched uranium with YP weight fraction
235 236 . .
of U, and no U. Thus the credit due to P Kg of uranium can be
calculated as;
YP - 0.002 s

RU = P(—jifaﬁgiz——)(Z.GCUBOs + CUF6) + P - (FQPCSWU (4.34)
where parameters are defined as before and

S YP YP - 0.00711 YP - 0.002

=), = (2 in ——— . - 4.8 (e 4.35

@p = Ol g * 8- B 55 ) - 48T L 403

P
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From this revenue the expenses due to reenrichment of recycled uranium

must be subtracted to get the net credit. The expenses can be calculated

as,
- §. . . ’
TE = [(P)R P + AS] CSWU + R CUF6 (4.36)
where
Y. Y. -Y Y
S P P R W
@), = (Y, ) ( ) + —) (27, )8 (—E)
PR P-1 1 - YP YR YW W-1 1 - YW
Y. -Y Y
P W R
- ) Q2Y,_)in G—j:——ﬁ (4.30)
YR - Yw R-1 1 YR
Therefore the net credit can be written
TC = RU - TE
or
YP - 0.002 ( S s .
TC = 2.6P (5 50511 )CU308 M 't[(ET)P - PglP - AS} Cswu
YP - 0.002
+ [(——-—0.00511 }P - R]CUF6 (4.38)
Define:
YP - 0.002
More = 2'66—6765§II_0P (4.39)
S S
= [(2). - (= . - 4Q
Snet [(P)P (R)R] P AS (4.40)
and
YP - 0.002
Mip = CGgosi VF T R (4.41)

6
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Equation (4.38) can be written

= 7 T . 2 /.4
TIC VIore CU308 + Snet cSWU + WUFs CUF6 (4.42)

Using Equations (4.37) and (4.35) in Equation (4.4D), and assuming Y, is

equal to 0.002, § can be written as
ne

t
YR - 0.00711 YP - 0.002
Snet = [6-18C—5 o5t ) ~ 4-87 CGggsir )
Y, - 0.002 YR
A S - — ) 1P - /
+ (Y - 0.002>(2YR 1)4n (l — Y1P - AS (4.43)
R R
M_, S and MUF can be used in SIMMOD to calculate the overall
ore’ "net 6

levelized fuel cycle cost for the recycle mode.
For the three batch core and 3.0 w/o feed enrichment, TC, the net

236

credit is 3.57 x 106 $, whereas if there is no U in the discharged fuel

TC is equal to 4.5 x 106. That is, a 21Z% penalty is again incurred due to
the existence of 236U in discharged fuel.

Finally, it should be mentioned that we have assumed the enrichment cost
($/Kg SWU) for the recycled uranium is the same as for fresh fuel.
Determination of the enrichment cost ;f recycled fuel is left for future

work. If a dedicated enrichment plant must be reserved for use with recycled

fuel, then cost penalties would appear to be inevitable.

4.3 Effect of Burnup on Fuel Cycle Cost
4.3.1 Once~through Fuel Cycle
In the previous chapter the once-through fuel cycle was optimized

with respect to fuel-~to-moderator volume ratio. Here we will find the
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optimum burnup to yield the minimum fuel cycle cost for this mode of
operation. The reactor system analyzed is again the Maine Yankee reactor,
introduced in the preceding chapter. The unit prices of the different
steps in the nuclear fuel cycle were selected from References (A-l) and
(D-2). 1In reference (A-1) the "high" and "low" bounds on the cost of
each transaction have been given. These high and low prices will be used
to estimate the one-sigma uncertainty in fuel cycle cost due to assigned
uncertainty in the unit prices. Table (4.1) shows the base, low and high
unit costs for each step. In the fourth column the standard deviation of
each step has been given. These standard deviations have been calculated
by subtracting the high and low costs and dividing the result by the factor
2.0, In effect, a normal distribution function was assumed for each variable
and a 687% chance assumed that the unit price will fall between the high and
low costs., (One may plausibly argue for greater certainty: 1if "high" and
"low" encompass 95% of the likely values, then the values shown will be
reduced by a factor of 2, as will be the o value deduced for fuel cycle costs.)
Table (D-6) in Appendix D shows the mass flows charged and discharged,
and Table (E-6) presents the quantity of each step in the nuclear fuel cycle
for a 3 batch core. Using these mass quantities, the base unit prices given
in Table (4-1) and other economic parameters (such as the discount rate) from
Table (3-2) in SIMMOD one can find the overall levelized fuel cycle cost as
a function of burnup, as shown in Figure (4-~4). Note that it was assumed
that the availability-~based capacity factor is the same for all cases, having
a value of 0.82. Thus, since the burnup is different for each case the
refueling interval and the overall capacity factor are different for each
case. Table (4-2) shows the burnup, the feed enrichment, refueling interval

and capacity factor for each case for-a 3 batch core. In the fifth column



UNIT COST OF DIFFERENT STEPS

Transaction

U308Cost $/1b

UF, Conversion

s/8g m

Fabrication
$/Kg HM

Enrichment
($/Kg SWU)

Spent Fuel
Transportation
($/Kg HM)

Reprocessing
($/Kg HM)

Waste Disposal
$/Kg EM

Disposal

*g = (CM - CL)/ 2

Base Cost

40

2.0

99.0

94.0

17.0

211.0

30.0

110%=*

** From reference (D-2), disposal

Low, CL

1

only

23.53

1.22

64.0

64.0

6.0

46.0

24.0

88

345,

37.

131

0

0

151

g*

18.06

35.00

29.50

99.50

21.50
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FUEL MANAGEMENT DATA FOR 3 BATCH CORE, ONCE-THRQUGH MODE

TABLE 4.2

153

Discharged Refueling* 3 Ore
Enrichment Burnup Capacity* Interval o) Usage
(w/o0) GWD/MTHM Factor yr mills/kwhre ST/GWe-vr
1.5 8.8 0.613 0.494 9.66 257.6 |
2.0 18.0 0.697 0.829 6.575 198.3
3.0 33.8 0.750 1.448 5.790 176.7
4.0 48.2 0.770 2.011 5.938 172.7
5.0 62.1 0.781 2.555 6.280 171.6
6.0 76.0 0.788 3.099 6.683 171.11

*The availability-based capacity factor was assumed to be 0.82;

see Equation (2.27) for calculation of capacity factor

**Including refueling downtime (0.125 year): time between successive

startups
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the overall levelized fuel cycle cost for the once-through scenario has
also been given. As can be seen from Figure (4-4), the optimum burnup for
the 3 batch core on the once-through cycle is about 33.8 GWD/MTHM, which
is representative of current PWR designs. (The Maine Yankee reactor has

a nominal 33.0 GWD/MTHM discharge burnup). In this figure the ore usage
has also been shown. The ore usage curve has been found by the model
given in Reference (G-1). The ore usage curve shows that as the

burnup is increased the annual ore requirement decreases monotonically.
However, as can be seen from this figure, beyond the optimum burnup

(33.8 GWD/MTHM) the overall levelized fuel cycle cost increases as burnup
is increased. Thus there is no motivation to go to higher burnup from the
point of view of fuel cycle cost., Nevertheless, since the fuel cycle cost
versus burnup curve is quite flat in the vicinity of the optimum burnup,
the burnup in this case could be extended to 45 GWD/MTHM to take advantage
of the reduction in ore consumption without serious economic penalties.
Longer burnups are also found if system cost is minimized because of the
high cost of makeup power when a reactor is shutdown.

It is also of interest to illustrate the effect of increasing the
number of core batches. Therefore a 6 batch core was also considered.
Tables (D-7) and (E-7) show the mass flows charged and discharged and the
quantity of each tramsaction in the fuel cycle for the 6 batch core. Using
these data and other economic information as before, one can find the
overall levelized fuel cycle cost as a function of burnup, as shown in
Figure (4-4). Table (4-3) also shows the overall levelized fuel cycle
cost, ore requirement and other parameters for the six batch core on the
once-~-through cycle. Ore usage has also been shown for the six batch core

on Figure (4-4).
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TABLE 4-3

FUEL MANAGEMENT DATA FOR A SIX BATCH CORE ON THE ONCE-THROUGH FUEL CYCLE

Discharged Refueling#** -

Enrichment Burnup Capacity* Interval. o Ore Usage
w/o GWD /MTHM Factor vT Mills/kwhre ST/GWe.yr
1.5 10.1 0.502 0.323 8.56 185.75
2.0 21.0 0.629 0.536 5.787 153.6
3.0 39.6 0.706 0.900 5.156 142.01
4.0 56.6 0.737 1.233 5.347 140.8
5.0 73.0 0.754 1.554 5.716 140.65
6.0 90.5 0.766 1.8962 6.104 139.7

*The availability-based capacity factor was assumed to be 0.82.
See Equation (2.27) for calculation of capacity factor.
**Including refueling down time (0.125 yr): time between successive

startups.
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~As can be seen from Figure (4-4), the optimum burnup for the six batch
core is 42 GWD/MTHM, and as with the three batch core, the fuel cycle
cost around the optimum burnup is flat, so that the burnup can be
increased to roughly 50 GWD/MTHM without a significant change in fuel
cycle cost.
Comparison of the fuel cycle cost versus burnup curve for the
three batch and six batch cores shows that;

(a) for discharged burnup greater than 10 GWD/MTHM, the overall
levelized fuel cycle cost for the six batch core is less than
that fo? the three batch core.

(b) The optimum discharged burnup of the six batch core (42 GWD/MTHM)
is greater than that for the three batch core (33.:8. GWD/MTHM).
However, since the fuel cycle cost does not changé significantly
around the optimum discharged burnup, the discharged burnup of |
the three batch core can be increased to 42 GWD/MTHM, without
sacrificing much in the way of fuel cycle cost.

(c) The minimum fuel cycle cost for the six batch core (5.10 mills/
KWhre) is 127 less than the minimum fuel cycle cost of the
three batch core (5.79 mills/kwhre).

(d) The ore usage for the six batch core is always less than that
for the three batch core.

The above analysis employed the base unit prices given in Table (4-1),

however, as mentioned before, there is a certain degree of uncertainty
in the unit cost of each step in the fuel cycle, characterized in Table 4-1
by 0, the standard deviation, from which we can find the resulting

uncertainty in the fuel cycle cost.
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In reference (G-3), it is shown that if Z is a function of n

“

variables x,x , can be
P

ps tre X then the variance of Z, cz

written:

N

2 2

o, = ’ <——§§ ) Oi (4 .44)
i=1 9¥; %4

Using Equation (4.44) and the simple economic model derived in

Chapter 2, namely

I
- 1 g .
®o = Tooor b Mi%:fi% (2.16)

and assuming the unit costs in each step of fuel cycle are independent,
one can find the standard deviation of the overall levelized fuel

cycle cost, Ge’ as

1 [foc, 2 ) 1/2
o= = |7 |== e , mills/kwhre (4.45)
e = C 1
o i=1 i
where
Oc = standard deviation of each step in the fuel cycle (given
i

in the fourth column of Table (4-1))

Ei = the average unit cost of each step in the fuel cycle
(given in the second column of Table (4-1))

e. =M CF G /LO00E, the partial cost of each step in the fuel

I
cycle, mills/kwhre (e0 = izl ei)

Using the data given in Table (4-1) and the output of SIMMOD for the

partial cost of each step in Equation (4-45) ome can find oz > (i.e. a
o)
687% probability exists that the levelized fuel cycle cost is in the range
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e tog ). Thus the standard deviations of the fuel cycle cost for the

three b:tch core and the six batch core, for the discharged burnup around
their respective optimum values, were found to be 1.5 and 1.34 mills/kwhre,
respectively. In Figure (4-4) the bars indicate one standard deviation around
the average. It should be noted that, since the partial costs vary with
burnup the GE will also vary; however the variation is not very large,

so that the 02 values shown may be assumed to be typical for the

remainder of t;e curve. As can be seen, the margin of uncertainty is
rather large (even if the high and low estimates bracket 957 of all cost
variations instead of 68%, the error flags would only be cut in half).

This shoul& be kept in mind in the comparisons made in this and other
evaluations. Indeed a reduction in uncertainty would have more import

that most technological improvements. Other caveats are also in order: the
probability distribution functions for all (or .even most) variables are

probably not normal; if variables are correlated rather than independent the

expression used to combine variances (02) will give an underestimate.
4.3.2 Uranium Cycle with Uranium and Plutonium Recycle

The effect of burnup on the uranium cycle with recycling of
plutonium and uranium is the subject of this section. The re-enrichment
method discussed in Section 4.2.2 is employed here to calculate the credit
for discharged uranium. The mass flows charged and discharged are given
in Tables (D-6) and (D-7) for the three and six batch cores respectively.
The equations given in Appendix E were employed to calculate the mass
transactions for each step of the fuel cycle. The assumptions which have
been used for determination of the mass transactions have also been

discussed there. Using these data along with the unit prices given in
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Table (4-1) the overall fuel cycle cost can be calculated using SIMMOD.
Note that the unit price of fissile plutonium was obtained using Equation
(3-37), which yielded 26,000 $/Kg for fissile plutonium.

Figure 4.5 shows the overall levelized fuel cycle cost as a function
of burnup for the three and six batch cores in the uranium and plutonium
recycling mode. This figure was developed using the transaction
quantities given in Tables (E-6) and (E-7). The overall levelized
fuel cycle cost for the once-through fuel cycle mode has also been shown
to facilitate comparison of the once-through and recycling modes. The
ore usage as a function of burnup has also been shown in Figure (4-5)
for the three and six batch cores in the recycling mode. The ore usage
curve was obtained by using the data given in Tables (D-6) and (D-7) and
the method discussed in reference (C-3). These figures show that for both
the three and six batch cores the optimum burnup is about 35 GWD/MTHM.
However the minimum fuel cycle cost for the six batch core (4.75 mills/kwhre)
is 127 less than that for the three batch core (5.40), and in the vicinity
of optimum discharged burnup, the fuel cycle cost curve for the six batch
core is flatter than that of the three batch core so that the discharged
burnup for the six batch core can be increased to about 42 GWD/MTHM without
an appreciable change in fuel cycle cost.

Although the fuel cycle cost behavior encourages increasing the
discharged burnup to its optimum value, the annual ore requirement discourages
increasing the discharged burnup. Also, as can be seen, both the fuel cycle
cost and the ore usage are greater for the 3 batch core. Comparative
analysis of the once-through fuel cycle mode and the recycling mode reveals
that the fuel tycle cost for the recycling mode is slightly smaller than

for the once-through mode under comparable conditions (same number of batches,
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optimum burnup). The difference decreases as discharged burnup is increased
and in any event is not to be considered significant in view of the
uncertainties involved. This behavior is expected, since as the discharged
burnup is increased the residence time of each batch in the core is
increased, the present worth factors for back end steps of fuel cycle

become smaller, and thus the net cost or benefits of back end transactions
become less significant. This figure shows that the optimum discharged
burnup for the 3 batch core is almost the same for both modes of the fuel
cycle; however for the six batch core the optimum discharged burnup is
greater for the once-through mode than for the recycling mode (42 versus 35
GWD/MTHM). The overall fuel cycle cost and annual ore usage are about 7%
and 277 greater, respectively for the once-through fuel cycle than for the
case with uranium and plutonium recycling for the six batch core and optimum
discharged burnup. Also, as can be seen from this figure the fuel cycle
cost for the once-through fuel cycle mode and the six batech core is smaller
than for the recycling mode of the 3 batch core for discharged burnups
greater than 21 GWD/MTHM; for optimum discharged burnup the fuel cycle cost
is 5.5% lower for the once-through mode, nevertheless the annual ore requirement
is 7% higher for the once through mode.

The above discussion reveals that the six batch core and the recycling
mode is the most attractive scenario by a narrow margin. ©Note that in the
above analysis the refueling downtime (the time between two successive
start ups) was assumed to be 0.125 years (6.5 weeks) for the six batch core.
Reducing the refueling down time increases the capacity factor and hence
decreases the overall levelized fuel cycle cost. Andrews (A-4) has

reported a quick refueling scheme which reduces the refueling down time
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from six weeks to three weeks., Although, as mentioned in Reference (F-3),
"a significant number of utilities have not purchased this fuel management
scheme, the attraction of the six batch core from both the point of view
of fuel cycle cost and ore usage, may ultimately prevail. Thus the impact
of 3 weeks refueling down time (0.058 years) on the overall levelized fuel
cycle cost of the 6 batch core 1is  examined in Sectiom 4.5.1.

'To determine the variance pf fuel cycle cost again we use Equation
(4.45) along with the data given in Table (4-1). However the variance of
fissile plutonium price must also be determined. To obtain this variance
it should be noted that the price of fissile plutonium is dependent on other
unit prices such as those for ore, fabrication, reprocessing, etc.

The unit price of plutonium, on the basis of the indifference cbncept,

can be written

% I

= a,C,

RS N
producer |consumer

aici . (4.46)

where the ai are constants and the Ci are unit prices for each step of
the fuel cycle (except for credit or purchase of Pu) and the summation
is over all steps in the nuclear fuel cycle (see Section (3.6) for

a more detail explanation). Use of Equation (4.46) with Equation (4.44)

results in
2 I I
2 2 2
o, = ) afol |- ] alC (4.47)
Cpu  gm1 T ¢ gmp 1
producer consumer

Employing the Simple Model, @; can be determined as
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°/C rCP“H S } (4.48)
1778 1
J\

- P B
<ePu ' ePu)/CPu

, - . c F
where e and Ci have been defined before, e and e

are partial costs
Pu Pu P

of the fuel cycle due to net pruchase of fissile plutonium for consumer
reactors and credit due to discharged fissile plutonium from the producer
reactor, respectively. Using the output of SIMMOD for the Maine Yankee
Core, where both producer and consumer reactors have their optimum Vf/Vm

c P - . .
(0.4816), es epys Spy and then a, can be found. Emploving Equation (4.47)

gives the €_ , which is 11.7 $/gr, where the base cost is 26 $/gr.

Pu
Using this value of G for fissile plutonium in Equation (4.45), oz for

o)
the recycling mode can be found, namely 1.53 and 1.27 mills/kwhre, for the

three batch and six batch cores, respectively; these are shown as error

flags in Figure (4=3).
4.3.3 Analysis of Approximations

To calculate the fuel cycle cost, the Simple Model Qés employed.
As described in Chapter 2 this model deals only with steady state batches,
and the effects of startup batches and shutdown batches were ignored.
It was shown that for a three batch core the total error is not greatar than
3% for all assumption. However for a six batch core, where there are
5 startup batches, the error should be determined. Thus, Equatiom (2.39)
will be employed to consider the effect of startup batches. Using this
equation gives 4.63 mills/kwhr and 5.7 mills/kw for the recycling and
once~-through modes, respectively for optimum discharged burnup, whereas
if the startup batches are ignored the fuel cycle costs are 4.31 and 5.15

mills/kw for the recycling and once-through modes, respectively. Hence
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current results are optimistic.
Thus development of a systematic, and hopefully simple, means for

including startup batches in SIMMOD is recommended.
4.4 Effect of Ore Escalation Rate on Optimum Discharged Burnup

In this section the effect of ore scarcity~-related escalation rate
on the optimum discharged burnup of the three and six batch cores is studied

In section 3.5 three cases for variation of ore price were considered,
where two cases could be considered to be equivalent, and where all three
gave comparable results. Thus, here only one scenario will be examined: the
time-zero cost of ore is assumed to be 40 $/1b and the scarcity-related
ore escalation rate is varied. Figure (4-6) shows the effect of the
scarcity related escalation rate on the fuel cycle cost as discharged burnup
is increased for three and six batch cores and for the once-through fuel
cycle. As can be seen thé optimum discharged burnup does not change. The
fuel cycle cost for the six batch core is always smaller than that for
the three batch core and the differences between the minimum fuel cycle cost
of the three and six batch cores increases slightly as the ore escalation .
rate is increased, which favors the six batch core.

For the recycling mode of fuel cycle operation Equation (3.27) can
be used to determine the value of plutonium as the ore escalation rate
increases. Figure (4-7) shows the fuel cycle cost versus discharged burnup
for 0 and 6%/yr escalation rate (where the price of fissile plutonium is
26.0 and 69.0 $/gr respectively). This figure shows that the optimum
discharged burnup will decrease as the scarcity related ore escalatioﬁ
rate is increased, and the minimum fuel cycle cost of the three batch

core is always greater than that for the six batch core. The decrease of
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Cores and the Once-through Fuel Cycle
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optimum burnup occurs because ore usage increases with discharged burnup;
thus escalating the ore price discourages higher buraup. Comparing the
once-through mode and the recycling mode shows that the fuel cycle cost
of the recycling mode is less sensitive to variation of the escalation
rate, and in this sense is more attractive.

A final note in regard to these comparisons. They are for a fixed
time horizon (30 years), thus the number of fuel batches differ: more
batches are required when burnup is reduced, fewer when burnup is high.

Thus the parameter N varies in the Gi factor in the Simple Model.

4.5 Effect of Other Options on the Optimum Discharged Burnup

4,5.1 Short Refueling Downtime

In Section 4.3.2 it was mentioned that decreasing the refueling
downtime increases the capacity factor, and hence the six batch core becomes
a better option. Here we decrease the refueling downtime from 0.125 years
to 0.058 years and study the impact of this reduction on the optimum
discharged burnup of the six batch core. Figure (4-8) shows the fuel cycle
cost versus burnup for the 0.125 and 0.058 yr. refueling downtimes. As
can be seen, reducing the refueling downtime does not effect the optimum
discharged burnup, however its effect on the fuel cycle cost is significant -
the cost decreases about 8.5% as the refueling downtime decreases from 0.125
to 0.058 years (4.35 mills/kwhre for a 0.058 yr refueling downtime versus
4.75 mills/kwhre for a 0.125 yr refueling downtime, both for the recycling
mode). For the once-through mode this reduction in refueling downtime
causes the minimum fuel cycle cost to decrease “6.8% (4.80 mills/kwhre
for a 0.058 yr refueling downtime versus 5.15 mills/kwhre for the 0.125 yr

refueling downtime). Thus, there is a non-negligible incentive to consider
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the pursuit of a 3-week refueling downtime.

4,5.2 Effect of Discharged Burnup on the Busbar Cost

The Busbar cost of electricity can be written as (D-4)

1000 |,(1) . [0
®h = 3766L Q[K} * (K} M (4.49)
where

= Busbar cost of electricity, mills/kwhre

[
]

capacity factor

= annual fixed charged rate, yr

~

H O
\

rﬁ_,
Ralla)
0

capital cost of the unit, $/kwe

= Annual operating cost, $/kweyr

3 Rlo

= plant thermal efficiency (MWe/MWT)

= fyel cycle cost, mills/kwhre

®
rh

In Equation (4.49) the capital cost and operating cost are fixed
for a unit and do not change with different fuel management schemes. Thus

we can write
ey =%+ ee (4.50)
where A is equal to

=22 0 + @] (4.51)
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and is constant for an installed plant.

Now assume for the reference case a capacity factor equal to LO

and a busbar cost, eob which is & times the fuel cycle cost, e £ thus,
ey = Eeof (4.52)
If we use Equation (4.52) in Equation (4.50), there results;
A= LO(E -1 e ¢ (4.53)
Substituting Equation (4.53) into Equation (4.50) gives
L, ,
ey = e + CET)(g - l)eof (4.54)

Figure (4.9) shows the busbar cost versus discharged burnup (where
the reference éase was assumed to be a 3-batch core, with a 0.75 capacity
factor (LO) on the once-through fuel cycle with discharged burnup of 33.8
GWD/MTHM, which results in a fuel cycle cost of 5.79 mills/kwhre for eof;
in addition £ was assumed to be 4. As can be seen from this figure, the
optimum discharged burnup increases for both 3 batch and six batch cores
when the busbar cost is considered as the critegion. The optimum discharged
burnup is 50 GWD/MTHM whereas for the six batch core it is 75 GWD. The
minimum busbar cost is 22.8 mills/kwhre for the three batch core, whereas
it is 23.0 mills/kwhre for the six batch core: a negligible margin in

present terms.
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The busbar cost in the vicinity of the optimum discharged burnup is
so flat that the discharged burnup of the three aﬁd six batch cores can
be increased to 60 GWD/MIHM and 95 GWD/MTHM without sacrificing
significantly in terms of the busbar cost.

The increase of the optimum discharged burnup when the busbar cost
is increased can readily be explained. Acéording to Tables (4-2) and (4-3)
the capacity factor increases for burnups greater than the optimum burnup
(where the fuel cycle cost is minimum)}. Since the busbar cost is inversely
proportional to the capacity factor, increasing the discharged burnup
decreases the busbar cost. However for very high burnup the fuel cycle
cost is high enough to increase the busbar cost as discharged burnup is

increased,
4.5.3 Consideration of Replacement Cost

During outages and refueling down time, where the reactor is not
available for producing electricity, the short-fall in electric energy
has to he provided (e.g. purchased) to satisfy the demand of the consumers.
Thus the total cost is not merely the busbar cost: the effect of replacement
energy cost must also be considered.

If we assume the total energy which could be produced by the reactor is
ET and the energy which has been produced by the reactor is Eb during

one refueling interval, an amount E, of electrical energy hs to be bought

R

where.

Ep = Ep = By (4.55)



Thus if we define eb and eR

electricity respectively, the total cost, e , can be found as
>

According to the definition of capacity factor ome can write

=L i

v = -
Ex (1 L)ET

Using Equations (4.537) and (4.58) in Equation (4.56):

eS = Leb + (1 - L)eR

If we assume

ob

Equation (4.59) can be written as
e = Eeb + ueos(l—L)

Substituting e

-

L

= v - . . _O - )
e geéb(l L) +-L[ef + T (5-De ]

from Equation (4.54) into Equation (4.61) gives
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as the busbar cost and replacement cost of

(4.56)

(4.57)

(4.58)

(4.59)

(4.60)

(4.61)

(4.62)
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Using the same conditions as before, and assuming y is equal to 1.5,
Equation (4.62) along with the data given in Table (4-2) and (4-3) give
the total system cost as shown on Figure (4.9).

As can be seen, the optimum discharged burnup increases if we consider
total cost. For the total cost the optimum discharged burnup and minimum
total cost are V57 GWD/MTHM and 25.4 mills/kwhre for the three batch core
and 90 GWD/MTHM and 25.8 mills/kwhre for the six batch core, respectively.
However again the curves are very flat in the vicinity of the optimum
discharged burnup so that the three batch core burnup can be increased
to 65 GWD/MTHM, and for the six batch core much greater than 90 GWD/MTHM.
Note that the difference between the minimum total cost of the three

batch and six batch cores is again negligible.

4.6 Effect of Different Ways of Treating Nuclear Fuel Transactions

4.6.1 Expensed Fuel Costs

In the previous sections the effects of increasing discharged
burnup were studied when the nuclear fuel was considered as a capital
investment and depreciated. However, as mentioned in section 2.2.2,
the fuel cost could be considered as an operation and maintenance cost
analogeous to fossil fuel purchases.

To study this option Equation (2.32) was used fo calculate the
fuel cycle cost. Using this equation for the three batch core on the
once-through fuel cycle, the fuel cycle cost as a function of burnup can
be obtained as shown in Figure (4-10). For comparison the depreciated
case is also shown. As can be seen, expensing the nuclear fuel cause the
fuel cycle cost to decrease with respect to the depreciated treatment.
The optimum discharged burnup increases from V33 GWD/MTHM when the nuclear

fuel is considered as a depreciable investment, to V50 GWD/MTHM when it
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is considered as an expense. Thus it can be concluded that consideration

of nuclear fuel as an expense would be a favorable change in convention.
4,6.2 Front-end Depreciated and the Back-end Cost Expended

A hybrid treatment is also of considerable interest: the front end
cost can be depreciated and the back end costs expended. In the annual
financial reports of some utilities this policy has been reportedly
used (S-5). Thus the impact of this treatment on the fuel cycle
cost has also been studied here.

For this case, for front-end transactions Equation (2-16) must
be used (where the fuel costs are considered as depreciable investments)
and'for back~end transactions Equation (2.32) must be employed as in the
preceding section, Using these equations for the three batch core on the
once-through fuel cycle, the fuel cyclé cost versus burnup can be obtained
as shown on Figure (4-10). As cén be seen, treating the nuclear fuel in
this way causes the fuel cycle cost to be slightly greater than when it
is considered as purely depreciable investment, and thus the fuel cycle
cost has the highest value with respect to the other options. The optimum

Burnup stays about the same as the wholly depreciated case.
4.7 Economic Analysis of Cladding Effects

4,7.1 Breakeven Cost of Low~Absorption Clad

The ore requirement can be reduced by decreasing the parasitic
absorption in the core. Using a clad material with low absorption cross
section is one important way to save neutrons and thus improve ore usage.

For this purpose the use of a Laser Isotope Separation (LIS) process to
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separate out the more highly absorbing isotopes in zircaloy cladding is
under investigation. Fujita (F-3) has shown that a 100% reduction in 9,
(the absorption cress section), results in a 5% reduction in ore requirement
for the once-through mode of the fuel cycle. In this section we will

find the breakeven cost of low absorption zircaloy clad.

For this purpose we assume that using zircaloy clad with low
absorption cross section causes the overall levelized fuel cycle cost to
decrease by fe, mills/kwhre; thus to have the same fuel cycle cost as
the case where no isotope has been separated, the fabrication cost can
be increased by ACF (§/KgHM) . Therefore if MH is the Kg of heavy metal
charged to the reactor and Mzris the total amount of zircaloy used for
cladding, the increased value of low absorption zircaloy can be found as,

.

AC,_ = — AC ' (4.63)

Zr MZr F

or the breakeven cost of zircaloy can be written;

Czr = Cozz * 80y (4.64)
whexre Cozr is the price of zircaloy in $/Kg when no isotopes are separated.

c

oZr is approximately 2.5 $/1b for billet bar and 14.5 $/1b for sheet strip

zirconium in 1976 dollars (M~2).

Now we define F, as the fractional reduction in clad absorptionm.
It has been mentioned that if F is equal to 1.0 (100% reduction in ca)
there is a 5% decrease in ore usage. Here we assume that the percent

reduction in ore requirement is directly proportional to F. Thus one can write
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= 0.05 F (4.65)

where MU308 is the savings due to use of low absorption clad, and MU308
is the amount of ore needed for the standard case (no isotope separation).

Since,

_ w - 0.002
MU308 (heavy metal charged) (555571 (4.65)
Equation (4.63) can be written as
w = 0.002
750—:_0:_0'0—2 =1 ~0.05F (4.66)
where w is the weight fraction of 23SU in fuel charged to a reactor
using low absorption clad, and wo is the weight fraction of 235U in the

fuel charged where the standard clad is used.

The characteristics of the Maine Yankee core are used again to
analyze the economics of low absorption clad. Employing the core
characteristics of this reactor one finds that the ratio of the total
Kg HM charged to the total amount of zircaloy used for cladding is 4.3
QKHﬁMZr = 4,3). For this case we consider a three batch core and feed
enrichment equal to 3.0 w/o. Employing Equation (4.66) one can find the
feed enrichment for each value of F. Using the Equations given in Appendix E
for determination of tramsaction quantities and other economic parameters
as before, Ae, the decrease in fuel cycle cost as the result of using
zircaloy with low o, can be found. Table (4-4) shows Ae and ACF (the

increased cost of fabrication which gives the same fuel cycle cost).
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TABLE 4.4%

THE BREAKEVEN INCREASED COST OF LOW-ABSCRPTION ZIRCALOQY

Ae#* Ac, AC, *H%
7 (mills/kwhre) ($/Kg @) (s/%E 20

0.25 0.070 1.238 5.323
(1.232)

0.5 0.143 2.531 10.883
(2.502)

0.75 0.214 3.854 16.572
(3.75%)

1.0 0.2868 5.403 23.233
(5.0%)

*for F = 0, the fuel cycle cost and fabrication cost are 5.725 mills/kwhre
and 99 $/Kg HM respectively

**the numbers in parentheses are percent reduction with respect to the case
when no isotope separation is done

***for comparison the price of sheet strip zirconium is 32 §/Kg in 1976 § (M-1)
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Thus Equation (4.63) gives us C the maximum allowable increase in the

Zr’
price of zircaloy due to removal of isotopes with high absorption cross
section. If the LIS method increases the price of zircaloy more that
that given in Table (4-4) it is not worth using this process. Therefore
for 100% removal of high absorption isotopes the price of zircaloy should
not be increased more than 23 $/Kg HM: for 507 removal, which is a more
reasonable goal, less than 11 $/Kg is allowable to cover the cost of
separation, thus the price of sheet strip zirconium can'be increased from
32 §/Kg to 43 $/Kg, or by about 33%Z. We are not in a position to judge
what isotope separation would cost, but it is probably greater than 33%

of the current cost of zirconium: indeed if 1/2 the zirconium is separated

out, and cannot be resold for non-nuclear uses, the cost would be doubled

even if isotope separation were free.

4.7.2 Effect of Vf/Vm on the Comparative Analysis of Zircaloy and
Stainless Steel

Although the advantages of zircaloy clad over stainless steel from
thie point of view of their effect on the economics of nuclear power reactors
have long since been proven (B-2), (B-3), (B-4), Correa (C-2) has shown
that as the fuel-to-moderator volume ratio is increased the ratio between
the absorption of neutrons in stainless steel and zircaloy decreases.
Figure (4-11) shows the ratio of (core-spectrum averaged) macroscopic
and miéroscopic absorption cross sections of stainless steel and zircaloy
clad as a function of fuel-to-moderator volume ratio (C-2). As can be
seen, for tight-lattice pitches the microscopic cross section of stainless
steel becomes less than that of zircaloy and the macroscopic cross section

ratio decreases in proportion. This behavior, along with the better
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mechanical performance of stainless steel, which results in a smaller
clad thickness for the same operational conditions, suggests that

the advantages of zircaloy over stainless steel be re-evaluated for
tight pitch cores.

As mentioned in Chapter 3, increasing the fuel-to-moderator volume

ratio is only worth considering for a consumer reactor. Thus here we
consider Th units (since the potential for increasing Vf/Vm appears

233U/232
to be better than for 239Pu/238U) and study the effect of zircaloy and
stainless steel clad on the fuel cycle cost. Table (D-8) in Appendix D
shows the mass flows charged and discharged. Transaction quantities are
given in Table (E-8). The thickness of the clad was assumed to be 26 mils
for zircaloy clad and for stainless steel this thickness was assumed to
be 18 mils. Using the unit costs given in Table (3-2) the fuel cycle cost
can be obtained as a function of Vf/Vm. Note that the unit price of fissile
material was assumed to be constant at 34,000 $/Kg (see Equation (3.28)).
In Reference (B-3) the fabrication cost of stainless steel and zircaloy for
the uranium cycle have been given as 100 and 140 $/Kg HM, respectively.
Since the difference between the fabrication costs of zircaloy and stainless
steel is related to the hardware cost (tubing,end cap, springs, retainer, etc.
(L-2)) and material costs,which are independent of the mode of fuel cycle.
employed, we assume the 40 $/Kg HM difference in the fabrication cost of

233U/232Th cycle. Thus

stainless and zircaloy is also applicable for the
from Table (3-2) the fabrication cost of zircaloy clad fuel and stainless
steel clad fuel are 570 $/Kg HM and 530 $/Kg HM, respectively. TFigure(4-12)
shows the overall levelized fuel cycle cost as a function of Vf/Vm for the

two different types of cladding. These curves are for 3 batch cores, a

discharged burnup equal to 33 GWD/MTHM and the characteristics of the
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Maine Yankee Core.

As can be seen from this figure, at low fuel-to-moderator volume
ratio (current PWR designs) the fuel cvcle cost for zirczloy cladding is
about 87 smaller than for stainless steel cladding, however, for high
Vf/Vm, namely 2.5, the difference is reduced to only 0.7% and for Vf/Vm
greater than about 2.6 the fuel cycle cost for stainless steel cladding
is smaller than with zircaloy cladding. Thus for tight lattice pitches
stainless steel cladding has advantages over zircaloy. It should be noted
that if we assume the fabrication cost of zircaloy and stainless steel
cladding are equal at 570 $/Kg, at Vf/Vm equal to 2.5, the fuel cycle cost
for stainless steel cladding is about 2.4% greater than that for the zircaloy
cladding, which is a quite small price to pay to get the advantages of the
better mechanical performance of stainless steel, especially for high
discharged burnup. It may also be that stainless steel clad has advantages
in burnout and LOCA - damage resistance, which would help make tight pitch

cores practicable.

4.7.3 Effect of Discharged Burnup on the Comparative Analysis of Zircaloy

and Stainless Steel Clad

The effect of discharged burnup on theeconomics of PWRs using
zircaloy or stainless steel clad has also been studied before (B-3).
In the previous chapter it was shown that the optimum discharged burnup
for the total system cost for the six batch core is ~90 GWD, and it is
almost as great for the three batch core. There is considerable
uncertainty regarding the behavior of zircaloy at these high exposures, and
stainless steel clad is expected to be more durable. Thus it is of interest

to study the impact of using stainless steel on the fuel cycle cost when the
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discharged burnup is increased.

Considering the once-through mode of fuel cycle operation and the
characteristics of the Maine Yankee Core, the mass flows charged and discharged ‘
can be obtained (Table (D-9)) for stainless steel clad and transaction
quantities can be found by employing the equations given in Appendix E,
as tabulated in Table (E-9). These quantities for zircaloy cladding are
given in Table (E-6). Assuming 100 and 140 $/Kg HM for the fabrication
‘cost of stainless steel and zircaloy and the other unit prices as before,
the fuel cycle cost can be obtained. Figure (4.13) shows the fuel cycle
cost as a function of burnup for the two types of cladding. The ore usage
was calculated as explained in Appendix F and, the result is also depicted
in Figure (4.13). This figure shows that both fuel cycle cost and annual
ore requirements are smaller for zircaloy cladding. However the optimum
discharged burnup using stainless steel cladding is slightly higher:

45 GWD/MTHM and can be increased up to 52 GWD/MTHM without changing the
minimum fuel cycle cost significantly, whereas for zircaloy cladding the
discharged burnup can not be increased to more than 42 GWD/MTEM without
sacrificing in terms of fuel cycle cost.

Figure (4-~4) shows that increasing the number of batches from three
to six increases the maximum discharged burnup (the burnup which can be
increased without significant change in fuel cycle cost with respect to
the minimum fuel cycle cost) by a factor of Vvi.2. If we assume this factor
can also be applied for stainless steel cladding, then for six batch cores
using stainless steel clad the discharged burnup can be increased to
“62.5 GWD/MTHM, Thus a combination of a six batch core and stainless steel

cladding produces a cash flow pattern which favors higher burnup.
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4,8 Summary and Conclusions

4.8.1 Summary

Determination of the optimum discharged burnup was the main goal
of this chapter. For this purpose, the characteristics of the Maine Yankee
Core were again employed and the effect of the discharged burnup on the
fuel cycle cost for the once-through fuel cycle and for the recycling mode
were studied., The effect of increasing the number of batches on the fuel
cycle cost and on the optimum discharged burnup were algo considered.
Increasing the discharged burnup increases the intra-refueling interval and
hence increases the capacity factor. The capital cost and operating cost
are inversely proportional to the capacity factor and thus as capacity factor
is increased the busbar cost and total system cost decrease. Thus the effects
of discharged burnup on the busbar cost and total system cost were studied
and the optimum discharged burnup was determined in each case. The effect
of the number of batches on busbaF cost and total system cost were also
determined.

Due to the uncertainty in the unit price of each step of the nuclear
fuel cycle there is an uncertainty associated with the overall fuel
cycle cost, A normal probability distribution function was assumed to
be the representative of each individual fuel cycle cost component and the
difference between the AIF consensus estimates of the highest and the lowest
price of each transaction considered as two standard deviations. With this
asusmption and with the simple economic development in Chapter 2 the variance
of the fuel cycle cost was calculated.

The effect of clad absorption on the economics of the PWR was also dealt

with in this chapter. If all zircaloy neutron capture could be eliminated
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there would be a 5% savings in ore usage for the once-through fuel cycle.

Thus low absorption clad was considered to determine its effect on the fuel

cycle cost and to obtain the maximum price of low absorption clad. The

effect of stainless steel clad on the fuel cycle cost as the fuel-to-moderator

volume ratio is increased =~ was determined and compared to zircaloy clad.
Finally, different accounting treatments of the nuclear fuel, (1) all

costs depreciated, (2) all steps expensed and (3) front end steps depreciated

and back-end steps expensed (similar to the current financial policy of some

US public utilities) were considered and compared.

4,8.2 Conclusions
The main conclusions of this chapfer, particularly with respect to the
effect of discharged burnup can be categorized as;
(1) The optimum discharged burnup for the three and six batch
cores operating in the once-through mode of the fuel cycle
are 33000 MWD/MTHM and V42000 MWD/MTHM, respectively.
(2) The optimum discharged burnup for the three and six batch
cores operating in the recycling mode of the fuel cycle are
33000 MWD/MTHM and V35000 MWD/MTHM, respectively.
(3) The optimum discharged Burnup of the recycling mode is lower
than for thé once-through mode.
(4) Increasing the number of core batches increases the optimum
discharged burnup.
(5) The minimum fuel cycle cost for the once-through fuel cycle is
greater than that for uranium and plutonium recycle. However,
the difference is not very large (V6% for three batch core) and

well within the uncertainties involved.
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Increasing the number of core batches decreases the fuel

cycle cost, so that the six batch core operating in the once-
through mode for discharged burnups greater than 20000 MWD/MTHM
has a smaller fuel cycle cost than that of the three batch core
in the recycling mode. If each scenario is operated at its
optimum discharged burnup, the fuel cycle cost is 5.1 mills/kwhre
for the six batch core operating in the once-through mode and
5.4 mills/kwhre for the three batch core operating in the
recycling mode.

The annual ore usage increases with increasing burnup for the
recycling mode, whereas it decreases with increasing discharged
burnup for the once~through mode. Increasing the number of
core batches decreases the ore usage. These results agree with
the paralled analysis by Correa (C-2).

The standard deviations of the fuel cycle cost due to the
uncertainty of the unit prices of the sequential transactions
in the fuel cycle are on the average 1.4 mills/kwhre for the
once—~through mode and the recycling mode.

Variation of the scarcity-related escalation rate for the price
of ore does not change the optimum discharged burnup.

Reducing the refueling interval from 6.5 weeks to 3 weeks
causes the minimum fuel cycle cost of the six batch core to
decrease “8.5% and 6.8% for recycling and once-through modes
respectively.

Minimizing the busbar cost causes the optimum discharged burnup
to shift to higher wvalues. Consideration of total system cost

shifts the optimum even higher. Thus it appears safe to say that
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pursuit of high burnup to the limits of material and fuel design
technology is economically justified. It also appears advantageous
to use at least part of the increased burnup capability to increase
the number of batches used in the core.

If a 50% decrease in éircaloy absorption can be achieved, a cost
increment on the price of zircaloy of 11 $/Kg could be tolerated.
Increasing both fuel-to-moderator volume ratio and discharged
burnup make stainless steel more attractive as a clad material

for PWRs but not economically superior to zircaloy under conditions
now forseen.

Treating the front end steps of the fuel cycle as a depreciable
investment and the back end steps as expenses gives the highest
fuel cycle cost (by a narrow margin), whereas expensing all

steps gives the lowest fuel cycle cost among the three cases

which have Seen studied. Finally, the optimum burnup stays the
same as for the wholly depreciated case, whereas it increases

for the wholly expensed case.
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CHAPTER 5

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
5.1 Introduction

LWRs operating on the once-through fuel cycle are the only reactors
licensed for commercial production of nuclear power at the present time
in the United States, Thus a growing effort has been focused on
improving the core design and fuel cycle performance of LWRs. Sinée
on the order of 2/3 of the LWRs worldwide are PWRs, consideration in the
present work is concentrated on current-design PWR cores, and a limited
number of improved versions (chiefly tight pitch) and fuel management
schemes (mainly increased burnup and more core batches). Previous work
at MIT has been mainly concerned with improving the ore utilization of the
PWR (G-1), (F-3). The present report analyzes the same designs and operational
scenarios from the point of view of fuel cycle economics.

Although a major objective of the present work has been to analyze
a broad spectrum of options on a self-consistent basis, the primary
emphasis has been on aspects of contemporary interest: the once-through
PWR fuel cycle in particular. Similarly, while the thorium fuel cycle
was also ekamined, the uranium fuel cycle was emphasized.

In this report, the effect of fuel-to-moderator volume ratio and
discharged burnup on the fuel cycle cost of a representative PWR, namely
the Maine Yankee reactor, were studied. To achieve this goal a simple,
economic model was derived. TFinally the relative economic merits of
zircaloy and stainless steel clad, and a number of other points, have been

examined.
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In this chapter we review the results which have been described
in the previcus chapters and highlight the conclusions which have been

drawn. Recommendations for further work are also presented.

5.2 Summary and Conclusions

To permit rapid economic analysis of the PWR fuel cycle a Simple
Model has been derived. This model is based on two main assumptionms.
First, only equilibrium batches, the batches which have equal residence
time in the core and equal feed and discharged enrichment were considered,
and the effects of startup and shutdown batcheswere ignored. Secondly,
the revenue f{rom the sale of electricity and depreciation charges were
assumed to occur at the mid-point of the irradiation interval. On

these bases, the model becomes;

I
1
& T 1000 E izl M, CiFi6y (5.1)
where,
(®/F,x,t.)
= S i 1 - T
Fi - (.P/‘va,tr/Z) ('l-T) ('l—‘r) (5.2)
_— (_P/'F,ye,tr/z)—l [-(R\/A-’Zi’Ntc) (P/A,Z ,t ) 5.3

- <r/'F.yi,ti)_}L(P/'A,ze‘,Ntc) (/AZ ,t)

—

and the parameters are defined as;
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transaction quantity involved in the ith step

(e.g. Kg SWU or HM)

unit price (e.g. $/Kg or $/1b) of the ith step in
time-zero dollars

lag or lead time for step i relative to the start of
irradiation (if step i is in the back end of the fuel
cycle the irradiation time must be added), yr
discount rate = (1 - ‘r)fbrb + fsrs, %/yr/100
escalation rate for ith step %/yr/100

escalation rate fof the price of electricity, %/yr/100
(x - Yi)/l + Yi)

total number of steady state batches during the life of
the reactor

intra-refueling interval, yr

residence time of a bétch in the core, yr

total electrical enmergy produced by a batch during
its residence time in the core, kwhre

tax fraction

debt fraction

equity fraction = 1 -~ fb‘

rate of return to bond holders, %Z/yr/100

rate of return to stock holders %/yr/100

1, 2, 3, ... I, the number of transactions

aQ+x"

[+ 2)% - 11/12 + 2
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The discrepancy between this model and an accurate model such as
MITCOST-II is not greater than +3% at the most for a typical PWR, close
enough for the purposes of this task. Table 5.1 shows the good agreement
between the simple model and MITCOST-II for various parameters of interest.

The above formulation treated the nuclear fuel as a depreciable
investment. If the nuclear fuel, or any transaction therein, is expensed

the Fi factor in Equation (5.1) becomes

(P/F,x,ti)

P " GrF=t

3 (5.4)
r/2

To study the effect of fuel-to-moderator volume ratic and discharged
burnup, the Maine Yankee core was selected as a reference case and the
simple eqonomic model was employed to determine the overall levelized fuel
cycle cost.

Two coupled systems, namely 235U/238

and 235

U units coupled to Pu/U units

U (932)/232Th units coupled to 233

U/Th units were considered to’
study the effect of fuel-to-moderator volume ratio. The latter coupled
system was considered for both segregated and non-segregated cases. In
the segregated case the 235U and 233U can be separated from each other,
whereas for the non-segregated case these two fissile materials are
intermixed. The once—~through fuel cycle was also considered. To calculate
the fuel cycle cost of these systems the recent consensus unit prices,
published by the Atomic Industrial Forum (A-~2) were used in most instances,
however some unit prices were selected from other references (XK-2)(A-3).

235

The minimum fuel cycle cost of the U/U:Pu/U system on the once-

through fuel cycle is at a fuel-to-moderator volume ratio of 0.3, whereas
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235 233

for the U/Th:““"U/Th combination (for both segregated and non-segregated

cases) the minimum fuel cycle cost is at a fuel-to~-moderator volume ratio
equal to 0.6. Keeping the fuel-to-moderator volume ratio of the producer
reactor constant causes the fuel cycle cost of the coupled system to be
insensitive to variation of the fuel-to-moderator volume ratio of the
consumer reactor. Hence operating the producer reactor at its optimum

235

fuel-to-moderator ratio (0.5 for both 235U/U and U/Th units) gives a fuel

cycle cost of the coupled system very close to the minimum fuel cycle

cost and allows one to increase the fuel-to-moderator volume ratio of the

consumer reactor for other objectivessuch as minimizing ore consumptionm.
The scarcity-related escalation rate for ore price (or changes in ore

cost) do not affect the optimum fuel-to-moderator volume ratio. If each

coupled cycle has its optimum fuel-to-moderator volume ratio the fuel

cycle cost of a,zssU/U:Pu/U system has a smaller value for all escalation

235

rates than the fuel cycle cost of a U/Th:233U/Th system. Even for the

optimum fuel-to-moderator volume ratio, the once-through uranium fuel

235 233

cycle has a smaller fuel cycle cost than does the U/Th:"""U/Th system

with recycle. Thus even though a near-breeder capability is possible with
advanced 233U/Th cores, it will be difficult to induce utilities to adopt

the necessary prebreeder phase based on current economics. Tables (5-2)
through (5-4) show the fuel cycle cost and annual ore usage for 235U(93Z)/Th:
233U/Th systems, 235U/U:Pu/U systems and thé once~-through uranium-fuel
cycle for different fuel-to-moderator volume ratios. As shown in these
tables, from the economic point of view there is no cost advantage for
the thorium cycle. The optimum fuel-to-moderator volume ratios of the

235 233

U/Th: U/Th system for segregated and non-segregated cases are the

same, nowever the fuel cycle cost of the non-segregated case is slightly
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TABLE 5-2
OVERALL LEVELIZED FUEL CYCLE COST OF 235U(93%)/232Th REACTORS
coupLED WITH 2>2u/%321n REACTORS

vf/vm vf/Vm Eo .

Producer ' Consumer Overall Levelized .

235 232 . 233, 232 Fuél Cycle Cost Ore Requirement*

U(93%2)/"""Th “TTu/77Th (mills/kwhre) . ST U303/GWe/yr

0.338 0.338 ' ‘ 8.50 105.32
0.338 . 0.4816 8.40 97.23
0.338 0.9161 8.33 89.36
0.338 1.496 8.42 84.98
0.4816 0.338 8.23 98.32
0.4816 0.4816 | 8.10 90.53
0.4816 0.9161 __§;99_ 82.99
0.4816 1.496 | 8.13 78.80
0.9161 0.338 8.64 95.90
0.9161 0.4816 8.53 87.83
0.9161 0.9161 8.44 80.12
0.9161 1.496 8.66 75.85
1.496 0.338 10.3 101.51
1.496 0.4816 10.1. 92.45
1.496 0.9161 10.0 83.87
1.496 1.496 10.1 79.20

*For 0Z/yr system growth rate and 0.2% tail aséay of separation plant
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TABLE 5.3
OVERALL LEVELIZED FUEL CYCLZ COST CF 2353/238U UNITS
COUPLED WITH PU/238U UNITS

A A ‘ % .

Producer - Consumer overall levelized '

235 238 238 fuél cycle cost Ore Requirementc*
U/77u Pu/""0 (mills/kwhr) ST UBOB/GWe,yr
0.338 0.338 6.60 130.53
0.338 0.4816 6.58 126.02
0.338 0.9161 6.80 137.11
0.338 1.496 6.81 137.53
0.4816 0.338 6.21 114.63
0.4816 0.4816 6.19 110.17
0.4816 0.9161 6,40 121.99
0.4816 1.496 6.42 122.45
0.9161 0.338 7.30 105.56
0.9161 0.4816 7.20 99.45
0.9161 0.9161 7.79 116.18
0.9161 1.496 7.81 116.88
1.496 0.338 9.30 111.18
1.496 0.4816 9.20 103.36
1.496 0.9161 10.35 125.30
1.496 1.496 10.40 126.25

*For zero system growth rate and 0.27 tail assay of separation plant
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TABLE 3~4-

ORE USAGE AND FUEL CYCLE COST FOR THE ONCE-THROUGH FUEL CYCLE

Eo mills/kwhre

U 08 Requirement*

vV . : Sté;aget&.' 3

£ 'm Disposal Disposal - (ST/GWe-yr)
0.338 . 6.36 6.67 190.40
0.4816 6.06 . 6.37 | 181.15
0.9161 , 8.45 8.75 255.3
1.497 13.25 13.55 401.7

* 0%/yr system growth rate and 0.2% tail assay of separation plant
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greater than for the segregated case shown in Table 5-2. Thus the more
practical option for the thorium cycle, namely the non segregated case,
shcws even less promise.

Based on the concept of indifference value, correlations for the

unit price of fissile plutonium and fissile 233U were derived; these
correlations are:
_ 0.12y ,
CPu =0.561le CU308(0) + 0.178 CSWU(O) 13.9, §/gr (5.3)
_ . 0.10vy " - -
CU—B = 0.663 e CU308(0) + 0.318 CSWU(O) 13.72, $/gr (5.6)
where
CPu = unit price of fissile material, $/gr
C (o) = unit price of U,0 $/1b, time zero dollars
U3O8 378
CSWU(O) = separative work cost, $/KgSWU, time zero dollars

v = scarcity-related escalation rate for ore price, %/yr

Increasing the discharged burnup decreases both the annual ore
usage and the fuel cycle cost (up to a point) for the once-through fuel
cycle; however increasing the discharged burnup increases the annual
ore usage for the recycling mode (unless, the number of core batches is
increased). Tables 5.5 and 5.6 show the fuel cycle cost and
annual ore usage for different discharged burnups for the once-through
and recycling modes for three and six batch cores, respectively. The
optimum discharged burnup for the three batch core is V33000 MWD/MTHM for
both the once=through and recycling modes. Imcreasing the number of

batches to six increases the optimum burnup to V35000 MWD/MTHM for the
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recycling mode, whereas it increases to 42000 MWD/MTHM for the once
through option. Considering the busbar cost or total system cost as

the criterion (as a utility is want), shifts the optima to higher burnup.
Table 5.7 shows the fuel cycle cost, busbar cost and the total system
cost for different burnups, for the once-through fuel cycle and the
three batch core. Figure (5-1) shows the fuel cycle cost and ore usage
for the three and the six batch cores for both the once-~through and
recycling modes. The uncertainty flag represents one standard deviation.
The standard deviation of the fuel cycle cost is on the average 14 mills/kwhre.
The scarcity~related escalation rate for ore price has no effect on the
optimum burnup.

Depreciating the front-end transactions and expensing the back-end
transactions of the nuclear fuel cycle increases the minimum fuel cycle
cost by 1,7% (three batch core, once-through fuel cycle ) whereas expensing
all transactions decreases the minimum fuel cycle cost by 10.5%, with respect.
to depreciating all nuclear fuel transactions. Decreasing the refueling
interval from 6.5 wgeks to 3 weeks decreases the minimum fuel cycle cost
of the six batch core "8,5% and 6.8% for recycling and once-through modes,
respectively. Zircaloy clad was found to always be more attractive than
stainless steel clad from the point of view of economics. However, at
high fuel-~to—moderator volume ratio the difference is sufficiently small
to make stainless steel clad attractive due to its better mechanical
performance. Finally, although employing non-absorbing zircaloy decreases
the ore usage 37 with respect to the case with no-isotopically separated
zircaloy, this is worthwhile only if the price of sponge zirconium does

not increase more than V25 $/Kg (for a 507 reduction in absorption).



TABLE 5.7

TUEL CYCLE COST, BUSBAR CCST AND TOTAL SYSTEM COST
FOR THZ THREE BATCH CORE ON THE ONCE-THRCUGH rUEL CYCLE

. e e T e TT
Discharged o b s

Burnup Capacity* Fuel Cycle Cost Busbar Cost Total System Cost
MWD /MTHM Factor mills/kwhre mills/kwhre mills/kwhre

8800 0.613 9.66 30.91 32.39

18000 0.697 6.575 25.27 28.13

33800%=* 0.75 5.79 23.16 26.06

48200 0.77 5.938 22.86 25.59

62100 0.781 6.280 22.96 25.54

76000 0.788 6.683 23.22 25.66

*Availability based capacity factor is 0.82
*%Reference case

+The fuel cycle cost was assumed to be 257 of the fixed cost of the
reference case.

+1The replacement cost was assumed to be 1.5 times the busbar cost of the
reference case
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The overall conclusion of this analysis is that, from an economic

standpoint, high burnup is an almost unmitigated benefit, particularly

when accompanied by an increase in the number of core batches. When

optimized under comparable ground rules, the recycle mode is economically

preferable to the once-through mode, and requires less ore. Economic

differences, however, are well within the uncertainty of cost estimation,

and the once-through mode can not be said to be significantly inferior.

5.3 Recommendations for Further Work

Recommendations for further work are as follows:

1.

The fuel cycle cost model should 5e improved to incorporate
startup batches and to depreciate fuel to zero value on a
routine basis. In this regard, Garel (G-~1) has developed a
simple way for estimating startup batch mass flows relative
to those for steady state batches.

Key cost components, and especially their uncertainty (+0) should
be better characterized, for example:

(a) our base case once-through calculations, for example,

did not charge for interim storage on the basis that these
charges might be absorbed into plant capital and 0 & M
expenses and the necessary duration of such storage in the
longer term is undefined. TIf the storage were included, the
once-through fuel cycle cost would increase by about 57%.

(b) The cost premium required to fabricate fuel capable of
very high burnup should be ascertained and employed in future

analyses.
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(c) the costs of re-enriching irradiated uranium should be
examined; if dedicated units are required a cost penalty
should be imposed.

3. The most promising cycle scenarios should be given greater
attention: namely an 18 month refueling cycle (hence 3 or 4
batches), on the once-~through mode.

4, Accounting and tax policies should be examined which will
produce economic optimum operating points which favor improved
ore utilization (i.e., increased burnup and more fuel batches
on the once~through cycle).

5. A more thorough and more complete set of consistent isotope
worth factors should be developed.

6. The model should be extended to routinely calculate (and
optimize on the basis of) system cost, including the cost

of replacement power during refueling.

One final observation: we have not found thorium-fuel systems to
be economically attractive in the analyses reported here. However, a
more comprehensive analysis of this fuel cycle is currently underway
by Correa (C-2). TFinal conclusions on this issue should therefore be
deferred. In addition we have considered only uniform lattices - our
conclusions do not apply to the more elaborate high-performance seed
and blanket designs, such as those used in the LWBR o? its prebreeder

phase.
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APPENDIX A

DERIVATION OF PSEUDO-CASH-FLOW FORMULATION

The pseudo-cash~flow formulation used in this work to analyze fuel

cycle costs is derived in References(S-l) and (0-1). However a

condensed reiteration will be useful here. Consider the jth year and assuming

the remaining investment at the beginning of this year is Vj_ , the

1

. . t
remaining investment at the end of the j h year can be written as;

Vi =V - (Fy =Ty =Dy R (A.1)
where

Fj = cash flow in year j

'I‘j = Income tax in year j

Dj = Depreciation allowance in year j

R.j = Reguired return to debt and equity

The income tax in year j is the product of tax rate and taxable income,

where taxable income can be written as

Taxable Income = Fj - Dj - fr

5TpV4-1 (.2)

where fb and rb are the bond fraction and the rate of return to the bondholder

respectively. Thus income tax can be written as

T. =71+ (F, - Df-f (A.3)

%" §-1)

Require return to debt and equity is
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Rj = Vj-l r (A.4)
where
r = fbrb + fsrs (A.5)

fS and r_ are stock fraction and rate of return to stockholder.
Using Equations (A.3) and (A.4) in Equation (A.1l) and employing

Equation (A.5) for r, there results:

Vj = Vj_l(l +x) - [(1 - T)Fj + TDj] (A.6)

where x is designated the "discount rate" and is given by:

x=(1-1) £ + fsrS (A.7)

b'b

Thus if at the beginning of the first year the investment is Io’ the investment

at the end of year 1, Vl is

V1 = Io(l +x) - [(1 -~ T)Fl + TDl] (A.8)

Similarly, the investment at the end of the second year can be written as
v

) = Vl(l +x) - [(1 - r)F2 + rDz] (A.9)

Inserting Equation (A.8) into Equation (A.9) gives
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2 e - ‘ - L. fy
v, = Vo(l + )" - (1 - T>Fl + ng](l + ) - [(1 - T)F, + ™D,] (A.10)
If we continue in this manner, the investment at the end of vear n, I
can be written as

n .
I =I(L+ )" - jzl [(1 - T)Fj + TDj](l + %) (A.11)

Dividing each side by (1 + x)? and defining

(P/F, x, n) = (L + x)" (A.12)
leads to
n
I_(P/F,x,n) = I_ - jzl [ - T)Fj + TDj](P/F,x,j) (A.13)

which is equivalent to a present worth analysis of a pseudo cash flow
problem: where cash flow is weighted by (1 - T) and when (tax-weighted)
depreciated appears as a fictitious positive cash flow. Use of this

approach makes analysis much simpler since taxes need not be explicitly

considered.
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APPENDIX-B
SIMMOD PROGRAM
In this appendix the Computer program which has been written to
incorporate the simple economic model is discussed. The definitions of

the parameters involved and a prescription for input data are as follows:

Card 1:
Column 1 - 2 (I2) Option for treatment of nuclear fuel
01, nuclear fuel depreciated
02, nuclear fuel expensed
03, front end depreciated and
back end expensed
Card 2:
Column 1 - 2 (I2) Number of steady state batches,‘NB
Column 3 - 4 (I2) Number of transactions, NT
Card 3:
Columm 1 - 10 (F10.0) Debt fraction, BF
Column 11 - 20 (FlO:O) Equity fraction, SF
Column 21 - 30 (F10.0) Rate of return to bond holder, BR
%/yr/100
Column 31 - 40 (F10.0) Rate of return to stockholders, SR
%/yr/100
Column 41 - 50 (F10.0) Overall tax fraction, TAX

%/yr/100



Card

Card

Card

Card
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42

Column 1 -~ 10, (F10.0) intra refueling interval, TC, yr

Column 11 -~ 20, (F10.0) Irradiation time, IR, yr

Column 21 - 30, (F10.0) Escalation rate for electricity, YE,
Z/yx/100

5:

Column 1 - 10, (F10.0) Heat rate, HR, MWth

Column 11 - 20, (F10.0) Efficiency, ETA

Colummn 21 - 30, (F10.0) Capacity factor, CAPA

6:

Absolute lead (negative) or lag (positive) time,
for each step of the nuclear fuel cycle, T(I), yr
Column 1 - 10, (F10.0) T(1)

Column 11 - 20, (F10.0) T(2)

(Go to next card if number of transactions is greater than 8)
NOTE: DO NOT ADD Irradiation time to lag time

7:

Transaction quantities of each step of fuel cycle XMASS(I)
Column 1 - 10, (F10.0) XMASS (1)

Columm 11 - 20, (F10.0) XMASS (2)

(Go to next card if number of transactions is greater than 8)
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Card 8:

Escalation Rate for each step of nuclear fuel cycle, y(I),

%/yr/100
Column 1 - 10, (F10.0) v{(1)
Column 11 - 20, (F10.0) v(2)

(go to next card if number of transactions is greater than 8)
Card 9:

Unit price for each step of nuclear fuel cycle (CI)

Column 1 - 10, (F10.0) c(1)

Column 11 - 20, (F10.0) c(2)

(go to next card if the number of transactions is greater than 8)

NOTE: Unit of XMASS(I)*C(I) must be in dollars.
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The listing of SIMMOD is shown. The print out contains cthe
following information : transaction quantity, unit price, direct
cost (XMASS(I)*C(I)), escaglation rate, the F(I) and G{(I) factors in the
Simple Model, the partial cost of each step (BR.D), the overall levelized
fuel cycle cost (mills/kwhre) discount rate (DISRA), total energy produced
per batch (E) and finally a repetition of the input data. The print out

of SIMMOD for the base case studied in Chapter 2 is appended.



215

DINENSICGN VfCF(S))Y(lJ))T(IS),vagq(lva),DROD(IS 5)2Cl15)+FL15),5
*(1("1{.'_;_‘1- )yl\d(L))’VF\I\-( ))1fJ<D(13!b)’:ﬁ(1bY))

Qq FJva‘r\r(g.()

Gn FURMATI(4IZ)

97 FURMAT(ErIC 7))

Ve FORMAT(/// /7407, Vs MTSUSLLANTIGS FINANCTAL TAFNRMATION *x=xt)

SE FURMATU/0N, Y INCLVE TAR=1,F10,5,/0%X,'68NC FRACTIC ="' ,F13,5,/5%X,'5T"
2OME FRACTIONSY JFLCe39/2Y, "RATE PF RETUAN 76O BCMLC=t'yFll.5,754,1RATSE
® TF RzTURN T STUCKE='",F10,5,//5X'0ISC2LNT RATE=",F1".5)

94 FURMAT(///654 iz RGY INFORMATICGN )

G3 FIRMAT( /54X, 'k=AT fATE"aFl’.4,‘(VwT)‘:/5‘,'=FFIC"“CY—',FI?.E;ISXy
“ICAPACITY FACTOR=',Flu 5+ /5X, "TOGTAL EN=RCY PROCUCTION FOR A BATCH
XCURING QZSIDBENCE IN T5RE =1,C514 .6, (KWwkEZ)Y) ’

G2 FURFMAT(//7775Xs 0 TU =3P 1l /5X9 0 T3=F1044,/5%y *NUM35R QF CATCh=
FI1L3/0¢, *2C0ALA. FOR ELEC, =',F1C,.5,/5%y "MUMDER CF TRANSACTICM=!',T2
Be/3K eV V=20 1L)

G2 FIRMAT( /772X vSTEZP? 46Xy "CUANTITY ', 64K+ 'UNIT COST'»5Xe'DICSCT CCST
O EXTLAS TIFSCEXa 0¥ (1) gGAe ' GUI) 96Xy *F(T1)1,5X, 1 2R, L. AMILL/YiES)
#®4,77)

BG FORMAT(L 3K T 3349214469 4K3F 124233 X9714e0630X3FF3e535Y,FEab gl X,Flob,3
$AyFEehy TAFLY06/)) '

A% FIORMATI////737Y oV THE CUEIRALL Lev
FLL/KWES) /20 %, 0
3 v

AZAL(5,54)ICP

REAL(5,53) 1B,NT

NV=1 .
A€A0{5,537)FFsSFyPR, SR, TAX
REAC({3+S7)TCsTH,Y"

LIZSD FUIL CYULE CCST=1,F1Z2.7,%(M]

m

RIAV(Dy 37 )L EATA»2TA,CA
RIAC(H 357 (R ASS( ]y I),{~ 2NT),Jd=1yNY)
READ 2SI T{L)sI=1, T)
AZA2(54G671(Y( 1)y 1=1,MNT)
FTACL(24 37 )02 e l=1,NT)

SALCULATION ZF S+ ZRCY #«70LCTUIN

E=STAZXHEATR*CARA® TC %076 .,07+03
CALCULATITN UF DicfOULAT aaTE
LISRA=(La7=TAL) %0l =2F+5*SF
TR2=TR/Z."

EN=MB
TIN=TCHRA

r’- 1-‘ [=;,.".|T
Yy=y{:)

IFIT{II=0.7)27 1,220,272

271 TT=7T(I)

~ - -
STOT2 4732

ST TT=T(L)+T -

23 CoaTinne

PO NI S A B T RN P R

If(lcR.=c .3y 52 0 372

TE(IT0 Cf. ) BT TT 1T

Ir(lI” S, Gu TY 33

t7 iF(T(I‘—.. 1377, 1",. 1
ORI A, TTI/2aF LIS A TR2)=TALZL L .2-TAK)

T2OTT A%,

L FLT)=Pu (OISR ATT)/PWF(LIC, TR 2)

RS \]’r\nl:c
IFLY ZeSL 0 ToxA) L ANBalY (T EGWSISRA)) SN T Lo
IT(Ye =Gl [SPYY G0 TR 1o



m

(]
~

19

14

17

14
3)

VEL

216
-1 AN DATZ = 73716 tn/2770¢8
IRyl l)eowe3I22A) 30 770 L7
()PP F(Y =, TRAV/Pae (XYY, TTIR (L C=FWF (DISRA, T2 /2aF (YY,TCNY ) /(LT
FOEL ISR TN/ Ph b YY , TO) ) S al=PAF (IS, TU)/PWFIYS,TC) )/ (1 =20nF
2DISRAPTON)/PWEIYE,TCN))

Ssu T2 17
GUII=PHE{Y =TI/ ENFIYY,TT)
GC 1C Ar

SLL)=PRE(YS,TRE)/PUF LYY o TT)=x{ 1 C=PRF(LISAL,TOMY/OwE{YY,TCN)) /(L7

3

ORF{LISRAGTC)I/PnF(YY,TZ)) /BN
52 TC Lf

SUDI=PHFR(Y S, TR2)/PHELYY TR 1 3=FPaF{LUISRALTC)/BWF{YZ,TC)) /(1. "=Pw

i

FUOIZTRAZTUNI/ORFLYZ,,TCN) ) 20N
CONT T P

WorLT
whRi
T

[T

‘)

’Tniyuc 1<1'9‘-3’<93'< D S"zl
}

)kthﬂyclAyuﬂa
H',,.R,«_,V' ,f‘/

(a6 AN ¢4
I e ~ % » «
N w0

- fu)ta b

'“’4'—4—"—1
RN LG
~—~ o e e
(S A}
b Jdu

k

Gf 12 I=1i,NT
PRATC{ T4 =0 L)*®XMASS T, )
4L(Iy])—;(f)*ﬁ(r)*quD(:rl)
(LyJ)-' r(ny)/—*l
U(~PF+9°L(.,J)
Lzvnl )y =Un/L*177 0.
{‘ 13 I=1,.7
No(Il)y=t1
LT 14 dsLy v

WATTT(A,510)

HOIT IO, a3 NT L) XMAST( T, ), QU1 ,PRCC( Ty 1), TUL) YL I) 5l I)sFLL),"

#(1,d)sT=0,T)

@ 2TT 2 (e )LL7YL ()

CONTIMUE

N\T

21 . MAIN DATE = 79010

THIS FUNCTION [S FOR CALCULATIMG OF PRESENT WLRTH FACTQOR
FUNCTION PWFI{X,T)

PaF=L.C/{1.0+X)%%T

RETURN

ENG

3
-
Pl



217

T =AN

T1=NOL1JVSNVYL 40 Y¥YIIWNN
0°0 = *33713 ¥C4 °vIvosy
0€=HILIVY 40 YIGNNN

1628°2 =¥l

6586 °9 =J1

(IHMYM) 01 302GT%8°0 = 3J¥0D NI 3IIN3IOIS3IY ONJYNG HILYE V ¥04 ANOILONACYEd A9¥INI VIO

NOTLIVWYOINI A9YINI

-

** NCILVAWYO4INI IVIONVNIZL SOINVITIISIN 2%

000G2°0  =¥013Vd ALIDVdV)
00Z%€*0  =AJMIIDI1443
(LIMW)0000°008F =31VY 1%y

00060°0 =31vyY IM1I00510

000%1°0 =ANINLS 0L NYNIW 40 Jpvy
00080°0 =0K0T 01 NY¥NJ3Y 40 IIvY
0000s$°0 =NOI1D2VNd INN0LS

0000%°G =NJ113Vved aN09

6000s°0 =XV) JWOINI



218

6%0€9% "0~
LILEO"0-
01121070~
ZROT16Z 0~
§G9%9¢° 0
Z0696€°0
€Le1v0°0
S16926°0
2210012
26%%21°0

229G90° ¢

(IHRN/TTIW) “0° Y1

YyZ%29°0
¥¥2Y¥29°0
Y%2%¢9°0
kAZA SRR
L19669°0
L1969 70
091569°0
$9200¢ *1
Y1€L9€°1
»1eL9¢e°1

eyt

(14

(IHMN/TIVINI06L29TL°S

0000°1
0C00° 1
0000°1
0000°1
0000°1
0000°1
0000°1
0000°1
0000° 1
0000° 1

0000°1

(N9

0°0

0°0

(1A

-

rIS0ND JI3AD 1AN4 A371713A37

00000° 1
00023 °1
00000° 1
0co000°1
0005L°0
0006L°0
00006 °0
0€802° 0~
0LTYG 0~
CLIYS O~

0L9%0° 1~

IWll 9v1

L0

90

90
10
10
Lo
90
10
80
90

80

J022%29°0~
I961106 "0~
061240~
Z019€6€ "0
LILFET0
T85%906°0
IEEYI05°0
I6101%€°0
z06¢621°0
2261991 °0

3%81sL1°0

15092 197310

AIVEIAD ML

000°0%1L2-
600G S8~
cocw¢1

000 °GE~
0C0° 001t
000°0<T
000°s1
000101
00058
006 %

000°s¢E

1303 1IN0

€n

%0

%0

50

20

90

90

70000C7° 0
AM560N2°0
ERFRSNI R
BRI L 28 B S
6L5LFL°0
JEE9LCETD
36CILEE"0
36E0LET 0
ELTN P4 Ry
EL:R 20 ) it}

JL26036 7Y

ALLIINYQO™

11

]

0

4718



219

APPENDIX C

MODIFICATION OF MITCOST-II

As mentioned in Chapter 2, MITCOST-II as originally written is
not able to calculate the fuel cycle cost of the once-through mode of
fuel cycle operation. Two approaches were employed to equip this
code for fuel cycle cost calculations of the non-recycle mode.
In the first approach no programming modification is necessary,
and the code can be run for the non recycle mode through use of fictitious
input. That is, the fractional uranium recovery in reprocessing, £, can
be put equal to a small number, in our case 10_'2 (note that the code does
not accept zero).
In the second approach, a programming modification is necessary.
The parameters Z(15,3),Z(16,3) and Z(17,3) (see code description by
Croff (C-3)) must be set equal to zero where they appear in the code.
Figures (C-1) and (C-2) show the fuel cycle cost for a representative
batch for the first and second approaches, respectively. The small credits
in Steps 15, 16 and 17 in the first case are negligible for all practical
purposes: as can be seen the levelized cost is affected to only 1 part in

10,000.
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APPENDIX D
MASS FLOWS CHARGED AND DISCHARGED
In this appendix the nass flows charged and discharged for each

case studied are recorded. These results have for the most part been

obtained using the LEOPARD program run by Garel (G-1) and Correa (C-2)



TABLE D.1
*
- CHARGE AND DISCHARGE MASSES FOR THE UO2
(SLIGHTLY ENRICHED U-235) REACTOR
Case A B C

Fuel-to-Coolant
Volume Ratio 0.3380 0.4816 0.9161

Initial Fissile
Enrichment 3.10 2.96 4.09

INITIAL INVENTORIES (kg/Initial MT HM)
U-235 31.0 29.6 40.9
U-238 969.0 970.0 959.1

DISCHARGED INVENTORIES (kg/Initial MT HM)

U-235 5.737 6.038 14.589
U-236 3.973 3.807 5.122
U-238 948.583 946.479 930.385
Pu-239 A 3.788 4,800 9.408
Pu-240 2.164 2,221 2,096
Pu-241 0.950 1.249 1.938
Pu-242 0.449 0.511 0.351

#33000 MWD/MTHM discharged burnup, Zircaloy clad

1.

63.

936.

30.

906.

14.

497

.32

899

.588

442

701

.874

.763

.151

223



TABLE D-2

CHARGE AND DISCHARGE MASSES FOR THE Pu07/UOq REACTOR*

Case

Fuel-to-Coolant
Volume Ratio

INITIAL INVENTORIES (kg/INITIAL MT HM)

Fissile Enrichment

U-235

U-238 9

Pu-239

Pu-240

Pu-241

Pu-242

DISCHARGED INVENTORIES

0.3380

2

1.

60.

20.

9

J.

2.

.78

924

063

610

. 867

298

237

0.4816

2.

2.

(kg/INITIAL MT

U-235 0.6%4
U-236 0.219
U-238 941.578
Pu-239 6.578
Pu-240 7.346
Pu-241 4.254
Pu-242 4.138

g.

97

.918

.315

.103

.582

.681

399
HM)

805

.220

.188

. 889

.889

.971

0.9161

8.51

1.755

875.967

66.298

31.741

17.041

7.197

851.924
55.568
22.650
20.834

7.349

*33000 MWD/MTHM discharged burnup, Zircaloy clad

1.

497

8.80

871.

68.

32.

17.

844,

60.

27.

18.

747

673

631

858

641

.450

.008

.217

313

954

233

746

.513

224



TABLE D-3

CHARGE AND DISCHARGE MASSES FOR THE
REACTOR*

UO2 (93% ENRICHED U-235)/ThO

Case

Fuel-to-Coolant
Volume Ratio

INITIAL INVENTORIES (kg/INITIAL MT HM)

Fissile Enrichment
U-235
U-238

Th-232

0.338

3.95

39.538

2.976

957.486

0.4816

3.

38.

2.

958.

DISCHARGED INVENTORIES (kg/INITIAL MT

U-233
U-234
U-235
U-236
U-238
Th-232
Pu-239
Pu-240
Pu-241
Pu-242

Pa-233

10.984
1.225
10.063
4.739
2.627
934,616
0.073
0,035
0.021
0.009

1.027

11.

1.

82

208
876
916
HM)
818

447

.853

.651

<446

.618

. 089

.034

.029

.012

.084

2

0.

4.

44,

3.

916

47
729

367

951.904

13.

15

#33000 MWD/MTHM discharged burnup, Zircalocy clad

545

.654
.320
.330
.676
.315
177
.039
.060
.016

.095

225

1.497

6.47
64.689
4,869

930.442

15.687
1.553
31.342
7.090
3.815
902.390
0.424
0.056
0.101087
0.013

1.071



CHARGE AND DISCHARGED MASSEZS FOR THE

Case

Fuel-to-Coolant
Volume Ratio

INITIAL INVENTORIES (kg/INITIAL MT HM)

Fissile Enrichment

U-233

U-234

U=-235

‘Th=-232

A
A

0.3380

3.23

31.865

2.823

0.438

964.870

TABLE D-4

0.43816

3.

30.

2.

0.

966.

DISCHARGED INVENTORIES (kg/INITIAL MT

U-233
U-234
U-235
U-236
Th-232

Pa-233

18.079

5.052

1.145

0.205

940,222

1.086

18.

4,

1.

0.

939.

=

233

08

378
691
418
513
1)
345
956
662
234

673

.140

0.9161

935.

%#33000 MWD/MTHM Discharged Burnup, Zircaloy Clad

.15

.104

1.497

35.

960.

26.

928.

.61

598

154

.490

759

982

.498

.040

.283

835

.238

226

UOC,/ThC, REACTOR (SZGREGATED)*



TABLE D=5

CHARGED AND DISCHARGED MASSES FOR TIGHT-LATTICE

PITCH 233U/Th UNITS (SEGREGATED)

Fuel-to-moderator
Volume Ratio 2.0 2.5

Fissile Enrichment 5.0 5.5

INITIAL INVENTORIES (kg/INITIAL MTHM)

U-233 49.5 54.4
U-234 4.3 4.8
U-235 0.5 0.6
Th-232 ' 945.7 940.3

DISCHARGED INVENTORIES (kg/INITIAL MTHM)

U-233 ' 41.3 48.3
U-234 6.6 7.2
U-235 2.1 2.1
U-236 0,2 0.2
Th-232 913.1 905.5
Pa-233 1.2 1.3

3.0

6.0

59.4
5.2
0.7

934.8

55.1
7.6
2.0
0.2

898.4

1.4

%#33000 MWD/MTHM discharged burnup, Zircaloy clad

227



TABLE D-6
MASS FLOWS CHARGED AND DISCHARGED
FOR 3 BATCH CORE, ZIRCALOY CLAD, Vf ,"Vm = (,513
Discharged Burnup (MWD/MTEM) 8800 18000 33800 48200 62100 76000
Initial Enrichment 1.5 2.0 3.0 4.0 5.0 6.0
Initial Inventory Charged
(kg/Initial MTHM)
235, 15 20 30 40 50 60
238, 985 980 970 960 950 940
Discharged Inventory
(kg/Initial MTHM
235, 7.63 6.55  5.93  5.66  5.40  4.99
236 1.23  2.23  3.88  5.39 6.81  8.16
238 977.32 965.57 045.43 027.12 909.56 892.3
23%, 3.18  4.09  4.80  5.17  5.38 5,40
2605, 0.87 1.58  2.25  2.59  2.81  2.97
242, 0.07 0.22 0.50 0.83 1.12  1.33
2615, 0.3083 0.7432 1.2673 1.58  1.7906 1.9007
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TABLE D-7

MASS FLOWS CHARGED AND DISCHARGED FOR THE 6 BATCH CORE ZIRCALCY CLAD
Vf/vm = 0.513

Discharged Burnup (MWD/MTHM) 10100 21000 34600 56000 73000 90500

Initial Enrichment 1.5 2.0 3.0 4.0 5.0 6.0
Initial Inventories
(kg/Initial MTHM)

235y 15 20 30 40 50 60

238, 985 980 970 960 950 940

Discharged Inventories
(kg/Initial MTHM)

235 6.456 5.348 4.16  3.465 2.87  2.037
236y 1.346  2.344  4.017 5.413 6.657 7.761
238, 976.13 962.9 940.3 919.8 900.2  880.2
239, 3.352  4.200 4.761 4.972  4.960  4.478
2405, 1.02 1.8l  2.47  2.76  2.92  3.07
2415, 0.385 0.887 1.409 1.667 1.772 1.656
242

Pu 0.069 0.289 0.753 1.156 1.515 1.814



TABLE D-3

MASS FLOWS CHARGED AND DISCHARGED FOR THE 3 BATCH CORE

233y/Th CYCLE®,

Fuel~to-Moderator
Volume Ratio Clad

Initial Inventories
(kg/Initial MTHM)

Fissile Enrichment

Discharged Inventories
(kg/Initial MTHM)

233

230

ZIRCALOY#** AND STAINLESST STEEL CLAD
£.3 1.5 2.5
Zr SS Zr SS Zr SS
2.83 3.39 3.68 4.09 5.09 5.37
27.99 33.7 36.39 40.47 50.36 53.11
2.44 2.98 3.20 3.53 4,44 4.68
0.29 0.39 0.38 J.43 0.58 0.57
969.28 962.08  960.03 955.57 944,62 941.64
17.13 19.73 27.70 30.88 43.9 46.98
4.73 5.21 5.53 ) 5.85 | 6.71 6.97
1.17 1.36 1.95 2.06 2.05 - 2.04
0.21 0.21 0.26 0.25 0.25 0.24
941.15 938.10 928,17 924.59 910.39 907.05S
1.11 1.00 1.16 1.13 1.22 1.23

*¥33000 MWD/MTHM discharged burnup

#%Zircaloy clad thickness

= 26 mils

+8S clad thickness = 18 mils
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TABLE D-9

MASS FLOWS CHARGED AND DISCHARGED FOR 3 BATCH CORE
STAINLESS CLAD (18 mils)(Vf/Vm = 0.513)

Discharged Burnup

gt 6000 22500 37100 50800 63800
Initial Enrichment 2.0 3.0 4.0 5.0 6.0
Initial Inventorieés

(kg/Initial MTHM)

233y 20 30 40 50 60
238, 980 970 960 950 940
Discharged Inventories

(kg/Initial MTHM)

235y 14.03 11.32 10.43 9.92 9.59
236y 1.06 3.25 5.02 6.64 8.15
238 975.24 953.96 935.16  917.54 900.77
239, 2.711 4.91 5.71 6.14 6.42
2405, 0.434 .  1.62 2.22 2.58 2.83
2815, 0.119 0.88 1.41 1.82 2.02
242

Pu 0.048 0.199 0.45 0.703 0.92
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APPENDIX E

CALCULATION OF TRANSACTION QUANTITIES

In this appendix we describe the equations, methods and assumptions
which have been used to obtain the quantity of each transaction in the

nuclear fuel cycle. The mass flows charged and discharged are given in

Appendix D.

E.1 ONCE-THROUGH CYCLE

To obtain the transaction quantities for this mode, first we define
MHC = Kg heavy metal charged to reactor for each batch
MHD = Kg heavy metal discharged from reactor for each batch

XF = weight per cent of 235U charged to reactor

XW = weight per cent of 235U in the tails assay of the
diffusion plant

fD = 1.0 - loss fraction in diffusion plant

fF = 1.0 - loss fraction in fabrication

Hh
[}

1.0 - loss fraction in conversion to UF6

Then one can readily show:

Mo,05 = 2° (fD : ‘g: : fc} (0.1?11- -me} (E.1)
Yor, ” (fD MI;Z . f}.} [O.XI"I;.; —waw} (E.2)
o= 722 (B - 1) 2 (B

(?’n %J - 489 (0.X7F11- -waw]- (£.3)
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_ MEC
MF = fD (E.4)
MTR = MHD (E.5)
MbIS = MHD ' (E.6)

where
Iy = ore requirement, lbs
0
378
MU = Kg of uranium converted to UF
F6 6
MSWU = separative work needed, Kg SWU

MF = Kg of uranium fabricated
MTR = Kg of discharged uranium transported
MDis = Kg of discharged uranium disposed of or stored and
disposed of

All above quantities are for ome batch.

E.2 235U/U Cycle with Uranium and Plutonium Recycle

For this cycle credit due to discharged uranium and fissile Pu
should be considered. The front-end tramsaction quantities can be
found by using Equations (E.1l) through (E.4). The back-end transaction

quantities can be found as follows

Mpp = MHD (E.5)

[

MHD (E.7)

MHD (E.8)



Kg of discharged fuel transported to reprocessing plant

Kg of discharge fuel reprocessed

5

MWD = Kg of fuel used as basis for waste disposal charges.

- In considering the credit due to fissile plutonium, it should
be noted that the reprocessed plutonium is a mixture of 239Pu, 240Pu, 241Pu

and 242Pu. 239Pu and 241Pu are fissile isotopes of plutonium and 240Pu

238U). Since the weight

can be considered as fertile material (similar to
per cent of 240?u is 'small in discharged fuel we have taken this latter

route and in effect ignored it. 242‘Pu is a poison and thus the credit for
fissile plutonium should decrease due to the presence of 242Pu (similar

to 236U in uranium). Thus at this point we proceed with a discussion on

how to deal with the problem of penalizing the fissile material due to
presence of a poison such as 236U or 242Pu.

Let's assume that there is a mixture of fissile material and poison
with Nf, being the concentration of fissile material and NP the concentration
of poison. The question to be addressed is how many Kg of a mixture of
fissile and poison have a reactivity worth equal to one Kg of the same

fissile material in the absence of poison. To answer this question, the

reactivity change can be written as
AR _ A(vZf - Za) . A(n - l)Za

K va vZf
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where
K = multiplication factor
V = number of neutrons produced per fission of each
fissile nuclide
Zf = fission macroscopic cross section

absorption macroscopic cross section

™
)
"

ns= vZf/Za

Thus to have equal reactivity worth with and without the existence

of poison from Equation (E.9) one can write,

[(-DZ,] = [(-DI,)
without poison with poison
or
Nofcaf(nf -1) = Nfoaf(nf - 1) + Npcap(np -1 (E.10)

where Nof is the concentration of fissile nuclei in the absence of
poison, o, and Gf are microscopic absorption and fission cross sections
respectively and Nf and Np were defined before. Subscripts f and p are
for fissile and poison, respectively. Hence with some manipulation,

one can obtain:

N
£ _ 1.0
N . N g _(n -1) (E.11)
of _p_a
I+, 5 (. - D
£ "af'f

Now one can write
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(%b T W X 6.025 x lO23
Nf = X (E.12)
f
@  w_, x6.025 x 107
Nog = ¥ (E.13)
f
(%) - w x 6.025 x 1023
N_ = 2 (E.14)
P M
P
where
m = the weight of the mixture
v = volume of the mixture, Kg
w = the weight fraction
M = molecular weight
Using Equations (E.12) through (E.l4) in Equation (E.l1l) one can find
YE 1.0
Yot Me Wp (Ugp(np ~ 1)
*v 5 5., - D (E-19)
P £ af* 'f
Note that G%) w, is the amount of isotope i in the mixture; therefore
Equation (E.15) can be written
M
£ 1
= (E.16)
R M M g (n -1)
of 1+ Qi . iE f av( D - 1)}
My Mg (95 (Ng
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As already suggested (E.16) embodies the principle that m_ Kg of

f

fissile material mixed with mp Kg of poison has the same reactivity

worth as m e Kg of the same fissile material in the absence of poison.

Solving Equation (E.1l5) for Vog gives
M, o, -1
W =W, +—w —LL_—— (E.17)
.of £ Mp P ozaf(nf 1)
which can be written as (note that np is less than 1.0)
Mf ca (n - 1)
Ahw, =w, - w _=-— W (E.18)
£ £ of Mp O eMe - D|'P
If we define
M. fo__(n_ - 1)
f | a
£=-= _P._.R.____ ~ _l (E.19)
% Gap(nf lL
Equation (E.18) can be written as
Awf = Ewp (E.20)

Equation (E.20) indicates that the penalty due to the presence of a
poison is directly proportional'to the weight per cent of poison in the
mixture.

The constant of proportionality, &£, can be found by using one group
cross section data. However £ can also be obtained by finding the slope of
the trace of Awf Versus w. For this purpose one zone of the Maine Yankee Core
is considered and in the first step the feed enrichment is assumed to be 3 w/o

with zero weight per cent of 236U. The dashed line in Figure (E.l) shows the



Effective Multiplication Factor

1.

3

238

Figure E.1 Kef

235

Burnup, GWD/MTHM

versus Burnup for Different Combinations of

U and 236U

f
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Keff (effective multiplication factor) .versus burnup, which has been

obtained from the output of the LEOPARD code (B-1l). Then the weight
236, . . . 235 .
per cent of U is varied and at the same time the feed U enrichment

is increased to yield the same discharged burnup as the case where there

236

is no U in the fuel charged. Figure (E.l) shows the Ke versus

ff
burnup for these cases. As can be seen, if the weight percent of 236U in
charged fuel is equal to first 0.12 and then 1.5 weight per cent the feed
enrichment has to be increased by 0.024 and 0.30 weight per cent 235U
respectively, to yield enough positive reactivity to compensate for the

. A 2
negative reactivity due to the presence of 36

U (and consequently give
the same discharged burnup).Figure (E.2) shows Awf versus wp. As can be
seen this figure shows that for this case § = 0.2

Consequently Equations (E.15) and (E.16) become, respectively for

uranium mixtures:

W = Ve - 0.2 wb (E.21)

=]
]

of = B¢ T 0.2 mp (E.22)
The w's in Equation (E.21) are in w/o. It should be noted that as
Vf/Vm varies the neutron spectrum is changed and hence § is changed.
However here we assume that £ is constant and its variation with Vf/Vm
is left for future work. Tor Pu mixtures (mixture of 239Pu and 242Pu)
Equation (E.19) was employed to determine & using one group cross sections;
¢ for 242Pu in Pu mixtures was found to be 0.195.
Now we return to our theme, to find the credit from discharged fuel.

The equivalent net mass of fissile plutonium, according to the above

discussion can be written as
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= My 59 * Mgy = 00195, 24 fp (E.23)

5

net mass of fissile plutonium (including the penalty due

to presence of 242Pu)

MPu—39 = Amount of diSCharged 239Pu, Kg
MPu—41 Amount of discharged 241Pu, Kg
MPu—42 = Amount of discharged 24zpu, Kg

S
e
"

fr = 1.0-loss fraction in reprocessing plant

Y in Equation (E.23) is the weighting factor given in reference (G-1).
The value of ¥ varies with Vf/Vm and it is very close to 1.0 (1.09 for
Vf/Vm = 0.4816).

To determine the credit due to discharged uranium one of the methods

discussed in Section 4.2 of Chapter 4 can be used.

235

E.3 U/Th Cycle

The ore requirement and the quantities handled in the other steps

in the front end of the fuel cycle can be calculated by using Equatioms

235

(E.1) through (E.4). For the segregated case, where U can be separated

from 233U, one of the methods given in section (4.2) of Chapter 4 can

be used to penalize the credit for the discharged uranium due to the

presence of 236U.

To determine the credit for the sale of fissile material, since 233Pu

has a short half life, its amount in the discharged fuel has been directly

added to the quantity of discharged 233U. For this cycle, since the quantities

of discharged plutonium isotopes are very small, they were ignored.

233

Therefore the equivalent mass of fissile U for this option can be written as
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M3 = My_a33 T Mpa-233 (E.24)

Mﬁ3 = the equivalent mass of fissile U-233

o 233 .
MU—233 = Kg of "7°U discharged from the reactor
- 233 .
MPa-233— Kg of""“Pa discharged from the reactor
234U in discharged fuel is treated as a fertile material (with
capture of one neutron it becomes fissile 2350). Hence its quantity

was added to the amount of discharged 232Th using a weighting factor

For calculating this weighting factor, we assume the capture rates

LX)
of "equivalent" 234U and ‘JzTh should be equal. Thus one can write

N...C (E.25)

d N are the number of atoms of 234U and 232Th in the

u-4 22¢ Srp

. C . ) .
mixture respectively and ¢ are microscopic capture cross sections for

where N

each nuclide, as subscripted. Equation (E.25) can be written as

(E.26)

234 U-4 232 Th
h d the t of 233U d 232Th in the mixt
where MU—4 an th are amount o an in the ure.
Therefore Equation (E.26) can be solved for M, to find the amount of
234

thorium which is equivalent to a quantity of U from the point of view

of the capability of breeding fissile material. Hence,
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_ Ju-4 232

Mo = oy 234 Mo-4 = Pu- (5-27)

Note that an equation similar to Equation (E.27) can be found for any

other fertile material. For example 240Pu can be treated as a fertile

material and the amount of equivalent 238U per unit mass of 240Pu can be
written as
My s %
-8 _ "Pu-40 , 238 (E.28)
Mpu-s0 o 242
U-8

Using one group cross sections, @ in Equation (E.27) is found to be
equal to 19.0. Thus the equivalent mass of discharged thorium can be

written as;

¥h = Mme232 ¥ 190 My (E.29)

where

Kg equivalent thorium in discharged fuel

M
Mrh-232

Mo-4

= Kg of thorium discharged

Kg of 234U discharged

For the non-segregated scenario, as discussed before, the 235U and 233U

cannot be separated, and thus there is no credit due to ore or separative

work. The credits for fissile materials were considered by adding the

discharged amount of 233U, 235U and 233Pa. The weight per cent of 235U

was decreased using the method discussed previously to comsider the penalty

due to presence of 236U. We did not however account for the difference

233 35

between U and 2 U, a refinement recommended for future work.
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E.4 —33U/Th and Pu/U Cycle

The transaction quantities for these cycles were calculated under
the same assumptions discussed previcusly. The discharged quantities
233 233

of U from U/Th units and fissile plutonium from Pu/U units were

determined employing the same methods used for calculation of these

quantities in discharged fuel from 235U/'l‘h units and 235U/U units
. ‘s - 240 234 .
respectively. The quantities of Pu and U in discharged fuel were
s 238 232 . .
added to the quantities of U and Th, using Equations(E.27) and
(E.28).

E.5 Tables of Tramsaction Quantities

Tables (E.1l) through (E.9) show the transaction quantities which
have been used for calculation of levelized fuel cycle cost. The

parameters used in these tables are:

h = ore requirement, lbs.
3%
b = Kg of uranium converted to UF6
6
MSWU = separative work needed, Kg SWU
M_ = Kg uranium fabricated

MT; = Kg of discharged uranium transported

Myp = Kg of discharged uranium disposed of or stored and
disposed of, or Kg used as basis of waste disposal
charges

MR = Kg of discharged fuel reprocessed

M = ore credit from discharged fuel, 1lbs

244

Mﬁv = credit for uranium conversion to UF6 from discharged fuel, Kg

h = credit for separative work from discharged fuel, Kg SWU
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Fissile plutonium credit, Kgs

233U credit, Kgs

Fissile plutonium requirement for charge to the reactor

’_d,'z
[

MU3 = 233U requirement for feed charged to the reactor
MU8 = 238U - -'charged to the reactor (for Pu/U units)lbs
. 238

U discharged from the reactor (for Pu/U units), lbs
233

ocf.

Th charged to the reactor (for U/Th units), lbs

oS
&

Th discharged from the reactor (for 233U/Th units)

234U), 1bs

B
=2

(including equivalent
Note that all quantities introduced are per batch, and ore and
separative work were calculated on the basis of 0.2 w/o tails assay for

the diffusion plant.
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APPENDIX F
TREATMENT OF INFLATION (D-53)
Consider the cash flow diagram of Figure (F-1)

(1+5 y21a

A1+)2
ACLH)

wn
wm

0 1 2 3 4 n
Figure (F-1) Cash Flow Diagram

In this figure A is the payment or credit at the end of the first year.
If we assume payments at the end of each period increase by a factor (1+j)
with respect to the previous payment, Where j is the inflation rate, at
th cr . -1
the end of the n = year the payment or credit is (1+j) A. The reference

payment (or credit), A can be expressed in time-zero dollars as
A=A 1+ (F.1)

where Ao is the amount in time-zero dollars.
The present worth, P, of this geometric gradient series is

given as (A.5)

1 - A+ a+H) ™

P = Al o

] i#] (F.2)

where i is the effective interest per period. Using Equation (F.1l) in

Equation (F.2) gives



h '-n
1+ &
Define
= i-d
L1

which can be written

(1+D) = (1+L,) (1)

Employing Equation (F.4) in Equation (F.3) ome finds

1= @)™
ib

(P/Ao) =

Equation (F.6) has the same form as when we have an annuity series
(uniform series), where all payments (or credits) are equal.

Therefore, the present worth of a geometric gradient series with
an inflated discount rate, i, is equal to the present worth of auniform
series with a deflated discount rate of ib.

To show the equivalence between these two treatments, a deflated

256

(F.3)

(F.4)

(F.5)

(F.6)

discount rate of 9 Z/yr was considered (with the data given in Table (2.4))

together with an inflation rate of 6%Z/yr (j). Then using Equation (F.5) i,

the inflated discount rate,was calculated to be 14.04%Z/yr. Next the

fuel cycle cost of the base case (see Chapter 2) was calculated using a

6Z/yr escalation rate for all steps of the fuel cycle (including the

price of electricity) and applying the inflated discount rate of 14.04%/yr.

The result from SIMMOD gave ™~5.800 mills/kwhre for this case. When no
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escalation rate was considered for any steps of the nuclear fuel cycle,
and a deflated discount rate of 9%/yr was used, the fuel cycle cost
calculated, using SIMMOD, was 5.717 mills/kwhre. The V1.5% difference
is due to the assumptions embodied in SIMMOD: a more exact model would
give exact equivalence. Note that MITCOST-II cannot be used to test
this assertion since the consideration of an escalation rate for the

price of electricity is not allowed in that program.
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