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A SURVEY OF NUCLEAR FUEL CYCLE ECONOMICS: 1970-1985 

B. E. Prince 
J. P. Peerenboom 
J. G. Delene 

ABSTRACT 

This report is intended to provide a coherent view of the 
diversity of factors which may affect nuclear fuel cycle eco- 
nomics through about 1985. The nuclear fuel cycle was surveyed 
as to past trends, current problems, and future considerations. 
Unit costs were projected for each step in the fuel cycle. 
Nuclear fuel accounting procedures were reviewed; methods of 
calculating fuel costs were examined; and application was made 
to Light Water Reactors (LWR) over the next decade. A method 
conforming to Federal Power Commission accounting procedures 
and used by utilities to account for backend fuel cycle costs 
was described which assigns a zero net salvage value to dis- 
charged fuel. LWR fuel cycle costs of from 4 to 6 mills/kWhr 
(1976 dollars) were estimated for 1985. These are expected to 
reach 6 to 9 mills/kWhr if the effect of inflation is included. 

1. INTRODUCTION 

The mid-1970s have emerged as an important transitional period in 

the development of production activities comprising the nuclear fuel 

industry. From its origins in defense applications, this industry has 

now passed to a time when major decisions and resource allocations need 

t o  be made related to expanding the industrial base toward the level 

needed for continued support of a viable nuclear power industry. Efforts 

are being made within both government and private industrial organizations 

to evolve a workable blend of traditional “marketplace decision” processes 

and regulatory decision and enforcement procedures needed to maintain an 

economic and environmentally safe nuclear industry. The outcome of these 

efforts w i l l  determine the precise profile of the power industry of the 

next two decades. Because it now appears that nuclear fission reactors 

and coal-fired plants must form the major new sources of electrical energy 

for at least the next two decades, the importance of timely development 

of the nuclear fuel supply line appears evident. 
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The purpose of this report is to brief1.y appraise recent 

ments influencing nuclear fuel supply economics and to relhte 

near-term expectations of nuclear fuel cycle costs. Here, by 

deve 1 op- 

them to 

the "near- 

term" qualification, imply that the report focuses on nuclear fuel. 

cycle cost experience based essentially on commercially-demonstrated 

technologies, Limiting the forward projections of fuel.  cycle costs to 

a period roughly comparable with the current lead time for nuclear plant 

licensing and installation help insure that  typical cost estimates are 

representative of industry experience and reduces the need for specul.ation 

about economics of pre-commercial technology developments. 

Elements of uncertainty cannot be completely dispelled even from 

discussion of near-term fuel cycle economics however. It is evident 

that the industry is in a state of  flux and will be occupied during the 

next several years with significant and even crucial demonstrations 

associated with "closing" the fuel cycle (i. e .  reprocessing, recycl.i-ng ura- 

nium and plutonium, and separation and storage of radioactive wastes). 'rile 

peri.od 1970 to 1985 only loosely circumscribes the development of a corn- 

mercial fuel supply line f o r  IJOrfueled Light-Water Reactors (LWR), leading 

into the above-mentioned demonstrations. knee, we have attempted to 

limit the discussion of these leading developments only to details needed 

to supply perspective about current trends in nuclear fuel costs. 

A s  a rule of thumb, it i s  useful to view growth of the nuclear fuels 

supply industry as divided into three phases, the firsc of which is 

characterized by significant fission power production prior to "closure" 

of the fuel cycle, i.e., with pool storage of the spent fuel elements. 

The second phase, likely to characterize a transitional period in the 

1 9 8 0 ~ ~  will involve fuel reprocessing and recovery of fissile materials 

on a commercial scale, demonstration of high level waste isolation, and 

possibly recycle of plutonium in LWRs, i.e., the set of issues embodied 

in the GESMO project. The third phase, occurring still later in time, 

should involve significant production of power from commercial breeder 

reactors. 

The present report deals with the first of the above-mentioned 

phases. Just as the industry is passing into an expanding and "maturing" 

phase of development, in writi-ng this reports we have taken for  granted 
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a general familiarity with the basic nature and terminology of the nuclear 

fuel cycle. That is, the attempt is made to avoid redescribing elementary 

details already available elsewhere. Exceptions are made only where mate- 

rial is judged of sufficient importance to understanding the discussion. 

It begins by The general organization of the report is as follows: 

summarizing current information about the expected growth in nuclear 

capacity over the time period chosen for study. 

brief survey of the economic status of the various production stages of 

the overall fuel cycle. In this time frame, only the light water reactor 

(PWRs and BWKs) fuel cycle is considered, since commercial application of 

the High Temperature Gas Cooled Reactor (HTGK) now appears likely to be 

delayed well beyond original expectations. 

This is followed by a 

The emphasis given in this report to discussing various segments of 

the nuclear fuel cycle differs, in accord with our judgment about 

(a) their relative contribution o r  importance in determining the overall 

fuel costs paid by the energy consumer over rhe next several years; 

(b) the status of the technology for that component and the relative 

stability of near-term price levels; ( c )  the amount of quantitative 

information available to help interpret changes now underway; and 

(d) uncertainties concerning the resolution of regulatory i ssues affecting 

the economics of post-irradiation stages of the fuel cycle. Some com- 

ponents of the cycle are discussed in length, others more briefly. For 

the developmental phase examined in this report, the key components are 

the supply of U3O8 and separative work; hence, these developments are 

examined in greatest detail. * 
The final section of the report draws on this background to discuss 

utility nuclear fuel cost allocations, reflecting "typical" utility 

experience and near-term expectations as of mid-1975. One of the origi- 

nal objectives of this study was to examine the problem of accounting 

f o r  price escalations within the nuclear fuel cycle over this p e r i o d .  On 

close examination, this problem is seen to be comprised of many different 

elements;, some of which are better described as "shock escalations," 
- _.___ * 

Most of t h i s  study was performed prior t o  the more comprehensive 
study on t h e  nuclear fuels supply situation, sponsored by the Edison 
Electric Institute. 1 
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aggrava ted  by t h e  energy cr is is  o r  by c u r r e n t  u n c e r t a i n t i e s  r ega rd ing  

f u t u r e  r e g u l a t i o n s  o n  t h e  commercial n u c l e a r  power i n d u s t r y .  

2. GROWTH OF NUCLEAR-ELECTRIC CAPACITY IN THE NEAR mm 

Although some r e d u c t i o n  has  occurred  i n  t h e  ra te  of growth i n  nucl.ear 

g e n e r a t i n g  c a p a c i t y  from f o r e c a s t s  made about  two y e a r s  ago,  t h e r e  i s  

s t i l l  a good b a s i s  f o r  p r e d i c t i n g  t h a t  n u c l e a r  p l - an t s  w i l l  comprise  about  

25% of t o t a l  i n s t a l - l e d  g e n e r a t i n g  c a p a c i t y  by 1985. This  r e d u c t i o n  has  

been a s s o c i a t e d  w i t h  f a c t o r s  such as ix i f l%t ion- recess ion  e f f e c t s  i.n t h e  

economy, r e v i s i o n s  of forward p l a n s  t o  r e f l e c t  teruporary d e c r e a s e s  i n  

t h e  growth r a t e  o f  e l e c t r i c i t y  consumption, and the s p e c i a l  e f f o r t s  and 

t i m e  be ing  given i n  t h e  r e g u l a t o r y  atid l i c e n s i n g  p rocess  t o  meet ing envi -  

ronmental  c o n t r o l  c r i t e r i a .  I n  1975  n u c l e a r  powered g e n e r a t i o n  provided 

8.7% of t h e  t o t a l  e l . ec t r i . c i t y  genera ted  i n  t h e  1J.S. 

A t y p i c a l  f o r e c a s t e d  s c e n a r i o  of growth i n  instal.lled n u c l e a r  c a p a c i t y  

through 1985, publ i shed  i n  February 1974 by t h e  AEC O f f i c e  of P lanning  

and Ana lys i s ,  is  rep resen ted  by cu rve  A i n  F ig .  l.2 I n  comparison, 

cu rves  B i n  t h i s  f i g u r e  r e f l e c t  t h e  r e s u l t s  o f  a u t i l i t y  survey  t aken  i n  

mid-1975 of expected n u c l e a r  c a p a c i t y  a d d i t i o n s  over  t h e  nex t  decade. 

A s  t h i s  l a t e r  survey  i n d i c a t e s ,  t h e  n e t  e f f e c t  of schedule  changes du r ing  

t h e  1974-7s pe r iod  w a s  t o  del-ay growth i n  n u c l e a r - i n s t a l l e d  c a p a c i t y  by 

roughly  one y e a r ,  compared t o  t h e  ear l ie r  AEC f o r e c a s t .  The r e s u l t s  of 

a more recent u t i l i t y  survey ,  t aken  in March 1976, i n d i c a t e  addi t iona l .  

schedule del.ays w e r e  exper ienced  between l a t e  1975 and e a r l y  1976, as 

cu rve  C i n  F i g .  1  illustrate^.^ Although t h e s e  r e c e n t  changes do n o t  

appear  t o  s i g n i f i c a n t l y  a l t e r  t h e  f o r e c a s t s  f o r  t h e  immediate f u t u r e ,  

t hey  do have a pronounced e f f e c t  on f o r e c a s t s  f o r  t h e  1 9 8 H 3 5  p lanning  

per iod .  These r ead jus tmen t s  i n  forecasts m u s t ,  of course ,  be uwle on a 

con t inu ing  b a s i s ,  as f u t u r e  schedu les  become f i r m  o r  new f a c t o r s  e n t e r  

which i n f l u e n c e  t h e  overal.1 p rocess  of p lanning ,  coramitment of r e s o u r c e s ,  

cons truc t: ion and i n s t a l l a t  ion .  However, because t h e  i n h e r e n t  l e a d  t i m e  

i n  n u c l e a r  p l a n t  1ic .ensiog and i n s t a l l a t i o n  i s  now of t he  o r d e r  of e i g h t  

y e a r s ,  curv(>'-8 C of F i g .  1 should  p-t-o-vide a f a i r l y  f i r m  i n d i c a t i o n  of t h e  

c a p a c i t y  r e q u i r i n g  n u c l e a r  Euel  and l o g i s t i c a l  support: over t h e  nex t  

decade.  
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Although n o t  shown i n  P ig .  1, e s s e n t i a l . l y  a l l  o f  the n u c l e a r  p l a n t s  

c u r r e n t l y  i n s t a l l e d  on U.S. utility systems have begun coinmercial o p e r a t i o n  

du r ing  t h e  f i r s t  h a l f  of t h e  1970s.  Along w i t h  t h e  n e t  growth i n  i n s t a l l e d  

nuc1.ear c a p a c i t y  exper ienced  o r  scheduled between 1970 and 1985, t h e r e  

has been a s h i f t  toward l a r g e r  u n i t  s i z e s .  

The average  c a p a c i t y  of i n d i v i d u a l  n u c l e a r  u n i t s  h a s  a p p r o x h a t e l y  

doixhled i n  thi .s  p e r i o d ,  w i t h  t h e  l a r g e s t  u n i t s  s l a t e d  f o r  commercial 

o p e r a t i o n  i n  t h e  e a r l y  1980s t end ing  toward the 1300 MW(e) s i z e  ca tegory .  

Mul t i -uni t  g e n e r a t i n g  p l a n t s ,  w i th  t h e  u i i i t s  i n  t h i s  g e n e r a l  s i z e  range ,  

appear  l i k e l y  t o  be t h e  "s tandard" f o r  LWR i n s t a l l a t i o n  d u r i n g  t h e  1980s.  

Th i s  is  i l l u s t r a t e d  i n  P ig .  2 .  

3 .  COST-PRICE TRENDS I N  COMPONENTS OF THE LFIR FUEL CYCLE 

3 .  I Uranium Ore. Supply 

The developinexit of the U.S. uranium supply  i n d u s t r y  h a s  t aken  an 

ui iwen pa th ,  s t a r t i n g  w i t h  t h e  e a r l y  USAEC procurement phase i n  t h e  1950s,  

ex tending  through a t r a n s i t i o n a l  pe r iod  between governmental  and commercial 

sa les  i n t o  a n  i n t e r v a l  between about  1968 and 1973, when commercial sales 

agreements  were made under depressed  market  c o n d i t i o n s .  It h a s  now 

reemerged as a n  economical ly  v i a b l e  i n d u s t r y ,  and r equ i r emen t s  f o r  the 

i n d u s t r y  of t h e  1980s are be ing  e s t a b l i s h e d .  The slow-demand y e a r s  i n  

t h e  e a r l y  1970s r e f l e c t e d  such  f a c t o r s  as an above-average success  i n  

uratiiuivl exp1orat. i .m d u r i n g  e a r l y  development of t h e  i n d u s t r y ,  a s s o c i a t e d  

p roduc t ion  of s t o c k p i l e s  o r  "p ipe l ine"  i n v e n t o r i e s ,  d e l a y s  i n  t h e  i n s t a l -  

lation of n u c l e a r  c a p a c i t y ,  and p a r a l l e l  devel-opments i n  p lanning  f o r  

expansion of t h e  uranium enrichment  i n d u s t r y ,  having consequences i n  

scheduled requi rements  f o r  uranium feed .  The ne t  r e s u l t  was t o  e s t a b l i s h  

a temporary s i t u a t i o n  where uranium needed f o r  r e a c t o r  o p e r a t i o n s  through 

t h e  1970s was s o l d  a t  c o n t r a c t  p r i c e s  less than  t h e  c o s t  o f  r e p l a c i n g  o r  

expanding t h e  product  i o n  base .  

Between 1973 and 1975, a f a i r l y  ab rup t  turnaround occiirred i n  t h e  alar- 

k e t  p r i c e  quotat:i.ons f o r  c o n t r a c t s  f o r  f u t u r e  d e l i v e r y  of  uranium. Within 

t h i s  p e r i o d ,  most of t h e  remaining proven reserves minable  from e x i s t i n g  

f a c i l i t i e s  were p laced  under c o n t r a c t .  The s h i f t  i n  t h e  market price 
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s i t u a t i o n  i s  i l l u s t r a t e d  i n  F ig .  3 ,  t aken  from a d e s c r i p t i o n  o f  c o n d i t i a n s  

p r e v a i l i n g  i n  e a r l y  1976.6 

as "exchange v a l u e s  o r  y a r d s t i c k s  used throughout  t h e  i n d u s t r y  when 

p a r t i e s  s e e k  guri-dance on world market p r i c e s . "  The r e p o r t e d  p r i c e s  that: 

buyers  w e r e  wiJ.J.ing t o  pay f o r  1.980 d e l i v e r y  i n c r e a s e d  from about  $12 / lb  

U 3 0 8  t o  over  $25 / lb ,  between t h e  s tar t  and erid of 1974. By e a r l y  Novem- 

b e r  1975, s p o t  p r i c e s  f o r  i m m e d i a t e  d e l i v e r y  had r i s e n  t o  $2S/lb and 

v a l u e s  f o r  1980 d e l i v e r y  had reached $39/I.b. 

'Yhe p r i c e s  shown i.n t h i s  f i g u r e  are  d e s c r i b e d  

I n  October 1975,  in t h e  mi.dst of t h i s  pe r iod  of r a p i d l y  increasimg 

market p r i ces ,  lJe.stinghouse Elec t r ic  Corporat ion i n i t i a t e d  a c t i o n  t o  

l e g a l l y  extract  i tsel f  from c o n t r a c t  commi.tments f o r  some 66 m i l l i o n  I b  

of low p r i c e  urani.um ( e q u i v a l e n t  t o  $8 t o  $ lO/ lb  U308) scheduled f o r  

d e l i v e r y  ove r  a t i m e  p e r i o d  ex tend ing  t o  about  1988. Th i s  uranium had 

been committed t o  u t i l i t i e s  d u r i n g  t h e  l a t e  1960s as p a r t  of an  i n t e n s i v e  

r e a c t o r  s d e s  effort. It appea r s ,  however, t h a t  Westinghouse has on 

hand or access t o  on ly  about 15 m i l l i o n  l b  of TJ3O8, which i s  s u f f i c i e n t  

t o  honor roughly 20% o f  t h e i r  o r i g i n a l  c o n t r a c t  commitments. For purposes  

of p e r s p e c t i v e ,  t h e  66 m i l l i o n  l b  is  e q u i v a l e n t  t o  about  40% o f  t o t a l  

i n d u s t r y  r equ i r emen t s  f o r  d e l i v e r y  of f e e d  mat-erial t o  t h e  gaseous d i f -  

f u s i o n  p l a n t s  between 1374 and 1980.7 

t iming were v e r y  s i g n i f i c a n t  i n  that .  t hey  a l o n e  appeared to have s t i m u l a t e d  

a 10% jump i n  t h e  U 3 0 8  p r i c e  l e v e l  d u r i n g  t h e  month of November 1975.8 

By tlte end of  t h e  y e a r ,  spot: p r i c e s  f o r  1980 d e l i v e r y  approached $45 / lb ,  

as shown i n  F ig .  3 .  

The Westinghouse ac t : ion  and i t s  

These upward r ead jus tmen t s  i n  uranium p r i c e s  appear  t o  r e f l e c t  t h e  

level.  o f  r e s o u r c e  commitments r e q u i r e d  t o  expand t h e  i n d u s t r y ,  d u r i n g  a 

p e r i o d  of h igh  rates of i n f l a t i o n  i n  t h e  ecoc~omy, the o i l  embargo expe r i -  

ence,  and heightened concern ove r  energy s u p p l i e s  P e r s p e c t i v e  r e g a r d h g  

t h e  r e s o u r c e  commitments may be s u p p l i e d  from several o b s e r v a t i o n s .  

First, e x p l o r a t i o n  s u f f i c i e n t  t o  c o n t i n u a l l y  m a i n t a i n  a proven reserve 

base  e q u a l  o r  g r e a t e r  'Lhan e i g h t  y e a r s  of forward r equ i r emen t s  i s  con- 

s i d e r e d  a necessi . ty .9  

 equal^ about 20 t i m e s  presen% annual  p roduc t ion .  In 1 9 7 4 ,  about  11,500 t o n  

o f  lJ3O8 i n  c o n c e n t r a t e  were produced by 16 uranium m i l l s .  About 95% of 

A t  c u r r e n t  p r o j e c t e d  growth i n  demand, t h i s  would 
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t h i s  c o n c e n t r a t e  w a s  produced from o r e  ob ta ined  by 37 of t h e  l a r g e s t  U.S. 

uranium mining o p e r a t i o n s .  1 0  

Expendi tures  t o  f i n d  and develop  t h e  reserves needed t o  suppor t  a 

new urani-um p roduc t ion  c e n t e r  ( g e n e r a l l y  c o n s i s t i n g  of s e v e r a l  mines and 

a m i l l .  f o r  U308 c o n c e n t r a t e  product ion)  are t y p i c a l l y  s p e n t  between 4 and 

9 y e a r s  p r i o r  t o  s tar t  of product ion .  l 1  

f o r  the mines and m i l l  g e n e r a l l y  are made over  il 2- t o  3-year pe r iod  p r i o r  

t o  p roduc t ion ,  and ini-nc development c a p i t a l  expend i tu re s  con t inue  d u r i n g  

t h e  pe r iod  of product ion .  N e t  p o s i t i v e  c a s h  f low f o r  a mine-mi1.l. v e n t u r e  

may n o t  be a t t a i n e d  unti-1 about  the f i f t h  yea r  of o p e r a t i o n ,  o r  about  

13  f:t> 15 y e a r s  a f t e r  t h e  t i m e  t h e  f i r s t  expend i tu re s  f o r  e x p l o r a t i o n  

t a k e  place. 

Major c o n s t r u c t i o n  e x p e n d i t u r e s  

The uranium r e s o u r c e  g rade ,  o r  ore a s s a y  which must be e x p l o i t e d ,  w i l l  

be  an i n c r e a s i n g l y  impor tan t  de t e rminan t  of economics of p roduc t ion  i n  

t h e  1980s.  Here, p o s s i b l e  t r ends  may be  i i i f e r r e d  from p a s t  AEC and con- 

t i n u i n g  ERDA e v a l u a t i o n s  of uranium r e s o u r c e  and "cos t t t  c a t e g o r i e s .  

General.ly, t h e s e  e v a l u a t i o n s  use  i n d u s t r i a l  r a w  d a t a  t o  independent ly  

c l a s s i f y  proven reserves and p o t e n t i a l  r e s o u r c e s ,  accord ing  t o  c a t e g o r i e s  

of "forward' '  c o s t s  f o r  exploit:.i.ng t h e  r e s o u r c e s .  The t o t a l  forward c o s t s  

( c a p i t a l  p l u s  o p e r a t i o n )  are d i v i d e d  acco rd ing  t o  v a r i o u s  c u t o f f  levels .  

The forward c a p i t a l  c o s t s  incl .ude those f o r  f u t u r e  mine and m i l l  con- 

s t r u c t i o n ,  mine development,  and major  equipment. Forward o p e r a t i n g  c o s t s  

i n c l u d e  d i r e c t  and i n d i r e c t  mi.nirig c o s t s ,  haulage ,  r o y a l t y ,  and m i l l i n g  

c o s t s .  

inves tment ,  income t a x e s ,  o r e  reserve replaceinent cos t s ,  o r  sunk c o s t s  

( e . g . ,  p a s t  e x p l o r a t i o n ,  l and  a c q u i s i t i o n ,  and developmental  d r i l l i n g ) .  

Also,  except  f o r  per iodi -c  r e e v a l u a t i o n  of c o s t  c a t e g o r i e s ,  no account  i s  

t aken  of "bu i l t - i n"  c o s t  escal.ati .ons.  Thus, t h e  ERDA forward c o s t  cate- 

g o r i e s  do n o t  imply a v a i l a b i l i t y  of uranium on t h e  open market a t  t h e s e  

p r i c e s ;  i n s t e a d ,  t h e y  are in t ended  mainly t o  serve as indexes f o r  long- 

r ange  p l ann ing  of uranium r e s o u r c e  developmen.ts % 

The forward c o s t s  do _. not: ...... i n c l u d e  p r o f i t ,  i n t e r e s t  on pre-product ion  

Average a s s a y s  of U 3 O 8  i n  o r e  mined from sandstone-type d e p o s i t s  

have been s l i g h t l y  above 8.2% i n  r e c e n t  y e a r s .  l2 

t h e s e  f a l l  w i t h i n  t h e  g e n e r a l  ERIM c a t e g o r y  of reserves in irrable below 

a cut:oEf level  of $8 / lb  u308. An a n a l y s i s  r e p o r t e d  in 1972 of component 

A s  i n d i c a t e d  i n  F ig .  4 ,  
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c o s t s  f o r  a t y p i c a l  urine-mill v e n t u r e  us ing  t h e s e  high-grade r e s o u r c e s  

is  g iven  i n  Table  These c.osts are indexed t.0 1972 d o l l a r s ,  o r  

p r i c e  1.evels. A s  i n d i c a t e d  i n  t h e  t a b l e ,  t h e  $ 5 . 9 4  subt:otal  encompasses 

t h e  c o s t s  normal1.y i.ncluded by EKOA i.n de te rmining  r e s e r v e s  o r  r e s o u r c e  

c a t e g o r i e s .  

level .  Note,  however, t h a t  t.he a d d i t i o n  of taxes  and i n d i r e c t  c o s t s  

b r i n g  t h e  1972  " v i a b i l i t y  p r i c e s "  t o  a level  g e n e r a l l y  above t h e  market 

p r i c e s  p r e v a i l i n g  i n  t h i s  pe r iod  (F ig .  3 ) .  This  i n d i c a t e s  t h a t  sub- 

s t a n t i a l .  w r i t e o f f  of  inves tments  i n  e x i s t i n g  p roduc t ion  f a c i l i t i e s  had 

occurred  du r ing  ear l ie r  y e a r s .  

Th i s  s u b t o t a l  l i e s  a t  about  t h e  midpoint  of t h e  $ 8 / l b  c u t o f f  

Table  1. Cost breakdown f o r  a t y p i c a l  uranium mining-mil l ing 
v e n t u r e ,  e x p l o i t  irrg "$8/ lb"  r e s o u r c e s  

Costs f o r  mining and m i l l i n g  inc luded  
i n  AEC-ERDA reserve c a l c u l a t i o n s  

Cap i t  a 1. 
Opera t ing ,  i n c l u d i n g  roya1t.y 

a $ 1 . 6 8 I l b  U3O8 
4 .24  

Costs  n o t  inc luded  

Exp lo ra t ion  
I n t e r e s t  on cash  i n v e s t e d  

@ 11% compounded a n n u a l l y  
Income and p r e f e r e n c e  t a x e s  

$ 5.94 

$ 0.95 
2.6'7 

1.12 

T o t a l  c o s t  of viabi.l.it:y 

$ 4.74 

$=8/1b U3O8 

a 
A l l  c o s t s  g iven  i n  1972  d o l l a r s .  Source: Ref. 11. 

T h e  expansion of t h e  i n d u s t r y  d u r i n g  t h e  nex t  decades w i l l  l i k e l y  

r e q u i r e  e x p l o i t a t i o n  of proven reserves i n  t h e  more e x t e n s i v e  ca t egory  

o f  $15 / lb  forward c o s t s ,  b a r r i n g  ut-rusual success  i n  f i n d i n g  and develop- 

i n g  a d d i t i o n a l  low c o s t ,  h igh-grade reserves. A l a r g e  p o r t i o n  (1.90%) of 

t h e  known $15 / lb  r e s e r v e s  occur s  i.n a s s o c i a t i o n  w i t h  d e p o s i t s  p roduc ib le  

a t  lower c o s t s .  l o  However, as indi-cated i n  Fig.  4 ,  t h e r e  i s  a l s o  a 
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tendency for diminishing returns in uranium recovery from sandstone 

deposits, occurring somewhere in the $15 t o  $3O/lb cutoff range.' 

economically exploit any of these lower grade resources, the average size 

of mining-milling operations will need to increase. 

To 

A breakdown of unit costs applicable to a mining-milling center 

using lower-grade resources is shown in Table 2, taken from an analysis 

reported in 1974.13 All costs shown in this table are indexed to price 

conditions prevailing as of January 1, 1974. The direct costs for open- 

pit mining and milling operations of 1000 and 2000 ton/day are listed 

(production scales selected arbitrarily) followed by the "levelized" 

p r i c e s  of U308 that would be required to generate various aftertax rates- 

of-return. A 15% discounted cash flow return-rate can be used as a 

rough measure of the minimum required t o  attract investment capital in 

this industry. Hence, from the type of analysis indicated in Table 2, 

a 2000 ton/day operation using an average ore assay of 0.1% would require 

a minimum price of about $ 1 2 / l b  U 3 0 8 ,  while the same scale operation 

using an average assay of 0.05% (breakdown not shown) would require 

about $19/1b.13 

Table 2, should be used only as indexes, however, variability of a number 

of factors (including size, location, and depths of deposits) makes it 

difficult to specify a truly "typical" mine-mill venture. 

These values, along with the cost breakdown shown in 

An ERDA analysis reported in early 19751° indicated that a uranium 

production schedule based on exploiting only $8/lb resources could be 

attained, which would satisfy currently contracted U.S. requirements 

through about 1981. This would require judicious use of inventories as 

feed material for enrichment plants. The ERDA analysis a lso  indicated 

that the U.S. uranium industry could meet domestic requirements for a11 

capacity now under contract, plus additional nuclear power growth expected 

i n  the mid-l980s, through transition to an industry based on exploiting 

$15/Lb reserves. h possible production schedule, which assumes transition 

from an "$8/1b1' industry in 1975 to a "$15/lb" industry cost index by 1981., 

is illustrated in Fig. 5 (taken from Ref. 10). A breakdown by types of 

* 

* 
These total requirements are dependent on the uranium enrichment 

operating plan, as described in Sect. 3 . 3 .  



I. 4 

Table  2 .  Typica l  o v e r a l l  economics f o r  a f u t u r e  c y c l e  
of uranium c o n c e n t r a t e  product ion  based on open 

p i t  mining o p e r a t i o n s  a t  0.1% U3O8 i n  o r e a  

Cos ts  ( $ / l b  U 3 0 8 )  
1000 ton/day  2000 ton/day 

o p e r a t i o n  o p e r a t i o n  

C a p i t a l  : 

F i e l d  expense 
Proper ty  a c q u i s i t i o n  
Explorati .on d r i l l i n g  
Development d r i l l i n g  
Mine p r i m a r y  d eve lopmen t 
Mine p l a n t  and equipment 
M i l l  c o n s t r u c t i o n  

T o t a l  c a p i t a l  

Operat ing:  

Mining 
Hauling 
M i l l i n g  
Royalty 

T o t a l  o p e r a t i n g  

T o t a l  c o s t  

Cash f low r a t e - o f - r e t u r n  (2)  

Cash f low r a t e - o f - r e t u r n  (%) 

Cash f low ra t e -o f - r e tu rn  ( X )  

a t  p r i c e  of $1-0 

a t  p r i c e  of  $12 

a t  p r i c e  of $14 

0.162 
0.130 
0.21.6 
0.065 
3.232 
0.108 
1.033 

0.162 
0.130 
0.216 
0.065 
3.049 
0.103 
0.843 

4.946 

0.838 
0.405 
2.854 
0.257 

4.354 

9.300 

3.5 

10.5 

15 .8  

4.568 

0.757 
0.405 
2 . 2 8 1  
0.225 

3.668 

8.236 

8 . 4  

1 5 . 1  

19 .8  

a Source: K e f .  13 .  
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Fig.  5. T r a n s i t i o n  of $8 t o  $15 production c a p a b i l i t y  scheduled to 
meet domestic r equ i r emen t s .  
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p roduc t ion  c a p a c i t y  i s  a l s o  shown i n  F ig .  5 ,  c l a s s i f i e d  as e x i s t i n g ,  

announced, p r o j e c t e d  on b a s i s  of known reserves, and on p o t e n t i a l  re- 

sources .  No assumption i s  made t h a c  t h e  i n d u s t r y  w i l l  develop i n  pre-  

c i s e l y  t h i s  way; however, t h e  a n a l y s i s  does  l end  f u r t h e r  p r e s p e c t i v e  on 

t h e  economic f o r c e s  i n f l u e n c i n g  uranium p r i c e  levels.  

Some a d d i t i o n a l  i n fo rma t ion  about  uranium p r i c e  e s c a l a t i o n  e f f e c t s  

may be gained by examining p roduc t ion  c o s t  index  va r i a t l i ons  i n  t h e  mining 

i n d u s t r i e s  du r ing  t h e  p a s t  several y e a r s .  Although t h e s e  changes i n d i c a t e  

magnitudes of pr imary c o s t  e s c a l a t i o n s ,  t ime-lag e f f e c t s  are  a l s o  s i g n i f i -  

c a n t  because of t h e  uneven pace of developrnent i n  t h e  uranium industrry 

and long-term c o n t r a c t i n g  procedures  used i n  r e c e n t  y e a r s .  For example, 

Table  3 l i s t s  two o v e r a l l  p r i c e  indexes  c a l c u l a t e d  f o r  the y e a r s  between 

1967 and 1975, normalized t o  an  index  of 100 f o r  t h e  yea r  1.967. The 

f i r s t ,  l a b e l e d  “ t y p i c a l  U308 p r i c e  e sca l . a t ion  index ,”12  was developed by 

combining a 45% l a b o r  index  component, 35% i n d u s t r i a l  commodity index  

component, and 20% f i x e d  p r i c e  component. According t o  Ref. 12 ,  t h i s  

formula i s  t y p i c a l  of e s c a l a t i o n  c l a u s e s  h1Ji.l.L: i n t o  U308 purchase  con- 

t r ac t s  p r i o r  t o  about  1973. The second index  l i s t e d  is the Marsha l l  and 

Swi f t  mining and m i l l i n g  index ,  which is  a n  a l t e r n a t e  i n d i c a t o r  of c o s t  

e s c a l a t i o n  e f f e c t s  i.n t h e  i n d u s t r y .  l 4  

t h e  s u b s t a n t i a l  i n f l a t i o n a r y  p r e s s u r e s  between 1973 and 1975, b u t  t hey  

do no t  p rov ide  a r e l i a b l e  means f o r  e x t r a p o l a t i o n  i n t o  tihe next decade. 

For t h i s  purpose,  a judgmental  approach is  needed, based on a l l  t h e  fo re -  

mentioned elements .  

* 

Both t h e s e  o v e r a l l  indexes  e x h i b i t  

The r e s u l t s  of t h r e e  ERDA su rveys  of t h e  range  of U308 c o n t r a c t  

d e l i v e r y  p r i c e s ,  t aken  i n  J u l y  1974 and 1975, and i n  January  1976, arc! 

i l l u s t r a t e d  g r a p h i c a l l y  i n  F ig .  6. The p r f k e s  are weighted-average 

p r i c e s  f o r  c o n t r a c t  purchases  by u t i l i t i e s  and Sue1 manufac turers ,  and 

are shown by yea r  of uranium del i .very.  The p r i c e s  are g iven  i n  e s t ima ted  

c u r r e n t  d o l l a r s  f o r  t h a t  yea r .  These ave rages  are  based on c o n t r a c t  

agreements  made between 1967 and 1976 and do n o t  r e p r e s e n t  p r i c e s  a t  

A 
Values of t h e  index  f o r  t h e  y e a r s  1967---72 g iven  i n  Table  3 were 

taken  d i r e c t l y  from Ref. 1 2 ,  wh i l c  the indexes  f o r  1973-75 were obta ined  
by coinbining t h e  hour ly  wage index  i n  t h e  ruining i n d u s t r i e s  w i th  t h e  
wholesa le  p r i c e  index f o r  all i n d u s t r i a l  commodities. 
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Tab le  3 .  E s c a l a t i o n  indexes  measuring changes i n  
U 3 0 8  pr imary c o s t s  d u r i n g  r e c e n t  y e a r s  

Change 
Typ ica l  U3Oa Marsha l l  and S w i f t  

( X I  
Change mining - m i l l i n g  

(2)  index  b 
Year c o n t r a c t  p r i c e  

e s c a l a t i o n  indexa  

1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 

100.0 
102.8 
107.6 
111.4 
1.17.1 
121.9 
130.7 
147.2 

(159.8) 

2.8 
4 . 7  
3 . 5  
5.1 
4 . 1  
5.8 

12 .6  
8 .6  

100.0 
103.7 
108.0 
11.4.8 
121.9 
125.9 
130 .1  
1 4 9 . 6  
173.0 

(180.4) 

3 . 7  
4.1 
6.3 
6 . 2  
3 . 3  
3 . 3  

1S.O 
1 4 . 2  
15.6 

a 
Source: Ref.  12 .  

b 
Source:  R e f .  14 .  

which uranium can  be  purchased now o r  i n  t h e  f u t u r e .  The graph  d e p i c t s  

t h e  widening range  of r e p o r t e d  p r i c e s ,  and c l e a r l y  shows t h e  e f f e c t s  of 

thc-. l a r g e  p r i c e  i n c r e a s e s  t h a t  occu r red  between l a t e  1974 and mid-1975. 

The r e d u c t i o n  i n  maximum c o n t r a c t  prices f o r  t h e  1979 t o  1982  pe r iod  is 

p a r t l y  a t t r i b u t a b l e  t o  a r e e v a l u a t i o n  of c o n t r a c t  e s c a l a t i o n  rates* 

It should  be  noted  t h a t  t h e  average  c o n t r a c t  p r i c e  i s  s t i l l  h e a v i l y  

In f luenced  by o l d e r  c o n t r a c t s ,  and t h i s  i s  r e f l e c t e d  i n  t h e  narrower 

p r i c e  r anges  shown f o r  t h e  1983 t o  1985 d e l i v e r y  pe r iod .  

S e v e r a l  independent  sou rces  of i n fo rma t ion  appra is i -ng  t h e  Ug08  p r i c e  

v a r i a t i o n s  expec ted  ove r  t h e  n e x t  s e v e r a l  y e a r s  are comliined i n  F i g .  7 .  

The lowermost t w o  c u r v e s  i n  t h i s  f i g u r e ,  cu rves  A and XS, are the r e s u l t s  

of t h e  J u l y  1 9 7 4  and January  1976 ERDA p r i c e  surveys ,  r e s p e c t t v e l y .  The 

la tes t  su rvey  ( E )  shows t h a t  t h e  ave rage  p r i c e  p e r  pound of U308 f o r  

d e l i v e r y  i n  1975 w a s  $10.50, compared t o  t h e  $8.45 p r i c e  t h a t  was r e p o r t e d  

i n  t h e  J u l y  1975 p r i c e  survey .  

r e p r e s e n t  weighted-average p r i c e s  that are h e a v i l y  inf1iienced by o l d e r  

c o n t r a c t s ,  and t h e  weighted-average p r i c e  w i l l  tend to bi? 'lmuch c l o s e r  

t o  t h e  low end of t h e  r ange  of c o n t r a c t  pr ices  than  i t .  is t o  t h e  h i g h  

end. " 

As p r e v i o u s l y  d i s c u s s e d ,  t h e s e  curves 
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Curve (C) i n  F ig .  7 i.s t h e  r e s u l t  o f  a p r o b a b i l i s t i c  f o r e c a s t  of 

f u t u r e  uranium p r i c e s  r e p o r t e d  i n  1975 by t h e  s taff  of t h e  Nuclear  Ex- 

change Corpora t ion .  l 6  These estimates are d e s c r i b e d  as " f u t u r e  p r i c e s  

f o r  immed:i.ate d e l i v e r y  c o n t r a c t s  ," which a t t empt  t o  account  f o r  v a r i o u s  

con t ingenc ie s  i n f l u e n c i n g  t h e  uranium supply-demand s i t u a t i o n  1,etween 

now and 1985. S u b j e c t i v e  p r o b a b i l i t i e s ,  based on inEormed judgments,  

are as s igned  t o  con t ingenc ie s  such as t h e  sate of growth i n  e l e c t r i c i t y  

demand, a d d i t i o n s  t o  domest ic  uranium r e s o u r c e s ,  uranium p roduc t ion  

c o s t s ,  plutonium r e c y c l e ,  and i n t e r n a t i o n a l  t r a d e  i n  uranium, Fu tu re  

p r i c e s ,  weighted accord ing  t o  t h e s e  p r o b a b i l i t i e s ,  w e r e  e s t ima ted  i n  

1975 ,  1980, and 1985 d o l l a r s ,  and they  are  connected by s t r a i g h t  1.ines 

t o  form cu rve  C,  as shown i n  F ig .  7 .  

C lose ly  r e l a t e d  t o  t h e s e  v a l u e s  are recent: market p r i c e  quota t l -ons  

f o r  new c o n t r a c t s  f o r  f u t u r e  uranium d e l i v e r y .  Behavior of t h e s e  p r i c e s  

p r i o r  t o  January  197b, w a s  shown i n  P ig .  3 ,  and a more r e c e n t  market 

price q u o t a t i o n  is  shown a s  curve  I) i n  Fig.  7 ,  a g a i n  g iven  i n  year-of- 

d e l i v e r y  d o l l a r s . 1 7  This  cu rve  l i e s  s l i g h t l y  above t h e  r e s u l t s  o f  t h e  

p r o b a b i l i s t i c  f o r e c a s t ,  and cons ide rab ly  above t h e  average  c o n t r a c t e d  

p r i c e  l eve ls  ( cu rves  A and B) r e p o r t e d  by EKDA. Both the c u r r e n t  market 

p r i c e  q u o t a t i o n s  and p r o b a b i l i s t i c  f o r e c a s t  t end  t o  d e p i c t  t h e  " l ead ing  

edge" of  the uranium cost : -pr ice  s i t u a t i o n ,  i. e., t hey  tend  t o  r e p r e s e n t  

levels  of economic suppor t  r e q u i r e d  f o r  new mine-mill  v e n t u r e s .  I n  ou r  

judgment, they  are b e s t  viewed as I-ong-run __. margina l  ...____ c o s t s  of supply ,  which 

i n c l u d e  c a p i t a l  c o s t s  of expanding the i n d u s t r y ,  and r e f l e c t  t h e  needs of  

t h e  margina l ,  os  h igh-cos t ,  producer .  

T h i s  i n t e r p r e t a t i o n  t e n d s  t o  be suppor ted  by some a d d i t i o n a l  d a t a  

ob ta ined  i n  t h e  cour se  of t h i s  s tudy .  Three independent  u t i l i t i e s  were 

c o n t a c t e d ,  two of which had n u c l e a r  p l a n t s  i n  o p e r a t i o n  d u r i n g  t h e  e a r l y  

1970s. and a t h i r d  which w a s  committed t o  b r i n g  several n u c l e a r  u n i t s  on- 

l i n e  between 1975 and 1985. The d a t a  p o i n t s  r ep resen ted  as "Xs" i n  F i g .  7 

are average  p r i c e s  pa id  by one u t i l i t y  t o  f u e l  t h r e e  TAWRs over  t h e  1972-79 

pe r iod .  (Approximate account  h a s  been t aken  of l e a d  t i m e s  between U308 

d e l i v e r y  as f eed  material  and a c t u a l  o r  planned r e f u e l i n g  d a t e s . )  

t h e  second u t i l i t y ,  t h e  c o n t r a c t e d  p r i c e s  fol lowed t h e  g e n e r a l  ave rages  

r ep resen ted  by cu rves  A and B i n  F ig .  7 .  F i n a l l y ,  the t h i r d  u t i l i t y  had 

For 
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analyzed information available from their vantage point (including con- 

sideration of investments in uranium mining lands) to obtain the long- 

range price trend shown as curve E in Fig. 7 (again given estimated "cur- 

rent" dollars) - 
What can be concluded about the probable evolution of average uranium 

prices paid by the utilities, and therefore by the electricity consumer 

over the next several years? Clearly, price forecasting is an adaptive 

process which requires continual updating as new information becomes avail- 

able. The trend is upward, and substantial increases are indicated between 

the currently-contracted price levels and those applying to delivery in 

the 1980 to 1985 period. The average prices exhibited as curve B in 

Fig. 7 are expected to prevail through most of the 1970s, with some addi- 

tional upward "ratcheting" due to inflationary pressure. 

however, is the Eact that many current sales agreements for forward deliv- 

ery were made at fixed prices or with an escalation clause covering only 

a portion of total costs. 

Noteworthy, 

Superimposed onto Fig. 7 is a composite estimate (curves F) of the 

upward readjustments in average prices of U308 ,  projected for the 1975 to 

1985 period. 

including (a) results of the 1976 annual ERDA survey of U3O8 contract 

prices, assumed to apply as given between 1975 and mid-1977; (b) some 

additional price escalations, assumed to increase the average contract 

price level t o  about $20/lh by the end of 1978; (c) readjustment toward 

new average contract price levels between $30 and $45/ lb  by the end 0.E 

1981, giving the "lower" and "upper" estimates for curve F; and finally 

(d) average price escalation of 7% per annum from 1981 to 1985, resulting 

in lower and upper estimates of $40 and $59/ lb ,  respectively, by the end 

of 1985. The approximate nature of this forecast is evident; however, it 

appears to be a plausible composite representation of all the separate 

items of price information indicated in Fig. 7. These upper and lower 

estimates of average uranium ore prices paid by utilities during the 

next decade have been used for the "representative" time-dependent nuclear 

fuel cost calculations described in Sect. 5. 

This judgmental forecast consists of several "sections," 
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3 . 2  Conversion from T J ~ O Q  t o  UFC 

Product ion  of uranium h e x a f l u o r i d e  from t h e  U3O8 c o n c e n t r a t e  i s  per-  

haps t h e  least complex s t e p  i n  t h e  uranium f u e l  c y c l e .  According t o  

R e f .  18, two p rocesses  can be  used f o r  producing UF6 f o r  enr ichment  pl .ants .  

One i s  a d r y  hydro f luo r  p rocess ,  w i t h  cont inuous  s u c c e s s t v e  r e d u c t i o n ,  

h y d r o f l u o r i n a t i o n ,  and f l u o r i n a t i o n  o€ t h e  o r e  c o n c e n t r a t e ,  fol lowed by 

f r a c t i o n a l  d i s t i l l a t i o n  t o  o b t a i n  a pure  product .  The o t h e r  u s e s  a w e t  

s o l v e n t  e x t r a c t i o n  s t e p  a t  t h e  head end t o  r e f i n e  t h e  uranium feed ,  p r i o r  

t o  t h e  r e d u c t i o n ,  h y d r o f l u o r i n a t i o n ,  and f l u o r i n a t i o n  s t e p s ,  A t y p i c a l  

o r  "model" convers ion  p l a n t  would p rocess  about  5000 tonne of U annua l ly .  

Approxisnately two y e a r s  are  r e q u i r e d  t o  b r i n g  a new p roduc t ion  f a c i l i t y  

on stream. 

Because t h e  convers ion  s t e p  u t i l i z e s  a r e l a t i v e l y  s i m p l e ,  low-cost 

technol.ogy, t h e  p r i c e s  a s s o c i a t e d  w i t h  t h i s  s t e p  i n  t h e  f u e l  c y c l e  are 

expec ted  t o  remain f a i r l y  s t a b l e  du r ing  rille nex t  few y e a r s .  A s  of 1974,  

a " t y p i c a l "  p r i c e  leve l  w a s  S3/kgU, w i t h  some p r i c e  spread  depending on 

t h e  a c t u a l  c o n t r a c t i n g  arrangements .  

Even though no major r ead jus tmen t s  i n  p r i c e  levels are  expec ted ,  

t h e  e f f e c t s  of g e n e r a l  c o s t  e s c a l a t i o n s  s t i l l  need t o  be inc luded  i n  

p r i c e  s h i f t s  over  a 1970 t o  1985 t i m e  span. One u t i l i t y  consu l t ed  i n  

t h i s  s tudy  recommended convert i -ng t h e  1974 p r i c e  levels  t o  p r i c e s  f o r  

f u t u r e  d e l i v e r y  by u s i n g  a composi te  p r i c e  index.  The l a t t e r  was de r ived  

by app ly ing  a 30% weight  t o  t h e  average  hour ly  wage index  i n  t h e  chemical  

i n d u s t r i e s ,  60% t o  t h e  wholesa le  p r i c e  index  f o r  a l l  i n d u s t r i a l  comnodi- 

t i e s ,  and a 10% t o  t h e  f i x e d - p r i c e  component. However, i.f t h i s  formula 

i s  appl-ied t o  t h e  1974 " t y p i c a l "  p r i c e  l eve l  mentioned above i n  o r d e r  t o  

estimate p r i c e  t r e n d s  over  1.970 t o  1980 (Table  4 ) ,  one encoun te r s  t h e  

s a m e  d i f f i c u l t y  as noted  p r e v i o u s l y  i n  d i s c u s s i n g  p r i c e  indexes  f o r  t h e  

uranium mining-mil l ing i n d u s t r y .  Th i s  i s ,  t o  what e x t e n t  :is t h e  h igh  

i n f l a t L o n  rates exper ienced  i n  1974 and 1975 r e p r e s e n t a t i v e  o f  t r e n d s  

expec ted  f o r  t h e  remainder  o f  t h i s  decade? I n  Table  4 ,  w e  have assumed 

i n f l a t i o n  w i l l  moderate and have s imply a p p l i e d  a nominal,  5% annual  

e sca l . a t ion  ra te  t o  de te rmine  convers ion  p r i c e  levels  beyond 1975. 
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Table 4 .  Estimated composite price index 
for U3O8 - UFg conversion costs 

(Based on 1970 index = 100) 

Year Price index" 
Change 

(%> 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1985 

100.0 
104.2 
108.4 
115.1 
133.3 
144.3 
(151.5) 
(159.1) 
(167.0) 
(175.4) 
(184.2) 
((235.0) 

4.2 
4.0 
6.2 
15.8 

8 . 3  
5.0 
(5.0/year) 

aCalculated from Bureau of Labor 
Statistics for years 1970-75. 

3 . 3  Uranium Enrichment 

The uranium enrichment industry is the only segment of the commercial 

nuclear fuel cycle that remains under government ownership and control. 

For more than twenty years, ERDA (and the AEC before it> has operated 

three gaseous diffusion plants and has had exclusive control over uranium 

enrichment services for all U.S. reactors, plus a number of foreign 

reactors scattered throughout the world. The ERDA diffusion complex is 

currently the world's major supplier of separative work, and it is expected 

to continue in this role. However, even with the massive improvement 

program now underway, which is designed to increase t h e  production capacity 

of the three plants by nearly 60%, ERDA's enrichment capacity has been 

fully committed since mid-1974 under long-term enrichment contracts to 

domestic and foreign customers. Based on ERDA's forecasts of domestic 

and foreign nuclear power g rowth ,  it is estimated that we will require 

additional enrichment capacity by the mid 198O's.l9 Since an 8 to 10 year 



leadt i rne .is r equ i r ed  f o r  t h e  d e s i g n  and c o n s t r u c t i o n  of a new enrichment  

p l a n t ,  d e c i s i o n s  concern ing  t h e  expansion of t h e  uranium enrichment  indus- 

f r y  must be made i n  t h e  nea r  f u t u r e .  

Many of t h e  problems t h a t  f a c e  t h e  enrichment  i n d u s t r y  today r e v o l v e  

around queslrions concern ing  government: .versus p r i v a t e  r e s p o n s i b i l i t y  f o r  

c o n s t r u c t i o n  and o p e r a t i o n  of new enrichment  f a c i l ~ i - t i e s .  Although dec i -  

s i o n s  must be  made from t e c h n i c a l ,  eng inee r ing ,  and economic s t a n d p o i n t s  

r ega rd ing  the cho ices  of a p p r o p r i a t e  t.echnology f o r  this new enrichment  

c a p a c i t y ,  t h e s e  d e c i s i o n s  should n o t  i n t e r f e r e  w i t h  t h e  needed expansion 

of t h e  i n d u s t r y ,  whether by government o r  p r i v a t e  means. The U.S. has  

i n d i c a t e d  i t s  d e s i r e  t o  move toward a commercial enr ichment  i n d u s t r y ,  and 

has  aiinounced i t s  i n t e n t i o n  t o  ra ise  i t s  separat1ive work p r i c e s  tio com- 

p e t i t i v e  levels a n t i c i p a t e d  f o r  p r i v a t e  i n d u s t r y .  2 o  However, t h e  c u r r e n t  

u n c e r t a i n t i e s  i n  t h e  i .ndustry coupled w i t h  t h e  enormous c a p i t a l  expendi- 

tures r e q u i r e d  f o r  an  enrichment  v e n t u r e  have l e n d  t o  uncer ta inLy as t o  

whether  o r  n o t  a p r iva t e  v e n t u r e  would be  a b l e  t o  m e e t  t h e  ea r ly  need 

f o r  a d d i t i o n a l  enr ichment  c a p a c i t y .  A t  t h e  p r e s e n t  t i m e ,  o n l y  t h e  gaseous 

d i f f u s i o n  and c e n t r i f u g e  enrichment  p rocesses  are i n  a c t i v e  compcr i t ion  

for  meet ing nea r  term, i - e . ,  19?G t o  1985, expansion needs.  Although 

o t h e r  s e p a r a t i o n  techir iques are be ing  i n v e s t i g a t e d ,  such as p h o t o e x i t a t i o n  

w i t h  lasers and j e t  d i f f u s i o n ,  t h e  economic compe t i t i veness  of t h e s e  pro- 

cesses cannot  be determined wi th  any degree  of c e r t a i n t y .  For r:h:is rea- 

sori, on ly  t h e  gaseous d i f f u s i o n  and c e n t r i f u g e  enrichment  p rocesses  w i l l  

be  consi.dered i i a  t h i s  a n a l y s i s .  

A thorough examinat i o n  of t h e  p r e s e n t  uranium enrichment  i n d u s t r y  and 

i t s  economics r e q u i r e s  a knowledge of t h e  c u r r e n t  s e p a r a t i v e  work sugply- 

demand p i c t u r e  and a p e r s p e c t i v e  on p a s t  as w e l l  as p r e s e n t  t r e n d s  i n  

t h e  i n d u s t r y .  Th i s  i s  of p a r t i c u l a r  i.mportance i n  unders tanding  t h r  

probable  d i r e c t i o n  of f u t u r e  expansion of U .  S .  en.ri.c:'nment p l a n t  c a p a c i t y .  

A b r i e f  d e s c r i p t i o n  of t h e  U . S .  uranium enrichment  i n d u s t r y  fo l lows .  

The ?J.S. h a s  t h r e e  gaseous d i f f u s i o n  p l a n t s  which are owned hy t h e  

government and ope ra t ed  under  c o n t r a c t  w i t h  pr ivate  i n d u s t r y .  The 

Oak Ridge, Tennessee,  and Paducah, Kentucky, enr ichment  p l a n t s  are  

ope ra t ed  by Union Carbide Corpora t ion ,  Nuclear  D iv i s ion .  The t h i r d  

p l a n t ,  a t  P o r t s m ~ u t h ,  Ohio, is  ope ra t ed  by t h e  Goodyear Atomic Corpora t ion .  
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The t h r e e  p l a n t s ,  b u i l t  i n  suppor t  of t h e  n a t i o n a l  de fense  e f f o r t ,  were 

c o n s t r u c t e d  over  a 12-year per iod  between l a t e  1943 and 1955 a t  a C Q s t  of 

$ 2 . 1  b i l l i o n .  The p l a n t s  w e r e  ope ra t ed  a t  h igh  product ion  l e v e l s  u n t i l  

late 1964 a t  which t i m e  U .S .  m i l i t a r y  requi rements  f o r  en r i ched  uranium 

began t o  drop  o f f .  

annual  s e p a r a t i v e  work p roduc t ion  r a t e  w a s  reduced s h a r p l y  unci1 i t  

reached a low i n  f i s c a l  yea r  1970. The r e d u c t i o n  i n  de fense  requi rements  

f o r  en r i ched  uranium r e s u l t e d  i n  excess p l a n t  c a p a b i l i t y  and i n v e n t o r i e s ,  

n o t  on ly  i n  t h e  enrichment  segment of t h e  n u c l e a r  i n d u s t r y ,  but: a l s o  i n  

t h e  mining and m i l l i n g  segments as w e l l .  The average  annual  s e p a r a t i v e  

work p roduc t ion  l e v e l s  of t h e  t h r e e  p l a n t s  s i n c e  1944 are shown i n  

F ig .  8.21 

Prom t h i s  peak de fense  p roduc t ion  pe r iod ,  t h e  average  

Each of t h e  p l a n t s ,  a l t hough  c o n t a i n i n g  e s s e n t i a l l y  t h e  s a m e  t ype  of 

equipment,  has  c e r t a i n  unique c h a r a c t e r i s t i c s  of i t s  own. For t h i s  rea- 

son, t h e  t h r e e  gaseous d i f f u s i o n  p l a n t s  are ope ra t ed  as a complex, which 

means t h e i r  o p e r a t i o n  i s  c l o s e l y  i n t e g r a t e d  t o  t a k e  advantage of t h e  most 

economic and d e s i r a b l e  c h a r a c t e r i s t i c s  of each p l a n t .  F igu re  9 d e p i c t s  

g r a p h i c a l l y  t h e  i n t e g r a t e d  r e l a t i o n s h i p  of t h e s e  t h r e e  f a c i l i t i e s .  22  

Feed, p roduc t ,  and t a i l s  c r i te r ia  of t h e  p l a n t s  are c a r e f u l l y  coord ina ted  

and opt imized on a r o u t i n e  b a s i s  t o  maximize t h e  economic r e t u r n  from 

t h e  f a c i l i t i e s .  

W'nen f u l l y  powered, t h e  t h r e e  d i f f u s i o n  pl.ants have a combined out-  

pua: c a p a c i t y  of 1 7 . 2  m i l l i o n  s e p a r a t i v e  work u n i t s  (SWU) p e r  y e a r ,  and 

as noted earlier,  t h e  demand f o r  en r i ched  uranium has  a l r e a d y  exceeded 

t h i s  c a p a c i t y .  For t h i s  r eason ,  Cascade Improvement (CIP)  and Cascade 

Upra t ing  (CUP) programs have been planned and are p r e s e n t l y  i n  t h e i r  

i n i t i a l  phases  of implementat ion.  When completed,  t h e  two expansion 

programs w i l l  i n c r e a s e  t h e  ERDA product ion  c a p a b i l i t y  by 60%, from 17.2 

t o  27.7 m i l l i o n  SWU/year. The combined CIP/CUP programs, scheduled f o r  

complet ion by 1981, are expected t o  c o s t  i n  excess  of $1 b i l l i o n .  

The Cascade Improvement Program i s  designed t o  i n c o r p o r a t e  i n t o  t h e  

e x i s t i n g  gaseous d i f f u s i o n  p l a n t s  t h e  most r e c e n t  advances i n  d i f f u s i o n  

technology,  thereby  i n c r e a s i n g  t h e  e f f i c i e n c y  of t h e  p l a n t s .  Th i s  i s  

be ing  accomplished through equipment m o d i f i c a t i o n s  such as r e b u i l d i n g  and 

improving compressors ,  i n s t a l l i n g  p i p i n g  and c o n t r o l  valves w i t h  b e t t e r  
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aerodynamic characteristics, and installation of iiiiproved diffusion bar- 

riers. It i.s principa1.l.y a capital. investment program for which no 

additional power will be required and will enlarge the capacity of the 

three facilities without significantly changing their  operating cos t s .  

The program will result in an increase in separat i -ve work capacity of 

about 5.8 million SWU/year. 

The Cascade Uprating Program involves uprating the CIP-improved dif- 

fusion plants to permit operation at a power level o f  7400 MW, which will 

further increase the separative work capacity b y  4 - 7  million SWU/year. 

This is accomplished by replacing and/or uprating switchyard equipment 

such as oil. circuit breakers and transformers, rewi.nding electric motors, 

and making significant changes to the waste heat removal system. Although 

the CUP program is also a capital improvement program, it will require 

the purchase o f  additional electric power t o  take advantage of the improved 

facilities. The CIP and CUP prograins will be c1osel.y coordinated to 

avoid double handling of equipment and t o  minimize total stage downtime. 

Once these two programs are complete, t h e  diffusion plants will be essen- 

tially at a practical limit of technology, design, and operating condi- 

tions. Figure 10 illustrates the schedule for CIP  and CUP completion 

and the resulting increases in separative work capacity. 2 2  

During the mid-l960s, in anticipation of a civilian nucl.ear power 

economy, the Atomic Energy Commission decided to preproduce enriched 

uranium t o  meet its projected large growth in the nuclear industry. Con- 

tracts were negotiated with various electric power supp1.ier.s and a pro- 

gram of power restoration to the plants was started. Since 1.970, the 

power supplied to the plants has been almost doubled. During this period, 

the AEC a l s o  initiated an operating plan f o r  the plants that used "split 

tails" transactions for creating a preproduction stockpile of enriched 

uranium that could be used for covering operating and contingency situa- 

tions. 

(1) power availability, (2) feed availability, and ( 3 )  available plant 

capacity ( c h i s  is variable only in that plant capacity i s  increasing 

each year until 1981 v7hen the CIP and CUP programs will be completed). 

These three input variables control both of the major output variables, 

'rhrtx main parameters were weighed in deveJmping this plan;21 



29 

I 

0 R N L-DWG 77---4929 - 50 

I 

SOURCE, Ref. 22 

7380MW 
CUP 

> 4.15 mill ion 
S W U / y r .  

5 .76 million 

i 
i 
I 
~ UNIMPROVE[ 

PLANTS 
1 7 . 2  mill ion 
S W U / y r .  

I 
J 

F i g .  LO. P ro j ec t ed  U.S. sources of separative work. 



30 

namely, t a i l s  a s s a y  and en r i ched  uranium product ion .  Through t h e  y e a r s ,  

t h e  AEC c o n t i n u a l l y  updated and r e f i n e d  i t s  o p e r a t i n g  p l a n s ,  and ERUA i.s 

c u r r e n t l y  i n  t h e  p r o c e s s  of deve loping  a new o p e r a t i n g  p l a n  f o r  t h e  d i f -  

f u s i o n  p l a n t  compl-ex. 

Under ERDA's p r e s e n t  s p l i t  t a i l s  procedure ,  enr ichment  customers  

supply  q u a n t i t i e s  of uranium f e e d s t o c k  keyed t o  gaseous d i f f u s i o n  p l a n t  

o p e r a t i o n  a t  a t a i l s  a s s a y  of 0.20 weight  % U 2 3 5  (commonly r e f e r r e d  t o  as 

" t r a n s a c t i o n  t a i l s " ) ,  and pay s e p a r a t i v e  work cha rges  acco rd ing ly .  The 

enrichment  p l a n t s ,  however, are a c t u a l l y  ope.cated a t  a t a i l s  a s s a y  oE 

0.30% (known as "ope ra t ing  ta i ls") ,  which means t h e  customer- 

supp l i ed  uranium feed  f a l l s  approximate ly  20% s h o r t  of a c t u a l  p rocess  

requi rements ,  I n  t h e  p a s t ,  t h i s  d e f i c i t ,  p l u s  t h e  f eed  used f o r  pre-  

p roduc t ion ,  h a s  Been supp l i ed  by drawing on t h e  government uranium s t o c k s .  

However, t h i s  arrangement of s p l i t - t a i l s  cannot  be  s u s t a i n e d  because ERDA 

is  now c l o s e  t o  exhaus t ing  i t s  feed  s t o c k p i l e  and excess  d i f f u s i o n  p l a n t  

c a p a b i l i t y .  S ince  t h e  0.30% t a i l s  a s s a y  i s  e s s e n t i a l l y  f i x e d  by E M A  

o p e r a t i n g  p o l i c y ,  t h e  p a t h  taken  from 0.20% t o  0.30% prov ides  t h e  on ly  

real  degree  of freedom i n  supply ing  f eed  €or  t h e  p l a n t s .  As a conse- 

quence, ERDA's new o p e r a t i n g  p l a n  w i . 1 1  g r a d u a l l y  i n c r e a s e  t h e  t r a n s -  

a c t i o n  t a i l s  a s s a y  from 0.20% to 0.30%. The s i z e  of t h e  en r i ched  uranium 

s t o c k p i l e  w i l l  t hen  be  determined by t h e  a v a i l a b i l i t y  of f e e d  material  

and e l e c t r i c  power. 

ERDA h a s  two d i s t i n c t  t ypes  of enr ichment  service c o n t r a c t s ;  f i xed -  

commitment c o n t r a c t s  and requirements- type c o n t r a c t s .  Under a f i x e d  corn- 

mitment c o n t r a c t ,  a customer s p e c i f i e s  i n  advance t h e  amounts of e n r i c h i n g  

services he r e q u i r e s  over  a s u b s t - a n t i a l  p o r t i o n  of the r e a c t o r  p l a n t  

o p e r a t i n g  l i f e ,  t h u s  o b l i g a t i n g  himself  t o  a f i x e d  amount of t h e s e  ser- 

vices. A requirements- type c o n t r a c t  o b l i g a t e s  ERDA, with i t i  l i m i t s ,  to 

prov ide  a customer w i t h  t h e  amount of e n r i c h i n g  services he  r e q u i r e s .  

ERDA's c u r r e n t  o p e r a t i n g  p l a n  is  t o  ma in ta in  t h e  t r a n s a c t i o n  t a i l s  

a s say  a t  0.20% U 2 3 s  through September 20, 1 9 7 7 ,  and t o  i-ncrease i t :  i n  a 

s t epwise  f a s h i o n  over  t h e  f i s c a l  yea r  1978 t o  1981 pe r iod .  The planned 

i n c r e a s e s  w i l l  be  t o  0 .25  weight  % U 2 3 s  a t  t h e  beginning  of FY 1978, t o  

0 .275  a t  t h e  beginning  of FY 1980, and t o  about  0.30 by October 1, 1981 ,23  

ERDA s u p p o r t s  t h e s e  changes through c l a i m s  t h a t  t h e  a d d i t i o n a l  feed  w i l l  
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allow the building of a larger enriched uranium stockpile, part of which 

could be used to backup a private enrichment venture. 

demand for uranium will also encourage further exploration and develop- 

ment of additional uranium resources. Finally, the stepwise adjustment 

in the transaction tails assay will serve to spread the impact of these 

necessary increases in feed requirements over several years, reducing the 

short-term impact on enriching customers. 

The increased 

Shortly after ERDA had committed its entire planned enriching capacity 

to meet long-term enriching contracts, the U.S. utility industry began 

announcing delays and/or cancellations of numerous reactor projects that 

had previously been planned. As a result of these delays and cancella- 

tions, a number of utility companies, some of which either no longer needed 

the enriching services they had under contract, or desired contract 

adjustments to reflect plant startup delays, began requesting changes in 

their enrichment contracts. In January of 1975, the AEC, in response to 

these requests, proposed an option t o  amend fixed-commitment contracts 

which would allow customers to delay separative work deliveries. 24 

On June 19, 1975, ERDA expanded this option to allow customers a 

one-time free termination of long-term fixed-commitment contracts, pro- 

vided the option was exercised by August 18, 1975. The so-called "Open 

Season" offer also included options that allowed customers a one-time 

adjustment of their contract commitments, including adjusting the quantity, 

schedule, and timing of deliveries. Before the Open Season offer, the 

AEC had issued enriching service contracts for 364 GW(e), only 329 GW(e) 

of which remained under contract after the option deadline. Although 

customers were allowed to defer SWU deliveries under the offer, they are 

still obligated to deliver a portion of their uranium feed to ERDA in 

accordance with their original schedule. 
* 

The ERDA pricing level for enrichment service requirements contracts, 

executed prior to May 9 ,  1973, is constrained to be not  more than a "ceil- 

ing charge" computed on the basis of a $30 historical charge escalated 

by increases i n  factor prices weighted in a 15:5 (power:labor) ratio 

* 
Portion of feed associated with original schedules: FY 1976-1977 

(100%); FY 1978-1980 (50%); and EY 1981-1983 (25%). 
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i n c l u d i n g  a $10 f i x e d  c o s t  component.25 

l i s h e d  a t  t h e  end of FY 1965. Base rates f o r  power and l a b o r  a t  t h a t  

t i m e  were 3.958 mills/kWhr and $2 .87/hr ,  r e s p e c t i v e l y .  The e e i l i n g  

charge  can I:here€ore be c a l c u l a t e d  by us ing  t h e  formula:  

The $30 base  charge  w a s  e s t a b -  

CC = 10  f 15(P/3.958) -+ 5(L/2.87)  

where P ( i n  mil ls /kWhr)  is  t h e  c u r r e n t  average  c o s t  of power t o  t h e  

enrichment p l a n t s  and L i s  t h e  c u r r e n t  v a l u e  of t h e  wage rate f o r  t h e  

chemical. and a l l i e d  p roduc t s  i n d u s t r y .  Through 1 9 7 4 ,  t h e  ceil.i.ng charge  

has  e s c a l a t e d  a t  t h e  e q u i v a l e n t  of an average  annual  ra te  of about  7% 

whi l e  t h e  power component: e s c a l a t i o n  ra te  h a s  been about  10%. 

F igu re  11 shows ERDA's a c t u a l  uranium enrichment  p r i c i n g ,  i n  c u r r e n t  

d o l l a r s ,  frcm 1.970 through 1996. 2 6  

i.n t h e  Fede ra l  R e g i s t e r  on J u l y  30, 1976 ,  i nc reased  t h e  fixed-commitment 

charge  from $59.05 t o  $61.30, e f f e c t i v e  on October 1, 1976. This  i n c r e a s e  

r e p r e s e n t s  an  o v e r a l l  p r i c e  i n c r e a s e  of about  66% dur ing  t h e  p a s t  t w o  

yea r s .  The p r e s e n t  charge  of $66.75 f o r  requirements- type c o n t r a c t s  

w i l l  b e  inc reased  on January  27, 1977 , to  $69.80 o r  t h e  c e i l i n g  charge ,  

whichever i s  t h e  lesser charge .  The c e i l i n g  charge  is  es t ima ted  t o  be 

$71.65 on January  1, 1977, S O  t h e  $69.80 cha rge  will be  t h e  a p p l i c a b l e  

r a t e  f o r  requi rements - type  c o n t r a c t s .  Th i s  p r i c i n g  a c t i o n  i s  u n r e l a t e d  

t o  proposed l e g i s l a t i o n  t o  enab le  ERDA t o  i n s t i t u t e  commercial-type 

p r i c i n g  f o r  enr ichment  services. Ra the r ,  t h e  i n c r e a s e s  are t h e  r e s u l t  of 

i nc reased  e l ec t r i c  power c o s t s  and i n c r e a s i n g  opera.ti.ng, c a p i t a l ,  and 

p rocess  development c o s t s .  These new p r i c e s  w i l l  be  s u b j e c t  t o  a 4%/year 

e s c a l a t i o n  ra te  u n l e s s  t hey  are  othc?rwi.se modif ied by ERDA. The lower 

cu rve  i n  F ig ,  1 2  shows t h i s  4% e s c a l a t - i o n  rate a p p l i e d  t o  reyuirements-  

t ype  c o n t r a c t s  and t h e  r e s u l t i n g  p r o j e c t i o n  of separative work c o s t s .  

ERDA is  p r e s e n t l y  involved  i n  s e v e r a l  ongoing programs t o  a s s i s t  

'The most r e c e n t  p r i c e  change, announced 

i n d u s t r y  i n  e n t e r i n g  t h e  f i e l d  of c o m e r e i a l  uranium enrichment .  These 

programs i n c l u d e  a technology t r a n s f e r  program f o r  making c l a s s i f i e d  

e n r i c h i n g  technology a v a i l a b l e  t o  qual-if  i ed  companies, and a c e n t r i f u g e  

q i i a l i f i c a t i o n  program, under which p r i v a t e  c e n t r i f u g e  manufac turers  may 

q u a l i f y  t o  produce gas  c e n t r i f u g e s  t o  ERDA s p e c i f i c a t i o n s .  ERDA a l s o  

has  a program des igned  t o  encourage t:I-ie e_vol.ution of a p r i v a t e ,  cornpeti- 

t i ve  c e n t r i f u g e  e n r i c h i n g  i n d u s t r y  on a t imely  b a s i s .  A p i l o t  gas  
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c e n t r i f u g e  plant: (Component Test F a c i l i t y ) ,  be ing  des igned  and c o n s t r u c t e d  

by ERDA w i t h  i n d u s t r i a l  p a r t i c i p a t i o n ,  was expec ted  t o  be  o p e r a t i o n a l  i n  

1976, 
design and o p e r a t i o n  of t h e  e n t i r e  p roduc t ion  p r o c e s s  system, 

a l s o  p rov ide  p l a n t  d e s i g n ,  c o n s t r u c t i o n ,  s t a r t u p ,  and o p e r a t i n g  expe r i ence  

t o  a i d  i n  t h e  p r o c e s s  and equipment s e l e c t i o n  f o r  f u t u r e  c e n t r i f u g e  cn r i ch -  

ment p l a n t s .  ERDA a l s o  has  a n  Experimental  Test F a c i l i t y ,  o p e r a t i o n a l  

s i n c e  1971,  f o r  r e l i a b i l i t y  t e s t i n g ,  and a Component P r e p a r a t i o n  Labora- 

t o r y ,  which was b u i l t  t o  e v a l u a t e ,  improve, and demonst ra te  cos t -  

e f f e c t i v e ,  p o t e n t i a l l y  hhgh-volume p roduc t ion  t echn iques  for manufac tur ing  

c e n t r i f u g e s .  27 

The p i l o t  p l a n t ,  c u r r e n t l y  behind schedu le ,  w i l l  proof t es t  t h e  

It w i l l  

In J u l y  1974,  t h e  United S t a t e s  announced its i n t e n t i o n  t o  move 

toward commercial. pr ice  l e v e l s  f o r  uranium e n r i c h i n g  s e r v i c e s  i n  rec.ogni- 

tion of t h e  growing m a t u r i t y  of t h e  n u c l e a r  power i n d u s t r y ,  bo th  i n  t h i s  

coun t ry  and abroad. On June 2 4 ,  1975, ERDA forwarded t o  Congress d r a f t  

l e g i s l a t i o n  which would revise one of t h e  bases f o r  e s t a b l i s h i n g  p r i c e s  

€or  e n r i c h i n g  uranium. 28 

Energy Act of 1954 as amended t o  (1) o b t a i n  f a i r  v a l u e  f o r  e n r i c h i n g  

services s o l d  t o  domest ic  and ove r seas  cus tomers ,  and (2) e l i m i n a t e  o r  

reduce  t h e  d i f f e r e n t i a l  between the governments' cha rges  f o r  e n r i c h i n g  

s e r v i c e s  and t h o s e  a €  p o t e n t i a l  enrichment p r o j e c t s .  

r e n t  SWU c o s t s  do not  i n c l u d e  p r o v i s i o n s  f o r  t a x e s ,  i n s u r a n c e ,  and risk, 

t h e i r  cha rges  are s i g n i f i c a n t l y  lower than  could  r easonab ly  'be expec ted  

Erom f u t u r e  sou rces .  It i s  contemplated t h a t  should  Congress e n a c t  the 

ERDA d r a f t  b i l l ,  t h e  pr ice  under a fixed-commitment c o n t r a c t  for a SWU 

w i l l  i n i t i a l l y  be about $76.  Requirements-type c o n t r a c t s  would nor  be  

a f f e c t e d  under t h e  d r a f t  l e g i s l a t i o n .  

The proposed l e g i s l a t i o n  would amend t h e  AtomZc 

Since  EIZDA's cur- 

To Lend some p e r s p e c t i v e  t o  changes i n  government s e p a r a t i v e  work 

c o s t s ,  a series of cash f l o w  breakdowns of c o s t s  and revenues  a s s o c i a t e d  

w i t h  ERDA gaseous d i f f u s i o n  complex o p e r a t i o n  are shown i n  Tables  5 

th rough 8. These t a b l e s  p rov ide  a b a s i s  f o r  comparing t h e  t y p i c a l  ten- 

year campaign p e r i o d  d o l l a r - f l o w  changes w i t h  f a c t o r s  such  as i n c r e a s i n g  

cascade  power c o s t s ,  and v a r y i n g  c a p i t a l  and o p e r a t i n g  c o s t s .  Table 5 

shows t h e  cos t - revenue  f l aws  f o r  the o p e r a t i n g  p l a n  based on sales a t  

$32/SWU, which was e f f e c t i v e  f u r  a campaign p e r i o d  ex tend ing  from 



Table 5. Cash flow costs and revenues, uranium enrichment operations 

Revenues at $32/SWU 
(Expressed in millions of fiscal year 1972 dollars) 

Fiscal year 

1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 

Costs: 

Cascade power 89 123 178 207 217 229 243 264 306 335 

Capital 65 78 104 130 130 147 153 I79 194 211 
Other operating 46 51 59 62 63 63 63 60 56 56 

Total costs, 200 252 341 395 410 43% 453 503 556 602 

Total revenues, 135 179 254 344 420 492 565 611 711 789 

Cash flow: 

- - - - - - - - - - 
existing plants: 

existing plants: 

Annual 
Cumulative 

-65 -?3 -87 -55 10 53 408 108 155 187 
-65 -138 -225 -280 -270 -217 -109 -1 154 341 

NOTES : 
1. Operating tails assay of .20% for IFY 1971, .30% far FY 1972-73, .25% for FY 1974-80. 
2. 

Source: Ref .  25. 

Revenues based on $26/SWU through FY 1971, $32/SwU from IFY 1972-80. 
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Table 6.  Cash flow c o s t s  and revenues u r a n i u r  en r i chnen t  o p e r a t i o n s  revenues a t  $53.35/SW =Tiler f i x e d  cornmltnent c o n t r a c t s  

(Expressed i n  m i l l i o n s  o f  f i s c s i  y e a r  1976 d o l l a r s )  

F i s c a l  y e a r  
T r a n s i t i o n  

budget 

F i s c a l  
y e a r  

1977 1978 1979 1980 1981 1982 1983 1984 1985 1.986 1987 1988 1989 1990 1976 

Cos%s : 

Cascade power 5c2 .o 134.1 
Other opera5ing  149.6 39.6 
C a p i t a l  240.9 67 .I 

T o t a l  c o s t s ,  892.5 243.8 
e x i  s t irig 
p l a n t s  

Revenues : 

Enrichment s e r -  266.3 49.2 
v i c e s ,  r e q u i r e -  
ments,  t y p e  

F i x e d - c o m i t -  
ments t y p e  

Prepayment. s 

T o t a l  r eve -  
nues ,  
e x i s t i n g  
p l a n t s  

Cash f low:  

Annual 
Cumula t i v e 

187 .Y 0 

189 .i 45.7 
643.3 94.9 

-249.2 -145.9 
-249.2 -395 .I 

584.4 619.3 636.6 685.9 687 .i 672 .i 572 .i 709.8 755.0 755 .o 755 .O 755 .o 755 .0 755 .0 
171.9 160.1 183.6 228.1 251.1 251 .i 183.5 161.0 161 .o 161 .0 161 .0 161 .o 161 .o 161 .o 
296.8 326 .i 241.7 l4l.9 102 .I 69.1 60 .,6 56.9 56 -9 56 -9 56.9 56 09 56.9 56.9 

1,053.1 1,105.5 1,055.9 1,d+0.3 992.3 916.2 927.7 972.9 972.9 972.9 972.9 972.9 972.9 

299.1 660 .3 633.5 613.5 603.7 466.9 507.1 $16.8 487 .O 488.8 488.2 481.5 473 .o 448.7 

275.8 354.2 722.4 781.0 1,116.6 1,150.8 903.2 1,004.1 1,056.3 981.6 951. .8 929.9 goc.6 85? .5 

-33.2 -15.1 -91.7 -101.5 -145.2 -193 .o -38 .O -6.4 

-511.4 -106.1 202.3 237.1 534.8 432.4 456.1 586.8 570 04 497.5 467.1 438 -5 400.7 328 -3 
-906.5 -1,012.6 -810.3 -573.2 -38.4 394 -0 850.1 1,436.9 2,007.3 2,5&.8 2,971,9 3,410.4 3,811.1 4,139.4 

NOTES : 
1. 
2 .  

Transac t ion  t a i l s  a s s a y  of 0.20 p e r c e n t  f o r  f i s c a l  y e a r s  197@l and 0.30 p e r c e n t  f o r  f i s c a l  y e a r  1982 and beyond. 
Cos t s  a r e  i n  f i s c a l  y e a r  19'76 d o l i a r s  b u t  i n c l u d e  p r o j e c t e d  f i s c a l  y e a r  1976 c o s t  i n c r e a s e s  of power from t h e  TVA, OVEC, and EEI. 
y e a r  f o r  advanced. i s o t o p e  s e p a r a t i o n  R .  & D .  C a p i t a l  c o s t s  i n c l u d e  p r o j e c t s  f o r  equipment rep lacement ,  e t c . ,  for a s s u r i n g  o p e r a t i o n  of t h e  E D A  gaseous d i f f u s i o n  p l a n t s  
through t h e  y e a r  2000 i n  o r d e r  t h a t  enrichment c o n t r a c t s  may 'be s u p p l i e d  throughout  t h e i r  l i f e .  

Requirements-type revenues based  on $60.80 p e r  S'YJU, except  f o r  t h e  1st 6 no of f i s c a l  y e a r  1976 which was $48.80 g e r  SWU. 
Fixec-corrmitment revenues based  on $53.35 p e r  SNZ, except  f o r  t h e  1st 2 rric of  f l s c a l  year 1976 ykich  wcs $42.95 p e r  Si*:. 
Revenues based  on prov id ing  enrichment sersrices f o r  343,300 ?r%J of n u c l e a r  power. 
Advanced payment based  on $3,300,000 p e r  1,000 NhJ s t a r t i n g  8 yr p r i o r  t o  l n i t i a i  wi thdrawal  spread  a v e r  a 3-yr p e r i o d .  
The $53.35 p e r  ShW charge  was c a l c u l a t e d  for 2 tirne p e r i o d  throsgh f i s c a l  y e a r  1980. 

Other o p e r a t i n g  c o s t s  i n c l u d e  $25,COO,OOO p e r  

3. Revenues a r e  based  on an A p r i l  1975 p r o j e c t i o n  of s a l e s .  
4. 
5. 
6. 
7. 
8. 
Source: Ref.  29. 
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Table 7.  Cash flew c o s t s  and r evenues ,  w-aniim ecrickment o p e r a t i c n s  revenues a t  $ 7 6 , ' ~ ~  under f i x e d  comi t rnent  c o i t r a c t s  

(Expressed  i n  m i l l i o n s  of f i s c a l  y e a r  1976 d o l i a r s )  

F i s c a l  F i s c a l  y e a r  
T r a m i t i o n  

budget l-977 1978 1979 1980 l981 1982 1.983 1964 1985 1986 1987 1988 1-989 1990 
y e a r  
1976 

Cos t s  : 

Cascad.e power 
Other o p e r a t i n g  
C a p i t a l  

T o t a l  c o s t s ,  
e x i s t i n g  
p l a n t s  

Revenues : 

Enrichment s e r -  
v i c e s  ~ r e q u i r e -  
ments,  t y p e  

Fixed - c ommi t - 
n e n t s  trype 

Prepayment s 

T o t a l  r eve -  
nues ,  
e x i s t i n g  
p l a n t s  

Cash f low:  

Anma1 
Cumulative 

502 .0 
149.6 
240.9 

892.5 

266.3 

229 .I. 

189.1 

684.5 

-206 .O 
-20s .O 

134.1 
39.6 
67 .i 

24o.e 

49.2 

0 

b5 .? 

94.9 

-l't5.9 
-353 -9 

687 .i 672 .i 672.1 7w .8 755 .o 755 .O 755 .c. 755 .o 755 .O 755 .o 
161 .o 

584.4 619.3 636.6 485.9 
1.71.9 160 .1 183.6 228.1 251.1 251 .l 183.5 1-61 .o 161 .0 161 .O 
296.8 326.1 241 .? 141 .g 1c2.1 69 .I 60.6 56.9 56.9 56.9 56.9 56.9 56.9 56.9 

1,C53.1 1,105.5 1,051.9 1,955.9 992.3 916.2 927.7 972.9 972.9 972 .g 972.9 972.9 972.9 

2-61 .e 161 .0 161 .0 

660.3 633 -5 613.5 603.7 466.9 507.1 516.8 487 .O 4-88.8 4as .2 481.5 473 .o 448.7 299.1 

392 .? 503.6 1,C29.C 1,112.6 1,590.7 1,639.3 1,286.7 1,430.3 1,504.8 1,398.4 1,355.6 1,324.7 1,262.9 1,214.5 

-33.2 -14 .- 7 -91.7 -1m .5 -145.2 -193 .c -38.C 4 -4 
658.8 1,149.8 1,570.8 2,&9.2 1,913.2 1,940.7 1,991.8 1,887.2 1,806.2 1,755.9 1,663.2 

-394 .3 b4.3 508.9 566.7 :-,ocC.g 920.9 839.6 1,c13 .o 1,018.9 914.3 871.1 833.3 783 .O 69G .3 
-748.2 -703 a 9  -195 .O 373.7 1,362.6 2,303.5 3?11c3.1 4,156.1. 5,175.0 6,G89.3 6,963.4 7,793.7 8,576.7 9,267.0 

NOTES : 
1. 
2 .  

T ransac t ion  t a i l s  a s s a y  of  0.20 p e r c e n t  f o r  f i s c a l  y e a r s  1-97&81 and 0.30 percen t  f o r  f l s c a l  y e a r  1982 an.d. beyond. 
Costs a r e  i n  f i s c a l  y e a r  1976 d o l l a r s  b u t  i n c l u d e  p r o j e c t e d  f i s c a l  y e a r  1976 c o s t  i n c r e a s e s  of power from t h e  TVA, OmC, and E E I .  Other o p e r a t i n g  c o s t s  i r ,c lude $25,000,000 p e r  
y e a r  f o r  advanced i s o t o p e  s e p a r a t i c n  R . &  D .  C a p i t a l  c o s t s  i n c l u d e  p r o j e c t s  f o r  eqzi.pment rep lacement ,  e t c . ,  f o r  a s s u r i n g  o p e r a t i o n  of t h e  ERDA gaseous d i f f x s i o n  p l a n t s  th rough 
t h e  y e a r  2 0 C O  i n  ord-er t h a t  enrichment c o n t r a z t s  m y  b e  s u p p l i e d  throughout  t h e i r  l i f e .  

ReqEirements-type revenues Sased  or, $60.80 per  SWd, except  fc r  t h e  1st 6 mo cf f i s c a l  y e a r  1976 w h i c h  wzs $48.80 2 e r  S W .  
Flxed-corxiitment revenues based CE. $76 p e r  SWU, except  f o r  t h e  1st 2 mo of fj-scal y e a r  1976 which was $42.95 p e r  SWU a,nd t h e  fo l lowicg  4 no of f i s c a l  y e a r  1976 which w a s  
+ 53.35 p e r  ShV. 
Revenues based  on p rov id ing  enrichinen.t s e r v i c e s  f o r  343,000 ITd of n u c l e a r  power. 
Advanced payments based. on $3,300,000 p e r  1,000 MK s t a r z i n g  8 y r  p r i o r  t o  i n i t i a l  withdrawal sp read  over  a 3-yr p e r i o d .  
The $76 p e r  SwLT charge  was c a l c u i a t e d  f o r  a t ime  p e r i o d  through f i s c a l  year 1986. 

3. Revenues a r e  based  OR an April 1975 project i .cn of s a l e s .  
4. 
5.  

6 .  
7 .  
8. 

Source :  Ref'. 29. 
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Table 8. Cash f low c o s t s  and revenues ,  uranium enrichment o p e r a t i o n s ,  inc luding  8.75 m i l l i o n  SWU add-on d i f f u s i o n  p l a n t  

Revenues a t  $76/SWrJ f i x e d  coumitment c o n t r a c t s  
(Expressed I n  m i l l i o n s  of  f i s c a l  y e a r  1976 d o l l a r s )  

F i s c a l  F i s c a l  y e a r  
l r a n s i t i o n  

budge-, 
1977 1978 1979 I480 198: 1982 1983 1984 1985 1986 1987 l988 ;9&9 1990 

y e a r  
1976 

c o s t s  : 

E x i s t i n g  p l a n t s :  

Cascade power 
Other opera t ing  
C a p i t a l  

T o t a l  c o s t s ,  
e x i s t i n g  
p l a n t s  

New p l a n t  : 

C a p i t a l  c o s t s  
Operat ing c o s t s  

T o t a l  c o s t s ,  
new p l a n t  

Revenues : 

E x i s t i n g  p l a n t s  : 

Enrichment s e r -  
v i c e s ,  r e q u i r e -  
ments ,  t y p e  

Fixe Ci-c omqit - 
ments type  

Prepayments 

T o t a l  reve-  
n x s ,  
e x i s t i n g  
p l a n t s  

Enrichmen: s e r -  

Prepayments 

New p l a n t  ; 

v i c e s  

To:al reve-  
n-Jes, new 
p l a n t  

T o t a l  
revenues 

Cash flow: 

Etnnual 
Cwmlat  i v e  

502 .o 
149.6 
243.9 
FzzT 

4 .O 
13 .o 
17.0 
- 

266.3 

229 .i 

189 .i 
0'54.5 

684.5 

-?25.0 
-225 .o 

134.1 
39.6 
67 .i 

m 

5 .O 
2 .O. 
7.0 
- 

49.2 

0 

45.7 
94.9 
- 

94.9 

-152 .y 
-377.9 

584.4 
171.4 
296.6 

1,053.1 
_- 

75 .o 
10.0 

95.0 

299 ..i 

392.9 

-33.2 

30.1 

30 .1  
- 

688.9 

-449.2 
-827.1 

6i9.3 
160 .i 
326.1 

i ,105.5 

200.0 
10.0 

210.0 
- 

660 .j 

504.6 

-15.1 

1,149 .a 

100. 5 
100.5 
- 

1,250.3 

-65.2 
492.3 

636.6 
183.6 
2k1.7 

1,&1.9 

250.0 
10.0 

2go.o 

633.5 

1,029.0 

-91.7 
1,570.s 

139.2 
139.2 
- 

1,710 .O 

358.1 
-534.2 

685.9 
228 .i 
i?i .9 

1,055 .F 

300.0 
40.0 

340.0 

513.5 

I ,1:2.6 

-101.5 

gmz 

~09.1 
;cy .1 
- 

1,733.7 

337.8 
-l66.4 

687 .I 
251.1 
102.1 

4.00.0 
80.0 

480.0 

603.7 

1,590.7 

-i45.2 
2,049.2 
- 

38.7 

36.7 

2,067.9 

567.6 
431.2 

672.1 
251 .: 
69.1 

992.3 

450.0 
1-0.0 

sso.0 

466 :i, 

1,639.3 

-193 .O 

: ,913.2 

1,913.2 

340.9 
7-2.1 

672.1 
183.5 

9 x . 2  

60.6 

475 .o 

69:.0 
223.0 

507.1 

1,286 .7 

-38.0 

1,7',5.E 

1,755 .a 

l L 4 . 5  
856 .7 

709.8 

56 .Y 
~ 6 1  .0 

927.7 

230.0 
300.0 

500.0 
- 

5-6.8 

L ,+30.3 

-6.4 
im7 

1,940.7 

513 .0 
: ,395.7 

755 .o 
161 .o 
56.9 
972.5 

31.3 
300.0 
331 .0 
- 

487.3 

:,504.8 

1,991.8 

416.5 

-30.3 

2,318.0 

i ,014.1 
2,$t3.8 

755 .O 755 .O 
161.3 16L.0 
55.9 56 .Y 
972.3 972.9 

~ _ _ _ _  

330.0 303.0 

300.0 300.0 
___ - 

972.8 629.3 

-211.2 -116.1 

TEZ 513.2 

2 ,645 .a 2 , 3 7 1 2  

1,375.9 l , 0 8 4 . 3  
3,789.7 L,874.0 

755.0 
161 .o 
56.4 
972.5 

300.0 

300.0 
- 

461.5 

1,324.7 

ipzz 

536.6 

m 

2,3-.2 .a 

1,069.9 
5,943.9 

755 .0 
161 .0 
56.9 

972.9 

300.0 
___ 
330.0 

473 .o 

- ,282 .y 

1,755.9 

810.2 

- 
319.2 

2,566 .I 

1,293.2 
7,237 .1 

755 .0 
16- .O 
56.0 

972 .Y 

00 . 0 
__ 
300.0 

4d.7 

1,2;4.5 

qZ63-2 

67? .9 

674.9 

'2,338.- 

1,065.2 
6,302.3 

PiOTES : 
1. 
2. 

Transac t ion  t a i l s  a s s a y  0' 0.20 s e r c e n t  f o r  f i s c a l  y e a r  1976-81 and 0.30 percent  f o r  f i s c a l  y e a r  1982 and beyond. 
E x i s t i n g  p l a n t  c o s i s  a r e  i n  f i s c a l  y e a r  1976 d o i l a r s  b>Lt i n c l u d e  pro jeczed  f i s c a l  y e a r  1976 c o s t  i n c r e a s e s  of power from t h e  TVA, OVEC, and S E I .  
$25,000,000 p e r  y e a r  f o r  advanced i s o t o p e  s e p a r a t i o n  R.& D .  
f u s i o n  p l a n t s  through t h e  y e a r  2000 i n  s r d e r  t h a t  enricliment c o n t r a c t s  may be suppl ied  throughout  t h e i r  l i f e .  
E x i s t i n g  p l a n t  revenues a r e  based on an A p r i l  1975 p r o j e c t i o n  of s a l e s .  
Requirements-tyTe revenues based on $63.80 p e r  S - C ,  except f o r  t h e  Is: 6 mo of  f i s c a l  year  1976 which was $48.80 p e r  SWJ. 
o p e r a t i o n s ,  i n c l u d i n g  $8,750,000 SFJU add-on d i f h s i o n  plar , t  (expressed i n  m i l l i o n s  of f i s c a l  y e a r  1976 d o l l a r s )  
Fixed-comnitment revenues baS& O n  $76 p e r  SWJ, except  f o r  :he 1st  2 md of f i s c a i  p a r  1976 which vas  $42.95 p e r  SflJ ace t n e  fo l lowing  4 ma of f i s c e l  year  l976 wnich was 
$53.35 p e r  ST&:. 
E x i s t i n g  p l a n t  revenues based on provid ing  enrichment s e r v i c e s  f o r  345,000 *W of n c c l e s r  power. 
Advanced payments based on $3,303,000 p e r  1,000 Kd s t a r t i n g  8 y r  p r i o r  t o  i n i t i a l  withdrawal  sgread  over  a 3-year  p e r i o d .  
The $76 p e r  SWJ charge was c a l c u l a t e d  for a t ime p e r i o d  tnrougn f i s c a l  y e a r  1986. 
Kew p l a n t  c o s t s  a r e  f o r  a n  8,750,000 SWJ p e r  y e a r  add-on d i f f v s i o n  p l a n t  a t  Pcr tsmouth.  
and a p p r o p r i a t i o n  i n  f i s c a l  y e a r  1976 and t h e  T r a n s i t i o n  q u a r t e r  f o r  t i t l e  I ,  I1 des ign  and advanced procurement only;  p b j s i c a l  c o n s t r u c t i o n  t o  begin  i n  f i s c a l  y e a r  1977. 
N e w  p lan t  power c o s t s  a r e  $280,000,000 p e r  y e a r  f o r  2,400 MI of  power a t  13.3 mills p e r  k i lowat t -hour .  
New p l a n t  revenues based on sIipplying enrichment s e r v i c e s  f o r  125,000 MW of n u c l e a r  power, assuming f u l l  plutonium r e c y c l e .  

Other o p e r a t i n g  c o s t s  incLude 
C a p i t a l  c o s t s  inc lude  p r o j e c t s  f o r  equipment replacement ,  e t c . ,  f o r  a s s u r i n g  o p e r a t i o n  of t h e  E-WA yaseous 3i:- 

3 .  
b .  

5. 

6. 
7. 
8. 
3 .  

10. 
11. 

Cash flow c o s t s  and revenues,  uranium enrichment 
revenkes a t  $76 per  S'W uncer f i x e d  commitment contracts. 

T o t a l  c a p i t a l  c o s t  i s  $2,390,000,000 i n  f i s c a l  yea r  1976 d o l l a r s .  Assumes a u t h o r i z a t i o n  

Annual o t h e r  o p e r a t i n g  c o s t s  a r e  $23,O00,000. 

Source: Ref. 29. 



FY 1972 t o  1980.25 

1972 d o l l a r s .  A cash  f low breakdown of c o s t s  f o r  fixed-commitment con- 

t r a c t s , b a s e d  on the August 1975 t o  A p r i l  1976 charge  of $53.35/SW, i s  

shown i n  Table  6.2q 

and 8,are expressed  i n  f i s c a l  yea r  1976 d o l l a r s .  It should be noted 

The c o s t s  i n  t h i s  t a b l e  are expressed  i n  f i s c a l  yea r  

The cash  f lows i n  t h i s  t a b l e ,  as w e l l  as i n  Tables  7 

t h a t  t h e  $53.35/SWU charge  was c a l c u l a t e d  on the b a s i s  of c o s t s ,  revenues,  

and o t h e r  charges  f o r  a campaign pe r iod  ex tending  from FY 1976 t o  1986. 

Table  7 p rov ides  a s i m i l a r  cash  f low breakdown of c o s t s  based on ERDA's 

proposed $76/SWU charge  f o r  fixed-commitment c o n t r a c t s .  F i n a l l y ,  T a b l e . 8  

provides  a cash  f low breakdown of c o s t s ,  a l s o  based on ERDA's  proposed 

$76/SWU cha rge$  t h a t  i n c l u d e s  t h e  c o s t s  and revenues a s s o c i a t e d  w i t h  a 

proposed 8.75 m i l l i o n  SWJ/year add-on d i f f u s i o n  p l a n t .  

On June 26 ,  1975, t h e  P r e s i d e n t  sent t o  Congress a proposed b i l l ,  

c a l l e d  t h e  Nucl.ear Fuel  Assurance A c t  of 1975 (NFAA), 30 that would enab le  

ERDA t o  n e g o t i a t e  arid e n t e r  i n t o  coope ra t ive  arrangements  w i t h  p r i v a t e  

o r g a n i z a t i o n s  t h a t  wish t o  b u i l d ,  own, and o p e r a t e  uranium enrichment 

p l -an ts .  The  proposed l e g i s l a t i o n  i s  in tended  t o  provide  needed en r i ch -  

ment c a p a c i t y  and t o  c r e a t e  a compe t i t i ve  uranium enrichment i n d u s t r y .  

The NFAA would permi t  ERDA t o  e n t e r  i n t o  coope ra t ive  arrangements  w i t h  

as many f i r m s  as be l i eved  necessa ry  t o  develop a compe t i t i ve  i n d u s t r y ,  

and would provide  v a r i o u s  forms of a s s i s t a n c e '  and a s su rances  t o  t h e s e  

f i rms .  The l e g i s l a t i o n  p rov ides  f o r :  ( a )  f u r n i s h i n g  t e c h n i c a l  assis- 

t ance ,  i n fo rma t ion ,  i n v e n t o r i e s  and d i s c o v e r i e s ,  e n r i c h i n g  services, 

materials, and equipment on t h e  b a s i s  of c o s t s ,  (b) gua ran tee ing  t h e  

q u a l i t y  of government-furnished equipment and materials, ( c )  assuming 

t h a t  t h e  f a c i l i t y  w i l l  perform s u c c e s s f u l l y ,  (d)  purchas ing  SWU from t h e  

private enrichment p l a n t ,  (e) buying t h e  assets o r  i n t e r e s t s  of any U . S .  

c i t i z e n  o r  o r g a n i z a t i o n  i n  any enrichment p l a n t ,  and assuming t h e i r  

o b l i g a t i o n s  and l i a b i l i t i e s ,  i.f p r i v a t e  i n d u s t r y  cannot  f i n i s h  o r  b r i n g  

t h e  p l a n t  i n t o  commercial o p e r a t i o n ,  and ( f )  modifying, complet ing,  and 

o p e r a t i n g  t h e  p l a n t  as a government f a c i l i t y ,  o r  d i s p o s i n g  of t h e  p l a n t .  

The proposed 1 e g i . s l a t i o n  a l s o  ca l l s  f o r  r o y a l t i e s  t o  be  pa id  t o  t h e  govern- 

ment, imposes an  $8 b i l l i o n  l i m i t  on t h e  t o t a l  p o t e n t i a l  c o s t  t o  t h e  

government i n  t h e  event  all p r i v a t e  v e n t u r e s  covered by t h e  coope ra t ive  

arrangements  were t o  f a i l ,  and p rov ides  f o r  Congress iona l  review of a l l  
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arrangements by the Joint Committee on Atomic Energy. 

authorizes ERDA to start construction planning and design activities for 

expanding one of the government's existing enrichment facilities. This 

add-on plan is a contingency measure to insure that enrichment capacity 

would be available if the private ventures fail. 

NFAA further 

ERDA has received proposals from four corporations or consortia 

that are interested in financing, building, owning, and operating uranium 

enrichment plants under cooperative agreements with ERDA as proposed by 

NFAA. One of these, which was a revision of an earlier proposal, was sub- 

mitted by Uranium Enrichment Associates (UEA) and calls f o r  the construc- 

tion of a full-scale gaseous diffusion plant by 1981. The other three pro- 

posals, all submitted on October 1, 1975, are aimed towards a full-sized 

centrifuge enrichment plant to be operational in the 1986 t o  1987 time 

period. ERDA also has its contingency plan that calls for building an 

add-on diffusion plant at the Portsmouth, Ohio site. This add-on plant 

would have an initial capacity of 4.4 million SWU and could be expanded 

to 8.8 million SWU If necessary. The cost of enriched uranium from a 

new enriching plant may be defined as the sum of three major components; 

fixed charges, operating electric power charges, and other operating 

charges. The fixed charges are the sum of the capital charge required 

to amortize the plant investment and the plant economic life levelized 

tax rate, where the tax rate i s  defined as a combination of federal and 

state tax rates. A new government-owned enriching plant may be exempt 

from federal taxation although it is anticipated that an equivalent state 

tax charge would be paid. Table 9 provides a brief summary of the vari- 

ous proposals that are currently under consideration. 

The most advanced private enrichment venture to date i s  Uranium 

Enrichment Associates, which was formed in September of 1972. It 

was originally a consorta of three companies, Union Carbide Corporation, 

Westinghouse Electric Corporation, and Bechtel Corporation, however, two 

of the companies withdrew in mid-1974 and Bechtel continued the program 

alone until June 1975, when the Goodyear Tire & Rubber Company became a 

partner. Later, in October 1975, the Williams Companies also joined the 

UEA venture. 

fusion plant near Dothan, Alabama. Financial considerations along with 

UEA proposes to build a 9 million SWU/year gaseous dif- 
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clarificatton of the type and extent of government assistance to be made 

available to UEA (as well as other interested firms) have led to major 

uncertainties in planning. UEA is currently awaiting the outcome of the 

proposed NFAA legislation. 

estimates and contract guidelines for their proposed diffusion plant at 

the 1975 AIF Conference on Nuclear Fuel.31 

startup in the 1981 t o  1983 time period is estimated to c o s t  $2.75 b i l -  

lion (1974 dollars). ERDA recently indicated the cost would be about 

3.5 billion in 1976 dollars. Details oE the proposed plant are shown in 

Table 10. The basic concept of the UEA supply contract is that it would 

be a cost pass-through agreement, i.e., the customer would pay the actual 

cost of the operation, whatever that would turn out to be. This cost 

would be calculated on the basis of all of the expected elements of a 

unit of separative work, including power and operating costs, debt ser- 

vice, and a guaranteed return on equity throughout the life of the plant. 

The projected return on equity, not  to be less than 15% after taxes, is 

designed to attract equity money in the current market. 

jections indicate that the average price per SWU will b e  around $73 (1974 

dollars). Table 11 provides a detailed breakdown of the components of 

UEA's  anticipated average price for separative work. 

A UEA representative presented plant cost 

The plant scheduled for 

The UEA pro- 

Figure 12 shows the $73/S'wU (1974 dollars) UEA price projection 

escalated based on data received from the electric power industry. The 

fixed charges have been escalated through 1981, when the construction 

costs were assumed to be capitalized, and power and operating costs were 

escalated separately. The fixed charge index f o r  price escalation was 

subject to the following breakdown: 20% construction labor, 15% materials, 

and 65% equipment. For a 90% capacity factor, the specific investment 

for the proposed UEA diffusion plant is $339.5O/SWU. 

In October 1975, Garrett Corporation, Centar Corporation, and Exxon 

Nuclear Corporation all submitted proposals in response to ERDA's request 

for centrifuge enrichment plant (CEP) proposals. This request for CEP 

proposals was intended to encourage the construction and operation of 

private enrichment plants under the pending NFAA legislation. The three 

proposals submitted to ERDA are aimed toward a centrifuge plant of the 

3 million SWU/year size that: would be constructed using a modular approach 
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Table 10. Uranium Enricliment Associates' 
gaseous diffusion plant statistics 

Capacity 

Capital investment 

Plan and construct period 

Start-up p e r i o d  

Operating l i f e  

Annual operating costs 

Power 
Labor and other  

Annual revenues 

Price per unit 

9 million SWU/year 

$2 75 billionu 

Years 1 9  7 5-1 98 3 

Years 1983.-1983 

25 years (1984-2008) 

Over $200 milliona 
Over $100 milliona 

Over $700 iiiillion 

Over $~O/SWU~ 

U 

~~ 

U 
Estimated in 1974 dollars. Source: R e f .  31. 

Table 11. Uranium Enrichmen& Associates' 
average price/STm 

._.....~........I_. ___.- ........_..I 

Percentage 

Power $24 e 24 3 3  

Operating , tila intenance 1 3 . 4 4  19 
general administrative 
c o s t s ,  and income taxes 

Return to e q u i t y  
participants 

7 . 9 6  11 

Royalties 1 . 3 3  2 

Debt service 22 11 30 

Reserve furid 

Total 

3.45 5 

$72.53 100 
____. II 

Average $73.00 

a 
1974 dollars. 

NOTE: Total unescalated costs over entire 
operating period divided by total SWU 
output at 99% of capacity. 

Source: Ref. 31. 
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with the initial module in the 300,000 to 1 million SWU/year range. 

Assuming initial success, additional modules would be added progres- 

sively until a full-sized plant is reached. The modular approach would 

permit a demonstration period for the first module and reduce the risk 

of loss of the large investment required for the full-sized plant. This 

approach will also permit desirable modifications to the full-sized 

plant design as experimental results are obtained during the demonstration 

p e r i o d .  

A joint study on the feasibility and economics of centrifuge enrich- 

ment plants in the 300,000 to 9 million SWU/year size range was con- 

ducted by the Tennessee Valley Authority, Electro-Nucleonics, Lnc., and 

Burns and Roe, Inc. The study, which was initiated in June of 1974, 

c-oncluded that centrifuge technology can be competitive with gaseous dif- 

fusion technology, and may prove to be the superior process in the future. 

The main advantages of the centrifuge process appears to be  in its high 

degree of modularity and low power requirements. Cost estimates, in 

1974 dollars, for a centrifuge enrichment plant ranged from $56 to about 

$9S/SWU, depending on plant: size and form of ownership.32 

conclelded that for centrifuge plants with capacities greater than 

3000 tonne SWU/year, the SWU cost tended to flatten out with increasing 

plant size. 

The s tudy  a l s o  

UEA has estimated that plant capital costs for a gas centrifuge 

enriching plant would be about 9% higher than those projected for a gas- 

eous diffusion plant. However, the attractiveness of the centrifuge 

process lies in its low power requiremenrs, estimated to be about one- 

tenth of those required f o r  a diffusion plant. Power costs, which repre- 

sent about 30% of the total SWU cost in a diffusion plant, would accdunt 

for only about 42 of the total SWU cost in a centrifuge plant. Although 

centrifuge plants are estimated to have approximately the same specjfic 

investment as diffusion plants, they have a much smaller optimum size 

(1 to 3 million SWU/year) and are adaptable to modular construction 

which would permit adding small capacity increments as required to closely 

follow market needs. The major cost drawback of the gas centrifuge 
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technology appears  t o  r e s u l t  from ext remely  h igh  o p e r a t i n g  c o s t s .  UEA 

concludes t h a t  t h e  c e n t r i f u g e  SWU c o s t s  would be  5% h i g h e r  t h a n  t h o s e  

from a d i f f u s i o n  p l a n t .  For purposes  of  comparison, Table  12 provi.des 

a breakdown of c o s t s  and s ta t i s t ics  fo r  a 9 m i l l i o n  SWU/year d f f f u s i o n  

p l a n t  and a 1.5 m i l l i o n  SWU/year c e n t r i f u g e  p l a n t ,  as e s t ima ted  by t h e  

Nuclear  U t i l i t y  S e r v i c e s  (NUS) Corpora t ion .  33 

The uranium enrichment  p r i c e  p r o j e c t i o n s  used as r e f e r e n c e  cases i n  

t h i s  s tudy  are shobx i n  P ig .  12.  As a "lower" l i m i t ,  w e  a p p l i e d  a 4%/year  

e s c a l a t i o n  rate t o  ERDA's requirements- type c o n t r a c t  p r i c e  of $69.80, 

which became e f f e c t i v e  i n  January  1977. T h i s  yi.eS.ds a 1985 p r i c e  of 

$97/SWTJ. 'The "upper" l i m i t  chosen f o r  t h e  s tudy  i s  the estimate made 

by t h e  NUS Corpora t ion  i n  1974, Th i s  estimate p r o j e c t s  s e p a r a t i v e  work 

c o s t s  ranging  from $11O/SWU i n  1980 t o  $155/SllTu i n  1985. As Fig .  1 2  

shows, long  range  p r o j e c t i o n s  tend t o  f a l l  i n t o  t h e  envelope t h a t  is  formed 

by t h e s e  "upper" and "lower" c o s t  p r o j e c t i o n s .  F igu re  1 2  a l s o  shows t h e  

ERDA commercial p r i c e  estimate of $76/SIdtJ (1976 d o l l a r s )  esea l .a ted  at a 

ra te  of 4%/yc?a.r. For  purposes  of comparison, t h i s  y i e l d s  a 1984 p r i c e  

o f  about  $lOS/SWU, as does t h e  sample u t i l i t y  p r i c e  d a t a  a l s o  p l - o t t e d  i n  

t h e  f i g u r e .  

3.4 Fuel  F a b r i c a t i o n  

The growth i n  requi rements  f o r  LWR f u e l  f a b r i c a t i o n  services, pro- 

j e c t e d  ove r  t h e  1974 t o  1990 t i m e  p e r i o d ,  is  shown i n  Fig.  13.34 'To m e e t  

t h e s e  requi rements ,  as of 1972 t h e r e  were 10 f a b r i c a t i o n  p l a n t s  a v a i l a b l e ,  

w i t h  a p lan t -average  annual. c a p a c i t y  of 300-500 tontie of uranium. 3 4 y  l 8  

As a consequence of d e l a y s  i n  i n s t a l l a t i o n  of nuc lea r  p l a n t s ,  t h e s e  

f a c i l i t i e s  should be adequate  t o  m e e t  f a b r i c a t i o n  demands over  most of 

t h e  1 9 7 0 ~ ~  bu t  by t h e  e a r l y  1980s ,  expansion of p l a n t  c a p a c i t y  wi.l .1 be  

r e q u i r e d .  

The major p r e s e n t  LWX f u e l  f a b r i c a t i o n  f a c i l i c i e s  are owned and 

ope ra t ed  by t h e  f o u r  manufac turers  of l i g h t  w a t e r  r e a c t o r s  and by t h e  

Exxon Nuclear Company, a n  b d e p e n d e n t  f u e l  f a b r i c a t - o r  and a f f i l i a t e  of 

t h e  Exxon Corpora t ion .  I n  a d d i t i o n  t o  t h e s e ,  K e r r  M c G e e  of Cresent, 



47 

Table 12. New enrichment plant levelized SWU cost extimates 

i._-. 

Diffusion Centrifuge 

(1974 $1 (1975 $1 (1974 $) (1975 $1 

Fixed chargea 

Power cost 

Operating cost 
Other costs b 

Totale 

Capital cost: (106 $1 
Amortization period (year) 

Operational cost 

Power cost (mill/kWhr) 

Capital charge rate (%>a 

Debt/equity ratio 

Ikbt/equity rate (%%) 

Nominal capacity 
( l o 6  $ Swjyear) 

Capacity factor (%) 

(106 $/year> 

41.98 

24.24 

2.24 

5.99 

74.45 

2750 

25 

20 

10 

13.6 

85/15 

9/15 

9 

99 

57.09 

36.36 

2.47 

6.94 

102. 8bd 

3400e 

25 

20 

15 

1 3 . 6  

85/15 

9/15 

9 

90 

48.59 

3.64 

25.53 

6.92 

84.74 

390 

l0f 

38 

15 

18.5 

9 Q / l O  

9/20 

1.5 

99 

65.78 

3.64 

31.10 

8.24 

1.08.76 

480" 

1of 
42 

15 

18.5 

90/10 

9/20 

1.5 

30 

UIncludes federal and state tax. 

bIncludes R & D, working capital, product flywheel and 3% royalty. 

"Noted year dollars. 

dTotal is $90.16/SWU if 10 mill power assumed. 

"23% cost increase over 1974 estimate assumed. 

fBased on 5, 10 and 15 years for machines, equipment and process 
buildings. 
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Oklahoma, and Nuclear Fuel Services at Erwin, Tennessee, offer facilities 

for converting uranium hexafluoride to U02 pellets. 

The Exxon Nuclear Facility at Richland, Washington, offers the capa- 

bility for design and fabrication of both U 0 2  and mixed-oxide fuels for 

PWRs and BWRs. Mixed-oxides fabrication capability i n  the U . S .  is pres- 

ently quite small, about 50 to 75 tonne/year. Westinghouse has submitted 

application for a license to construct a 350 tonne/year mixed oxide 

facility at Anderson, South Carolina. Contingent on resolution of cri- 

teria for use of plutonium recycle fuels, operation of this facility 

might, at the earliest, begin in 1979 and reach full capacity by about 

1983.35 

and license a similar facility. 

It is estimated that 6 to 8 years are currently needed to build 

Requirements for fabricating slightly-enriched UO2 fuel elements 

will clearly dominate the fabrication sector of the nuclear fuel cycle 

until the early 1980s, or such time as criteria for use of plutonium is 

specified. 

fore subject to reductions in production costs associated with learning 

effects,36 is considered to be a well developed technology. 

had been experiencing these reductions between 1968 and 1973,  and had 

been able to accommodate changes in fuel element design associated with 

emergency core cooling system (ECCS) criteria without significant increases 

in overall costs. The industry has also accommodated to more stringent 

manufacturing quality control, aimed at rectifying fuel. element failures 

or problems experienced in early commercial reactor operations, and insur- 

ing fuel integrity during the irradiatlon lifetime. A s  much as one-third 

of fuel fabrication costs have been estimated to funnel into quality 

assurance. 37 

Fabrication of U02 fuel, which is labor intensive and there- 

The industry 

Delays or postponements in plans for installing nuclear units are 

expected to have. negative impact on fuel fabrication economics during the 

next few years.36 

associated with labor and materials, slippages in production w i l l  gen- 

erally have deleterious effects on efficient use of trained workers and 

on manufacturing quality control. As a result, a temporary postponement 

of additional "learning-effect" cost reductions is expected, extending 

into the 1980s. 

Since approximately 85% of fabrication costs are 
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Whi1.e t h e s e  f a c t o r s  i -nf luence  t h e  near-term outl.ook f o r  c o s t  reduc- 

t i o n s ,  general .  e s c a l a t i o n  of materials and l a b o r  c o s t s  have exe r t ed  up- 

ward p r e s s u r e  on  t h e  u n i t  c o s t  of f a b r i c a t i o n .  E s c a l a t i o n  of t h e s e  i n p u t  

c o s t s  obvious ly  t e n d s  t o  coun te rba lance  any e f f r c t : s  of l e a r n i n g  o r  eco- 

norriics of scale i n  a manner i l l u s t r a t e d  i n  Table  13.  Here estimates of 

t h e  dmmward t r e n d  i n  c o n s t a n t  d o l l a r  f a b r i c a t i o n  c o s t s ,  r e p o r t e d  i.n 

197.3,37 are l i s t e d  i n  column 2 ,  a r b i t r a r i l y  normalized t o  a p r i c e  index  

of 100 i n  1970. I n  co lu in~~.  3, a composi te  p r i c e  index recommended by one 

u t i l i t y  con tac t ed  i n  t h i s  s tudy  as a s u i t a b l e  measure of f a b r i c a t i o n  c o s t  

e s c a l a t i o n  i s  l i s t e d .  It i s  a l s o  normalized t o  a v a l u e  of 100 f o r  1970. 

This  composite index  was c a l c u l a t e d  by a s s i g n i n g  30% weights  each t o  t h e  

hour ly  wage index  i n  t h e  primary meta ls  i n d u s t r i e s ,  t h e  wholesa le  p r i c e  

index  f o r  s tee l  m i l l  p roduc t s ,  and t h e  wholesa le  pr ice .  tndex  f o r  a1.l 

i n d u s t r i a l  commodities,  p l u s  a 10% f i x e d - p r i c e  componenr. The product  

of t h e  indexes  i n  columns 2 and 3 ,  given as column 4 i n  Table  1 3 ,  i n d i -  

cates t h a t  t h e  h igh  rates of i n f l a t i o n  exper ienced  between 1973 and 1975 

has  o u t d i s t a n c e d  any c o s t  r e d u c t i o n s  due t o  p roduc t ion  e f f i c i e n c i e s .  

This  product  index  is  in tended  on ly  t o  i l l u s t r a t e  the g e n e r a l  magnitude 

of t h e  f a c t o r s  unde r ly ing  t h e  dynamics of t h e  UO2 f a b r i c a t i o n  p r i c e  

s i t u a t i o n  and should  no t  be used as any p r e c i s e  measure of t h e  p r i c e  v s  

t i m e  t r end .  

D i f f e r e n c e s  i n  long-term c o n t r a c t  arrangements  and w a r r a n t i e s  used 

by u t i l i t i e s  i n  r e c e n t  years also t end  t o  i n f l u e n c e  f a b r i c a t i o n  d e l i v e r y  

pr : ices .  Types of f u e l  w a r r a n t i e s  range  from those  cove r ing  on ly  mechan- 

i c a l  f l aws  and i n t e g r i t y  of t h e  e lements ,  w i t h i n  s p e c i f i e d  burnup l i m i t s ,  

t o  f u e l  c o s t  w a r r a n t i e s  w i t h  s p e c i a l  p r o v i s i o n s  f o r  p r i c e  e s c a l a t i o n s  

beyond c o n t r o l  of t h e  f u e l  manufac turer*  In  some cases, energy purchase  

gua ran tees  have a l s o  been used. Some agreements  may o b l i g a t e  t h e  Cue1 

vendor t o  provide  most performance a n a l y s i s  r e q u i r e d  io l i c e n s i n g  r e a c t o r  

o p e r a t i o n s .  Gene ra l ly ,  t h e r e  will be p r i c e  v a r i a t i o n s  a s s o c i a t e d  w t t h  

d i f f e r e n t  d e g r e e s - o f - r e s p o n s i b i l i t y  assumed by t h e  vendor.  

U t i l . i t y  f u e l  buying pract ices  have been s h i f t i n g  away from e a r l y  

arrangements  c.overing bo th  purchase  of u308 and f a b r i c a t i o n  services from 

t h e  vendor toward purchase  of on ly  t h e  f a b r i c a t i o n  component w i t h  inde- 

pendent arrangements  f o r  U308 supply.  A s  of January  1, 1975, f u e l  



51 

Tab1.e 13. Cost index variations influencing U02 
fuel fabrication prices between l 9 6 9  and 1.975 

(1970 Index = 100) 

Production cost index, Fabrication c o s t  Product 
77 cost i-ndex escalation index Year excluding escalation 

effect sa 

1969 

1970 

1 9 7 1  

1972  

1973 

1974 

197 5 

(1) 

119 

100 

90 

83 

79 

75 

72 

96 

100 

105 e 5 

112 

1.18 

139 

155 

(1) x (2) I 100 

11.4 

100 

9 5 

93.2 

93 .5  

105 

1 1 2  

a 

'Compiled from Bureau o f  Labor Statistics; see text description. 

Source: Kef. 3 7 .  

fabrication vendors were involved in about 50% of firm arrangements for 

u308 supply to reactors scheduled for post-1974 startup.38 In broad 

terms, the tendency of nuclear utilities has been to s h i f t  away from 

contracting for a "cradle to grave" treatment in fuel supply toward 

internal planning and management of the nuclear fuel cycle. 

According to utilities contacted in this study, fabrication con- 

tracts may be made on a fixed-price basis, or may be referenced to a 

base price" at year-of-delivery with provision for cost escalations 

experienced between the contracting date and time-of-delivery. I n  the 

latter case, the fabrication vendor may offer declining base prices to 

the utility as an incentive f o r  contracting for additional reloads. An 

example of this,39 based on a recent opening bid by Westfnghouse to L o s  

Angeles Department of Water and Power, is shown in Table 14. When esca- 

lation effects  are superimposed on these declining base prices, however, 

the resulting delivery prices appear likely to increase gradually over 

the next several years under either type of contract arrangement. 

I1  
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Table  14. Unescalated p r i c e s  (197.5 $) 
f o r  U 0 2  f u e l  fabr iccat ion f o r  a 

p r e s s u r i z e d  water r e a c t o r a  

Base p r i c e  ($/kg)  

I n i t i a l  c a s e  

Reloads: 1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  

120 

100 
96 
93 
88 
83  
80 
75 
72 
69 
68 
67 
67 

a 
Source: R e f .  39. 

Ref .  36 i n d i c a t e s  t h a t  $100/kgU i s  r e p r e s e n t a t i v e  of p r e s e n t  (197.5 $>  

p r i c e  levels  f o r  U 0 2  f a b r i c a t i o n .  

p r e s e n t  se lect ive survey  of u t i l i t i e s ,  which i n d i c a t e d  t h a t  a range  of  

about  $80 t o  $1.30/kgU was a p p l i c a b l e  t o  t h e  mid-1970s. 'The precise up- 

ward movement i n  p r i c e  levels  du r ing  the rewainder  of t h e  1970s w i l . 1  

depend on t h e  rate of i n f l a t i o n  i n  t h e  economy and o t h e r  : €ac to r s  s p e c i f i e d  

t o  t h e  f a b r i c a t i o n  i n d u s t r y  d e s c r i b e d  above. An es t i iun te  of the t i m e  

dependence of p r i c e s  f o r  d e l i v e r e d  a s sembl i e s ,  made by app ly ing  a nominal 

r a t e - o f - e s c a l a t i o n  ( e . g . ,  5%/yea r )  t o  1975 p r i c e  levels ,  should be  s u f -  

f i c i e n t l y  r e l i a b l e  f o r  most near- term eva l .ua t ions  of 1,m f u e l  c o s t s ,  

This  i.s suppor ted  by f i n d i n g s  i n  t h e  

3 . 5  In-Core i r r a d i a t i o n  

A s  expla ined  more f u l l y  i n  Sect .  4 and Appendix A of t h i s  r e p o r t ,  

t h e  f u e l  c o s t  component pe r  u n i t  of energy produced depends s t r o n g l y  on 

t:he f u e l  exposure (MW days pe r  kgU loaded)  achieved  a t  d i scha rge .  

Expendi tures  which are f i x e d  f o r  any g iven  ba tch  of a s sembl i e s  (such as 

f a b r i c a t i o n  c o s t s )  must he recovered  from t h e  revenue a s s o c i a t e d  w i t h  
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sale  of energy from t h a t  ba t ch ;  t hus ,  t h e  d i r e c t  c o s t  p e r  u n i t  energy 

f o r  t h e s e  components t ends  t o  va ry  i n v e r s e l y  w i t h  t h e  ba t ch  d i s c h a r g e  

exposure.  A s i m i l a r  r e l a t i o n s h i p  ho lds  f o r  f u e l  c o s t  components a s s o c i a t e d  

w i t h  en r i ched  uranium requi rements ,  once t a r g e t s  f o r  d i scha rge  exposure 

'nave been set  f o r  t h e  ba t ch .  Ln s e t t i n g  t h e s e  nominal exposure t a r g e t s ,  

however, t h e  amounts of en r i ched  uranium r e q u i r e d  t o  meet r e a c t i v i t y  

l i f e t i m e  cr i ter ia  va ry  i n  d i r e c t  r e l a t i o n  t o  t h e  d i s c h a r g e  exposure.  

Because of t h e  importance of t h e  d i s c h a r g e  exposure and i t s  r e l a t i o n -  

s h i p  t o  t h e  r e a c t o r  o p e r a t i n g  h i s t o r y ,  i t  i s  a p p r o p r i a t e  t o  b r i e f l y  exam- 

i n e  t h e  d a t a  d e s c r i b i n g  commercial expe r i ence  w i t h i n  t h e  i n d u s t r y .  Reac- 

t o r  o p e r a t i n g  s ta t i s t ics  are commonly desc r ibed  by p l a n t  a v a i l a b i l i t y  

and c a p a c i t y  f a c t o r  i n d i c e s .  The p l a n t  a v a i l a b i l i t y  f a c t o r  is def ined  

as t h e  f r a c t i o n  of t i m e  t h a t  t h e  p l a n t  is  e i t h e r  g e n e r a t i n g  e l e c t r i c i t y  

a t  some load  l e v e l  or i s  a v a i l a b l e  on s tandby.  S ince  p l a n t  a v a i l a b i l i t y  

may be  determined by p o r t i o n s  of t h e  system n o t  i nvo lv ing  t h e  nuc lea r  

s t e a m  supply  system, a r e a c t o r  a v a i l a b i l i t y  f a c t o r  may a l s o  be de f ined ,  

which w i l l  g e n e r a l l y  exceed t h e  p l a n t  a v a i l a b i l i t y  f a c t o r .  The p l a n t  

c a p a c i t y  f a c t o r  is  t h e  r a t i o  of t h e  a c t u a l  energy genera ted  over  a g iven  

t i m e  per iod  t o  t h e  t h e o r e t i c a l  maximum energy genera ted  i f  t h e  r e a c t o r  

ope ra t ed  a t  r a t e d  power ( u s u a l l y  g r o s s  power r a t i n g )  f o r  100% of t h e  same 

t i m e  pe r iod .  

F igu re  1 4  summarizes t h e  i n d i c e s  f o r  n u c l e a r  p l a n t  o p e r a t i n g  exper i -  

ence between 1968 and 1973,'O 

t h e  i n d u s t r y  du r ing  ca l enda r  yea r  1974 are g iven  i n  Tab le15 .  A s  i n d i c a t e d  

t h e  indus t ry-average  p l a n t  c a p a c i t y  f a c t o r s  f o r  t h e s e  y e a r s  ranged between 

55 t o  61%. 

More d e t a i l e d  d a t a  showing expe r i ence  of 

The p l a n t  f a c t o r  d a t a  are p resen ted  i n  a d i f f e r e n t  way i n  Table  1.6, 

which shows t h e  average  i n d i c e s  as a f u n c t i o n  of t h e  number of years  

s i n c e  t h e  p l a n t s  were p laced  i n  commercial o p e r a t i o n .  These i n d u s t r y  

ave rages  are a l s o  shown g r a p h i c a l l y  i n  Fig.  15, p l o t t e d  a g a i n s t  a back- 

ground of d a t a  f o r  i n d i v i d u a l  p l a n t s .  The i n d i v i d u a l  p l a n t  in format ion  

i s  a l s o  l i s t e d  i n  Table 1 7 .  Th i s  d a t a  base  encompasses on ly  commercial 

p l a n t s  brought  on l i n e  s i n c e  1968 and does not  i n c l u d e  " f i r s t  genera t ion ' '  

* 

* 
Data taken  from Ref. 40 and updated.  
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a 
Table  15. Nuclear  performance s ta t i s t ics  -- 1974 

Reac tor  P l a n t  
Comer c i a l  -- 

A v a i l a b l e  Capac i ty  
P l a n t  name MW(e) o p e r a t i o n  

( X )  (a date  H r  % ( g r o s s  1 

Snn Onofre  

Connect icu t  Yankee 

Oyster  Creek 

Nine Mile P o i n t  

R, E. Ginna 

Dresden- 2 

Po i n  t Beach- 1 

Millstone 

H. B. Robinson 

Mont i ce l lo  

Dresden-3 

P a l  h a d e  s 

Quad C i t i e s - 1  

Quad C i t  ies-2 

P o i n t  Beach-2 

Vermont Yankee 

Maine Yankee 

P i l g r i m  

Surry-1 

Turkey Point-3 

Surry-2 

Turkey Point-4 

Oconee-1 

I n d i a n  Point-2 

Browns Ferry-1 

F t .  Calhoun-1 

Oconee-2 

Peach Bottom-2 

Prair ie  Is land-1  

450 

6 00 

670 

55 0 

490 

850 

524 

682 

739 

580 

850 

722 

832 

832 

524 

540 

827 

687 

8 24 

728 

824 

728 

9 11 

902 

1098 

481 

911 

1098 

547 

1 / 6 8  

1 / 6 8  

12/69 

12/69 

7/70 

8/70 

12/70 

3 /71  

3 / 7 1  

6 /71  

10171 

12/71  

8/72 

10172 

10172 

11/72 

12/72 

12/72  

12/72 

12/72 

5 /73  

7 /73  

10/73  

1 1 / 7 3  

12/73  

12/73 

12/73  

12/73  

12/73  

8316 

6307 

6323 

6176 

5602 

5854 

7490 

7087 

7551 

6970 

6004 

663 

5562 

7434 

7245 

6729 

6118 

3550 

5185 

6424 

5491 

6916 

5447 

5487 

8263 

7582 

1946 

7231 

4279 

94.93 

72.0 

72.2 

72.9 

63.9 

66.8 

85.9 

80.9 

86.2 

79.6 

68.5 

7.6 

64.6 

84.9 

82.7 

76.8 

69.8 

46.5 

59.2 

73.3 

62.7 

76.6 

62.2 

62.6 

94.3 

86.5 

71.. 1 

92.7 

48.9 

86.08 

69.6 

70.4 

70.5 

62.4 

64.1 

81.5 

79 .1  

83.31 

74.9 

65.0 

5.5 

61.9 

82.6 

81.0 

74.1 

68.7 

39.2 

54.8 

69.8 

44.0 

77.2 

60.1 

39.4 

78.4 

83.5 

68.5 

90.5 

43.9 

84 

a7 

64.8 

59.4 

51.7 

48.3 

72.1 

63.1 

78.2 

60" 2 

45.6 

1.46 

50.5 

64.6 

72.9 

56.2 

52.3 

34.0 

48.5 

60.7 

38 5 

71.9 

53.0 

44.6 

55.4 

60.4 

58.2 

81.7 

31.5 
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Table 15 (cont inued)  

Reactor  P l a n t  
--___ Commercial 

Pllant name ”‘ ‘ e )  o p e r a t  i o n  
d a t e  

L4va i. l a b  1 e Cap a c i t  y 
(2) (%> 

H r  2 (gross)  

1085 12/73 5169 59.0 57.2 39.2 

565 1./74 4755 64.0  53.0 35.0 

Average 65.7 55.5 
~ 

Reactor  and P l a n t  A v a i l a b i l i - t y  Data from ERDA-29-74, Operating a 

l i i s tory  of U.S. iVuclear Power Reacbors, 1974. P l a n t  c a p a c i t y  f a c t o r s  
computed with d a t a  pub l i shed  i.n Nucleonics Week. 

Average r e a c t o r  a v a i l a b i l i t y  f a c t o r ,  70.6%. b 

a 
Table 1 6 .  Average annual p l a n t  c a p a c i t y  f a c t o r s  

.............. .... .- .- ... ................ 

Year of o p e r a t i o n  

1 2 3 4 5 6 7 8 

PWKs 55 (18) 62 (18) 70 (10) 66 ( 6 )  77 (4 )  51 (2) 85 ( 2 )  79 ( 2 )  

BWRs 51. (15) 52 (15) 53 (10) 58 (6) 48 ( 3 )  68 (2) 

~ i i  53 ( 3 3 )  59 ( 3 3 )  63 (20) 6 1  (12) 62 ( 7 j  60 ( 4 )  85 (2) 79 (2) 

a 
Capaci ty  f a c t o r s  i n  p e r c e n t .  Numbers i n  pa ren theses  i n d i c a t e  

number of p l a n t s  upon which ave rage  i s  based. 
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Fig .  15. Achieved plant c a p a c i t y  factors vs y e a r  of o p e r a t i o n .  



Table 1 7 .  Operat ing h i s t o r i e s  f o r  n u c l e a r  p l a n t s  on- l ine  f o r  m r e  char, one yea r  

P l a n t  c a p a c l t y  f a c t o r  - by yea r  of  o p e r a t i o n  Commercial Years 
P l a n t  name m(e) operation i n  

2 3 4 5 6 7 a (gross) S e r v i c e  1 
d a t e  

San Onofre-1 

Connecticut Yankee 

Oyster Creek 

Nice Mile Poinr  

K. E .  Sinna 

Dresden-2 

Po in t  Beach-L 

5 

c 

M i l l s t 0 ~ 1 2 - l  

3. B.  Robinsor, 

Monticel lo  

D r  e sd en- 3 

P a l i s a d e s  

Quad Cities-1 

Quad C i t i e s - 2  

Po i n  t 13 each- 2 

Vermont Yankee 

P i l g r i m  

Surry-1 

Maine Yankee 

4 5 0  

600  

670  

650 

490 

850  

524 

682 

739 

580  

550 

722  

6 3 2  

832 

524 

540 

657 

824 

827 

1 / 6 8  

1 / 6 8  

1 2 / 6 9  

1 2 / 6 9  

7 / 7 0  

a m  
1 2 / 7 0  

3 / 7 1  

3 / 7 1  

6 /71  

10171 

1 2 / 7 1  

8 / 7 2  

19 /72  

10192  

1 1 / 7 2  

1 2 / 7 2  

1 2 / 7 2  

1 2 / 7 2  

a 
a 
s 
5 

5 

5 

5 

4 

4 

4 

4 

4 

3 

3 

3 

3 

3 

3 

3 

33 

6 2  

6 1  

34 

6 1  

30 

75 

7 1  

58 

58 

63 

30 

70 

7 3  

56 

52 

7 3  

5 1  

4 9  

72 

74 

68 

53 

68 

45 

67 

4 2 

66 

65 

5 1  

40 

49 

78 

90 

59 

31 

4 9  

52 

8 2  

7 2  

77 

5 9  

7 6  

6 2  

63  

4a 

7 3  

72 

4 9  
2' c 

67 

40 

70  

6 5" 

4 7" 

64' 

6 Oa 

88 8 2  56  34 82" 

84 86 48  a7 73' 

63 65 69" 

6 3  63 67' 

5 2  65  

6 4  23c 

7 1  7 5 a  

63d 

78 

J 2  

2 g e  

3 P  



Table  1 7  (cont inued)  

Commercial Years P l a n t  c a p a c i t y  f a c t o r  - by yea r  of o p e r a t i o n  
P l a n t  name m'e) o p e r a t i o n  i n  

(gross) d a t e  service 1 2 3 4 5 6 7 8  

Turkey Point-3 

Surry-2 

Turkey Point-4 

Oconee-1 

Indian  Point-2 

Browns Ferry-1 

F t .  Calhoun-1 

Oconee-2 

Peach Bottom-2 

Pra i r ie  I s land-1  

2 ion- 1 

Arno I d  - 1 

Cooper 

Calvert C l i f f s  

7 28 

824 

7 28 

911  

902 

1098 

481 

911 

1098 

547 

1085 

5 65 

800 

880 

12/72  

5/73 

7/73 

10/73 

11/73 

12/73  

12/73 

12/73 

12/73  

12/73  

12/73  

1 / 7 4  

1/74  

2/74 

3 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

55 

69 

55 

69 

36 

26 

60 

23 

63 

27 

33 

59 

55 

60 81a 

41  

63 

50 

71' 

27" 

4 6" 

60" 

63" 

8 0" 

52" 

44" 

54" 

6 3a 

%ata  f o r  l a s t  yea r  e s t ima ted  based on e i g h t  or more months. 

June 1975, Oyster  Creek was d e r a t e d  t o  530 W(e) f o r  a 6 t o  9 month pe r iod .  
c 

Dresden-2 w a s  down 26 weeks f o r  r e f u e l i n g  and maintenance. 

d,e f ue  1 i n g  
e 
f 
'Down f o r  r e p a i r s  - "B" steam g e n e r a t o r  l eak .  

Dresden-3 w a s  down 24 weeks f o r  r e f u e l i n g  and maintenance. 



n u c l e a r  un i . t s  under 400 MW(e). As noted above, system-average capacitiy 

f a c t o r s  have ranged around 60% ove r  most of t h e  commercial o p e r a t i o n  

pe r iod  with some i n c r e a s e  i n d i c a t e d  beyond the s i x t h  o p e r a t i n g  y e a r ,  

based upon q u i t e  l i m i t e d  s ta t is t ics .  For r e f e r e n c e  purposes ,  F ig .  15  

a l s o  i n d i c a t e d  t h e  schedu le  f o r  c a p a c i t y  f a c t o r s  assumed i o .  some p rev ious  

f o r e c a s t i n g  s t u d i e s  By t h e  USAEC. ' 
ave rage  c a p a c i t y  f a c t o r s  r ise  from about  40% t o  about  75% ove r  t h e  f i r s t  

f o u r  y e a r s  of p l a n t  o p e r a t i o n .  

According t o  'ihese planning schedu les ,  

The f u e l  b a t c h  d i s c h a r g e  exposure i s  determined by t h e  product  of 

b a t c h  r e s i d e n c e  t i m e  and t h e  ave rage  c a p a c i t y  f a c t o r  achieved d u r i n g  t h i s  

r e s i d e n c e  t i m e .  Targeted f u e l  exposures  can ,  i n  principS.e9 be  a t t a i n e d  

f o r  any s p e c i f i e d  c a p a c i t y  f a c t o r  h i s t o r y  by s t r e t c h i n g  [:lit>. r e f u e l i n g  

interva1.s.  S t r e t c h o u t  h a s  the e f f e c t  of i n c r e a s i n g  n e t  f u e l  f i n a n c i n g  

cha rges  b u t  does n o t  change t h e  d i r e c t  c o s t  of energy produced, provided 

t h e  t a r g e t e d  exposures  are achieved.  Th i s  may be prevented,  however, by 

f a c t o r s  such as f u e l  element f a i l . u re s .  Phenomena such as hydr id ing ,  

p e l l e t - c l a d  i n t e r a c t i - o n ,  and d e n s i f i c a t i o n  have caused f u e l  f a i l u r e s  t o  

be experienced i n  t h e  e a r l y  y e a r s  of commercial o p e r a t h n  o f  n u c l e a r  p l a n t s  

followi.ng 1968. These have been 1argel.y e l i m i n a t e d  by changes i n  fuel .  

element d e s i g n  and f a b r i c a t i o n  procedures .  However, a s s e s s i n g  t h e  impact 

of f u e l  i r r a d i a t i o n  expe r i ence  on c u r r e n t  f u e l  c o s t s  r e q u i r e s  considera-  

t i o n  of s t a t i s t i c s  on t h e s e  premature d i s c h a r g e s ,  A s t u d y  made by t h e  

Nuclear Assurance Corpora t ion ,  drawing on i n d u s t r y  s ta t i s t ics  up t o  

August- 1975, noted t h a t  t h e  industry-average f u e l  had a t t a i n e d  75% of 

i t s  nominal ly  a c h i e v a b l e  exposure a t  d i s c h a r g e .  41  This  pe rcen tage  had 

shown an i n c r e a s i n g  t r e n d  through t i m e ,  and t he  f u e l  d i scha rged  d u r i n g  

1974 had a t t a i n e d  91% of i t s  nominal ly  a c h i e v a b l e  exposure.  Moreover, 

t h e  s t u d y  noted t h a t  40% of t o t a l  r e c o v e r a b l e  f u e l  materi-als and 77% of 

t h e  nonren l i zed  energy due t o  premature d i s c h a r g e s  was a t t r i b u t a b l e  t o  

t h r e e  r e a c t o r s :  Dresden-2, Vermont Yankee and Maine Yankee. Thus,  t h e  

achievement of t a r g e t e d  f u e l  exposures  i s  a r easonab ly  a c c u r a t e  assump- 

t i o n  € o r  c u r r e n t l y  o p e r a t i n g  PWRs and BWRs. As o.E l a t e  1975, t h e  ave rage  

exposure of a l l  U.S .  d i s cha rged ,  z i r c a l o y - c l a d  f u e l  f rom LWRs w a s  about  

14,000 Mw days p e r  tonne U. lt2 

25,000 and 32,000 Mw days p e r  tonne f o r  BWKs and PWRs, r e s p e c t i v e l y ,  

Maximum d i s c h a r g e  exposures  w e r e  about  



6 1  

i n d i c a t i n g  t h a t  most commercial r e a c t o r s  were s t i l l  on t h e  approach t o  an 

I t  equ i l ib r ium"  cyc le .  

3 . 6  Spent Fuel  Reprocessing 

I€ u n f i s s i o n e d  uranium l e f t  i n  a f u e l  element a f t e r  it is removed 

from t h e  r e a c t o r  i s  t o  be used ,  o r  i f  t h e  bred plutonium i n  t h e s e  elements  

i s  t o  be u t i l i z e d ,  t hen  spen t  f u e l  must be reprocessed .  T h e s e  f i s s i o n a b l e  

materials remaining i n  t h e  f u e l  element have v a l u e  s i n c e  they  may be 

reused  t o  f u e l  r e a c t o r s ,  t h u s  reducing  t h e  need f o r  mining uranium and t o  

some e x t e n t  reducing  s e p a r a t i v e  work requi rements .  It i s ,  however, c o s t l y  

t o  r ecove r  t h i s  material .  Exac t ly  how c o s t l y  s t i l l  remains a matter o f  

c o n j e c t u r e .  

P e r s p e c t i v e  about  t h e  economic i n c e n t i v e s ,  s t a t u s ,  and problem areas 

involved i n  "c los ing"  t h e  n u c l e a r  f u e l  c y c l e  w a s  provided i n  an  ERDA t a s k  

f o r c e  s tudy  r e l e a s e d  i n  March, 1975.19 I n  a d d i t i o n ,  an  e x c e l l e n t  summary 

of t h e  s t a t u s  of t h e  U.S. r e p r o c e s s i n g  i n d u s t r y  as of mid-1975 is given  i n  

K e f .  43. An o u t l i n e  of t h e  s t a t u s  i s  inc luded  h e r e ,  however, i n  con tex t  

w i th  t h e  o t h e r  f u e l  c y c l e  segments a l r e a d y  d i scussed .  

A t  p r e s e n t  t h e r e  is  no o p e r a t i n g  p l a n t  i n  t h e  U.S. f o r  t h e  p rocess ing  

of spen t  commercial r e a c t o r  f u e l s .  The b a s i c  technology f o r  s p e n t  f u e l  

p rocess ing  w a s  developed by t h e  AEC i n  t h e  1940s and e a r l y  1950s and w a s  

used by t h e  AEC a t  i t s  Hanford and Savannah River  plants. The f i r s t  

p l a n t  b u i l t  f o r  t he  r e p r o c e s s i n g  of commercial r e a c t o r  f u e l s  w a s  t h e  

Nuclear Fuel  S e r v i c e s  P l a n t  (NSF) a t  West Val ley ,  N e w  York. This  p l a n t  

ope ra t ed  between 1966 and 1972, a t  which t i m e  i t  w a s  s h u t  down i n  o r d e r  

t o  expand p l a n t  c a p a c i t y  and t o  i n c r e a s e  o p e r a t i n g  e f f i c i e n c y .  A t  t h a t  

t i m e  i t  w a s  p r o j e c t e d  t h a t  t h e  p l a n t  would r e t u r n  t o  service i n  1975. 

However, a new c o n s t r u c t i o n  permi t  and o p e r a t i n g  l i c e n s e  w e r e  r e q u i r e d  

due t o  t h e  scope of t h e  p l a n t  changes and t h e  more s t r i n g e n t  r e g u l a t o r y  

c r i t e r i a  imposed by t h e  Nuclear Regulatory Commission (NRC). I n  October 

1976, NSF announced t h a t  they  would be unable  t o  meet t h e  se i smic  des ign  

requi rements  s p e c i f i e d  by t h e  NRC a t  an  a c c e p t a b l e  c o s t ,  and as a r e s u l t ,  

in tended  t o  c l o s e  t h e  f a c i l i t y  permanently.  



The NRC has  s t a t e d  t h a t  i t  w i . 1 1  not: i .ssue any pe rmi t s  os l i c e n s e s  

r e l a t e d  t o  t h e  u s e  of mixed ox ide  f u e l s  u n t i l  t h e  Generic  Environmental  

Impact S ta tement  on t h e  use  of Mixed Oxide Fue l s  (GESMO) i s  compl-ete and 

t h e  q u e s t i o n s  :it raises on Pu recycle .  are r e so lved .  Decis ion  on t h e s e  

matters is  no t  expec ted  b e f o r e  about  1978. I n  addi.t:iotl t o  t h e  uncer- 

t a i n t i e s  sur rounding  back-end f u e l  c y c l e  c o s t s ,  t h e  n e t  e f f e c t  has  been 

t o  d e l a y  r ep rocess ing  i n d e f i n i t e l y  as a inode of d i s p o s i t i o n  of s p e n t  

f u e l .  

f u e l  e lements .  

This  h a s  c r e a t e d  a near- term “bo t t l eneck”  i n  t h e  s t o r a g e  of spent -  

A second r e p r o c e s s i n g  p l a n t ,  biai l r  by t h e  General  E l e c t r i c  Company 

(GE) a t  M O K I ~ S ,  I l l i n o i s ,  w a s  o r i g i n a l l y  scheduled t o  beg in  o p e r a t i o n  i n  

1972. However, due t o  p o t e n t i a l  o p e r a t i n g  problems, GE has  concluded t h a t  

t h e  p l a n t  cannot  be  ope ra t ed  a s  des igned .  P r e s e n t l y ,  t h e  f a c i l i t y  will be 

used f o r  s t o r i n g  s p e n t  f u e l  e1ement.s pending complet ion of further s t u d i e s  

p e r t a i n i n g  t o  i t s  d i s p o s i t i o n .  

Al l ied-Genera l  Nuclear  S e r v i c e s  (AGNS) i s  b u i l d i n g  a t h i r d  repro- 

cessi-ng p l a n t  a t  Barnwell ,  South Caro l ina .  This  i s  t h e  l a r g e s t  of t h e  

c u r r e n t  p l a n t s  having a c a p a c i t y  of about  1500 tonne of u ran iun /yea r  . 
Although the  p l a n t  i s  n e a r l y  complete ,  i t  i s  n o t  y e t  l i c e n s e d .  I f  a l l  

f a c t o r s  were favorable . ,  AGNS could  begin  commercial o p e r a t i o n  i n  l a t e  

1977. However, a l l  f a c t o r s  are n o t  f avorab le ,  and tile NRC w i l l  n o t  

g r a n t  an  o p e r a t i n g  l i c e n s e  f o r  AGNS u n t i l  GESMO is  reso lved .  AGNS is  

a l s o  having d i E f i c u l t y  o b t a i n i n g  a c o n s t r u c t i o n  peruii-t 60 b u i l d  a f a c i l i t y  

f o r  conve r t ing  l i q u i d  plutonium n i t r a t e  s o l u t i o n  i n t o  a s o l i d  form, 

which t h e  NRC has  s p e c i f i e d  as t h e  forin 7:equired f o r  sh ipp ing  recovered  

p l u t o n  iuvn I 

Regula tory  i s s u e s  and GESMO-related d e c i s i o n s  w i l l  have t h e  eEfec t  

of de l ay ing  r e p r o c e s s i n g  f a c i l i t i e s  f o r  several years. If all q u e s t i o n s  

are r e so lved  f avorab ly ,  AGNS could beg in  o p e r a t i o n  i n  t h e  1979-80 per iod  

w i t h  a second f a c i l i t y  €olS.owing around 1986. 44 

and c o u r t  b a t t l e s  could  d e l a y  t h e s e  s t a r t i n g  d a t e s  even f u r t h e r .  An 

unfavorable  d e c i s i o n  could do away w i t h  spen t  f u e l  r e p r o c e s s i n g  a l t o -  

g e t h e r ,  e l i m i n a t i n g  plutonium r e c y c l e  LWRs o r  b reede r s .  However, i t  i s  

expec ted  t h a t  plutonium rec.ycle w i l l  be  allowed bu t  under  as y e t  undefined 

s t r i n g e n t  and c o s t l y  sa fegua rd  ground r u l e s .  

However , d e c i s i o n  d e l a y s  
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Historically, the cost of reprocessing had been about $30/kg. The 

current range of estimates are that reprocessing costs, including waste 

disposal and shipping costs from the new and modified plants, will be 

from $100 to $300 /kg ,19 ,45~46  Since the Barnwell facility will not be 

operational for several years, and s ince  new regulations w i l l  probably 

be imposed by the NRC, perhaps leading to increased prices, fuel repro- 

cessing costs could easily approach $300/kg. 

If reprocessing costs rise to this level, it may be more economic 

to use a throwaway cycle and to bypass spent fuel reprocessing altogether. 

Here, the costs for long-term storage of these elements will have to be 

paid and the delayed effect on uranium prices considered. The throwaway 

cycle is a nonsolution, however, and should be considered only under cir- 

cumstances such as if the nuclear option is phased out with no breeder 

and no plutonium recycle. It represents the l o s s  of a potentially large 

source of energy t o  an economy which is already short of energy. 

It is reasoned that the law of supply and demand will eventually make 

reprocessing an economic choice. If the breeder is to be commercialized, 

large quantities of plutonium will be needed. T h i s  Pu is made available 

only through reprocessing. The price of plutonium w i l l  rCse to the point 

where its value is at least equal. to its cost of recovery (reprocessing 

cost). If recycle uranium and plutonium are not used in light water 

reactors, the greater demand on newly mined uranium will cause its price 

to increase. The higher uranium prices will in turn increase the economic 

incentive for reprocessing. 

ERUA estimates of the breakeven reprocessing costs for various com- 

binations of uranium and separative work prices are shown below.lg 

u308 (S/lb) Enrichment ($/SSJU) Reprocessing ($/kg) 

15 
30 
50 

45 
70 

100 
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240 
400 

(20% mixed oxide fuel in LWR, $80 mixed oxide fabrication 
penalty > 



A uranium p r i c e  of over  $30/ lb  U3O8 and a n  enrichment  p r i c e  of a t  least  

$7O/kg w i l l  be needed t o  m e e t  t h e  p r o j e c t e d  r e p r o c e s s i n g  cos t s .  

I n  view of t h e  u n c e r t a i n t y  t h a t  sur rounds  1:1w r e p r o c e s s i n g  i n d u s t r y ,  

i t  is  h e l p f u l  t o  examine t h e  problem from a u t i l i t y  v iewpoin t .  Repro- 

c e s s i n g  c o n t r a c t s  w e r e  w r i t t e n  befort? the r a p i d  e s c a h t i o n  of r e p r o c e s s i n g  

c o s t s  became e v i d e n t ,  and t h e  t y p i c a l  u n f i l l e d  c o n t r a c t  i s  f o r  a.bout 

$40/kg. The companies which wro te  t h e s e  c o n t r a c t s  are  a t t e m p t i n g  t o  

r e n e g o t i a t e  them s i n c e  p r o j e c t e d  r ep rocess ing  c o s t s  are  s u b s t a n t i a l l y  

h ighe r  t han  c o n t r a c t  p r i c e .  It i s  u n l i k e l y  t h a t  t h e s e  o l d  c o n t r a c t s  w i l l  

be  honored and t h e  typ ic-a l  u t i l i t y  i s  no t  u s i n g  t h e s e  numbers t o  estimate 

. fu tu re  r ep rocess ing  c o s t s .  

I n  t h e  system of accounts  used by u t i l i t i e s  (Sec t .  4 ) ,  t h e  d ischarged  

f u e l  from t h e  r e a c t o r  i s  cons ide red  t o  have a n e t  s a l v a g e  va lue .  This  is  

t h e  v a l u e  of t h e  material  l e f t  i n  t h e  f u e l  less t h e  c o s t  of e x t r a c t i o n  

( i . e . ,  r e p r o c e s s i n g  c o s t ) .  While t h e  v a l u e  of t h e  recovered  uranium is 

d i r e c t l y  o b t a i n a b l e ,  t h e  r e p r o c e s s i n g  c o s t  and plutonium worth are specu- 

l a t i v e .  Although some u t i l i t i e s  may be us ing  t h e i r  o l d  r e p r o c e s s i h g  con- 

t r ac t  prices i n  t h e i r  n e t  s a l v a g e  v a l u e  c a l c u l a t i o n s ,  most r e a l i z e  t h a t  

t h e s e  are n o t  real is t ic .  There i s  g r e a t  u n c e r t a i n t y  both  i n  and ou t  of 

t h e  uti1.ie.y i n d u s t r y  as t o  what t h e  f i n a l  c o s t  of r e p r o c e s s i n g  w i l l  be ,  

o r  even i f  d i scha rged  f u e l  w i l l  be  a l lowed t o  be reprocessed .  

An approach which bypasses  t h e  need f o r  p l a c i n g  a d o l l a r  f i g u r e  on 

r ep rocess ing  c o s t  o r  plutonium va lue  w a s  be ing  used by one u t i l i t y  con- 

t a c t e d  du r ing  t h e  cour se  of t h i s  s tudy .  I n  t h i s  approach a ze ro  sa lvage  

v a l u e  is  as s igned  t o  t h e  f u e l  l e a v i n g  t h e  r e a c t o r .  I m p l i c i t  i n  t h i s  

method i s  t h e  assumption t h a t  t h e  f u e l  c y c l e  back-end c o s t s  on a p resen t  

v a l u e  b a s i s  w i l l  be j u s t  equal. t o  t h e  worth of f i s s i . o n a b l e  materia1.s 

e x t r a c t e d .  When t h e  f u e l  is  u l t i m a t e l y  reprocessed  o r  d i sposed  o f ,  t h e  

p l a n  i s  t o  t a k e  a one t i m e  f i n a n c i a l  g a i n  ( o r  p o s s i b l y  l o s s )  f o r  t h e  f u e l .  

The v a l u e  of t h e  plutonium e x t r a c t e d  i n  t h e  r e p r o c e s s i n g  s t e p  w i 1 . l  

no t  be determined by t h e  c o s t  of r e p r o c e s s i n g ,  b u t  by i t s  v a l u e  as a 

s u b s t i t u t e  fue l  f o r  en r i ched  uranium. In LWRs t h e  v a l u e  of plutonium 

w i l l  depend on t h e  v a l u e  of U 2 3 5  en r i ched  f u e l  i t  can r e p l a c e  and t h e  

d i f f e r e n t i a l  c o s t s  f o r  f ab r i - ca t ion ,  r ep rocess ing ,  e t c ,  , of  t h e  two f u e l s .  

Howe-ver, i f  t h i s  i n d i f f e r e n c e  value f o r  plutonium is no t  l a r g e  enough t o  
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pay for its recovery from spent fuel, there will be no commercial. plutonium 

recycle in LWBs. The costs of disposal of spent fuel elements as opposed 

to the management of reprocessed high-level wastes must also be factored 

into the economic trade-off analysis. 

Until more definitive information becomes available as to what 

actual reprocessing costs will be, this "zero net salvage value" method 

may be used as a "benchmark" procedure in analyzing near-term nuclear 

fuel cycle costs. 

tive salvage value, corresponding to cost penalties for long-term storage 

of spent fuel elements. Both these methods of cost normalization are 

considered in the calculations described in Sect. 5. 

Another benchmark procedure would make use of a nega- 

3.7 Spent Fuel Storage 

A s  a consequence of the delays experienced over the past several 

years in bringing nuclear fuel reprocessing facilities into operation, 

serious problems have developed with regard to the adequacy of spent 

fuel storage capacity for discharged reactor fuel elements. During the 

late 1960s and early 1970s, utilities entered into reprocessing contracts 

€ully expecting reprocessing capacity t o  be available by the mid-1970s. 

Principally f o r  this reason, nuclear plants were designed with the capa- 

bility o€  storing only a 1-imited number of spent fuel elements in their 

on-site storage basins. Typically, it was expected that discharged 

reactor fuel would be placed in the storage basin for a six to nine month 

cooling period, and afterwards be transported to a f u e l  reprocessing 

plant f o r  recovery of residual uranium and fissile plutonium for recy- 

cling. Due to the lack of operational reprocessing facilities, and the 

present uncertainty that surrounds the reprocessing industry, utilities 

must now store discharged fuel elements for extended periods of time. 

Recent surveys indicate that spent fuel storage may be required through 

the mid-l980s, or perhaps even lunger, depending on the s t a t u s  and devel- 

opment of the reprocessing industry. 

There are a number of options available for alleviating the problem 

of interim storage of reactor spent fuel elements, including; (a) expan- 

sion of existing on-site reactor pool capacity, (b)  shuffling spent fuel 
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between v a r i o u s  r e a c t o r  s i tes,  ( c )  u t i l i z i n g  and/or  expanding e x i s t i n g  

s t o r a g e  b a s i n s  a t  t h e  GE, NSF, and AGNS f u e l  r e p r o c e s s i n g  p l a n t s ,  (d)  con- 

s t r u c t i n g  n e w  on- o r  o f f - s i t e  s t o r a g e  b a s i n s ,  and ( e )  s t o r i n g  t h e  s p e n t  

f u e l  a t  a government-owned f a c i l i t y .  I n  a d d i t i o n ,  f u t u r e  s h o r t a g e s  

could be  eased by des ign ing  new r e a c t o r  p l a n t s  w i t h  l a r g e r  c a p a c i t y  s t o r -  

age  b a s i n s  and/or  w i t h  more compact s t o r a g e  r a c k s ,  and by a n t i c i p a t i n g  

longe r  d e l a y s  between f u e l  d i s c h a r g e  and t ranspor t :  t o  a r ep rocess ing  

f a c i l i t y .  S e v e r a l  r e c e n t  s t u d i e s  on s p e n t  f u e l  s t o r a g e  a l t e r n a t i v e s  

i n d i c a t e  t h a t  t h e  expansion o f  e x i s t i n g  o n - s i t e  f a c i l i t i e s  h a s  a c lear  

c o s t  advantage ove r  t h e  o t h e r  o p t i o n s  p r e s e n t l y  a v a i l a b l e .  44 T y p i c a l l y ,  

i n c r e a s i n g  t h e  c a p a c i t y  of e x i s t i n g  s t o r a g e  r a c k s  invo lves  compacti-on of 

t h e  d i scha rged  f u e l  assem%lies, which can  be accomplished by us ing  spe- 

c i a l  neu t ron  poison  s t r u c t u r e s ,  such as bora1  pl.ates, boron s t a i n l e s s  

s tee l  p l a t e s ,  o r  boron c a r b i d e  p i n s  and p l a t e s .  Redesigned s t o r a g e  r a c k s  

can increase.  o r i g i n a l  p l a n t  s t o r a g e  c a p a b i l i t i e s  i n  PTiJRs by as much as 

150 t o  250%, and by 100 t o  150% i n  BWRs. 

Expansion of e x i s t i n g  s p e n t  f u e l  s t o r a g e  f a c i l i t i e s ,  as well as t h e  

c o n s t r u c t i o n  of new s t o r a g e  b a s i n s ,  r e q u i r e s  t h e  review and approval. of 

t h e  Nuclear Regula tory  Commission. Between October 1975,  and May 1976 ,  

the NRC approved seven a p p l i c a t i o n s  fox: expansion of o n - s i t e  fuel.  s t o r a g e  

c a p a c i t y .  This  a c t i o n  has s i g n i f i c a n t l y  a l l e v i a t e d  the  s p e n t  f u e l  s t o r -  

age  problem and has  de layed  t h e  p inch  d a t e  of t h e  a f f e r t e d  r e a c t o r s  t o  

1.979 o r  beyond. A s  of e a r l y  J u l y  1976,  Che NRC had urider c o n s i d e r a t i o n  

r e q u e s t s  f o r  i n c r e a s i n g  t h e  f u e l  s t o r a g e  c a p a c i t y  of 1 4  a d d i t i o n a l  reac- 

t o r s .  There are  f o u r  main c r i t e r i a  t h e  NRC c o n s i d e r s  i n  g r a n t i n g  approva l  

of r e q u e s t s  f o r  expanded f u e l  s t o r a g e  f a c i l i t i e s ,  namely; (a) t h e  e f f e c t  

of i nc reased  s t o r a g e  on c r i t i c a l i t y ,  (b) pool. h e a t  l o a d s ,  ( c )  seismic 

d e s i g n  c r i t e r i a ,  and (d) cask  drop  a c c i d e n t s . 4 7  

summary of t h e  s t a t u s  of s p e n t  f u e l  s t o r a g e  expansion p l a n s ,  i n c l u d i n g  

bo th  those  approved and those  t h a t  are c u r r e n t l y  under c o n s i d e r a t i o n  by 

t h e  NRC. 

* 

Table  18 p rov ides  a 

-- . . . . . . . - .. . . . 
* 

The p inch  d a t e  i s  de f ined  as the d a t e  a t  which fuel would have to 
be  shipped o f f - s i t e  t o  perrnic r e a c t o r  r e f u e l i n g .  
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I n  March 1975, ERDA publ-istied a r e p o r t  which con ta ined  a compi l a t ion  

of d a t a  d e p i c t i n g  t h e  National. LWR s p e n t  f u e l  d i s p o s i t i o n  s i t u a t i o n  through 

1.985.Lt8 

and r e p r o c e s s o r  f o r e c a s t s  and p l a n s  as of January 1, 1975. The base case 

i n  t h i s  s tudy ,  which assumes on ly  c u r r e n t l y  a v a i l a b l e  s t o r a g e  f a c i l i t i e s ,  

e s t ima ted  t h a t  as many as 1.8 r e a c t o r s  might be f o r c e d  t o  s h u t  down by 

1.978 i f  no s o l u t i o n s  t o  f u e l  s t o r a g e  problems were found. As a r e s u l t  of 

t h e  N R C ' s  a c t i o n  i n  1975-76, however, ERIIA h a s  r e v i s e d  t h e s e  ea r l i e r  

estimates and the b a s e  case now i n d i c a t e s  that on ly  f i v e  r e a c t o r s  may be  

fo rced  t o  s h u t  down by 1978 due t o  a s h o r t a g e  of s p e n t  f u e l  s t o r a g e  

c a p a c i t y .  A comparison between t h e  f i v e  cases r e p o r t e d  i n  t h e  two ERDA 

su rveys ,  and a d e s c r i p t i o n  of t h e  assumpt:i.ons used f o r  each of t h e  cases, 

are  shown i n  Table  19 .  

Th i s  su rvey  con ta ined  f i v e  s c e n a r i o s  t h a t  were based on u t i l i t y  

4 9  

A r e c e n t  NRC s t u d y  i n d i c a t e s  t h a t  on the ave rage ,  the r e a c t o r  b a s i n  

s t o r a g e  c a p a c i t y  of a n  e x i s t i n g  1000 MW(e) n u c l e a r  p1.ant could be  expanded 

t o  hold an  a d d i t i o n a l  f i v e  d ikcha rges  [%I50 tonne heavy m e t a l  (HM)]  a t  a 

c o s t  of approximately $2 mil.l.ion. 5 0  

may have a r e l a t i v e l y  s h o r t  u s e f u l  l i f e t i m e ,  i . e .  useEul 1inti.l r e p r o -  

c e s s i n g  c a p a c i t y  becomes a v a i l a b l e ,  and a l o w  u t i l i z a t i o n  f a c t o r  (%50%), 

t h e  c o s t  a s s o c i a t e d  w i t h  t h i s  t:ype o f  s t o r a g e  i s  e s t i m a t e d  t o  be  i n  the 

range of $5 t o  $8/kg IiM/year. However, t h e  s a m e  type oE s t o r a g e  i n  a 

new r e a c t o r  could y i e l d  s t o r a g e  costs as low as $2 t o  $3/kg HM/year. 

Cost estimates f o r  a new cen t r a l .  s t o r a g e  f a c i l i t y  w i t h  a 1000 tonne cnpac- 

i t y  s t o r a g e  b a s i n  w e r e  e s t ima ted  t o  be  $20 m i l l i o n  i n  August 1974, whi1.e 

1976 estimates f o r  t h e  s a m e  p l a n t  typica1.l.y are i n  t h e  $50 mi l - l i on  

range.  5 1 3 4 7  

o p e r a t i n g  w i t h  long-term u t i l . - i t y  c o n t r a c t s  y i e l d  a u n i t  c o s t  i n  t h e  

range of $7  t o  $l-O/kg I I P l / ~ e a r . ~ ~  

u n i t  s t o r a g e  c o s t s  f o r  several. s p e n t  f u e l  s t o r a g e  o p t i o n s .  The c o s t s  

ca lcu l .a ted  f o r  t h e  c a s e  of h igh  d e n s i t y  s t o r a g e  r a c k s  i n  a r e a c t o r  b a s i n  

w e r e  based on a 72 e f f e c t i v e  c o s t  of cap i t a l . ,  wh i l e  t h e  c o s t s  f o r  the 

c e n t r a l  s t o r a g e  basi.n w e r e  based on an 11.5% e f f e c t i v - e  c o s t  of money. 

I n  o u r  a n a l y s i s ,  we used an u p p e r  estimate of $lO/kg HM as t h e  annual. 

c o s t  f o r  long-term s t o r a g e  of s p e n t  f u e l  e lements .  

Consider ing tha t  t h i s  added capacitiy 

These r e c e n t  estimates of c o s t s  f o r  a c e n t r a l  s t o r a g e  h a s i n  

Table  20 shows a bre&down of e s t ima ted  
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Table 19. LWR spent f u e l  d i spos i t ion  capabi l i t i es :  number 
of reac tors  requiring additional spent fue l  storage 

capacity t o  permit scheduled dischargesayb 

e 
Case Survey 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 

1 A 0 4 
B 0 0 

2 A 0 3 
B 0 0 

3 A 0 0 
B 0 0 

4 A 0 0 
B 0 0 

5 A 0 0 
B 0 0 - 

Source: R e f .  49. a 

bAssumptions: Case 1 - 

Case 2 - 

Case 3 - 

Case 4 - 

Case 5 - 

__ ~ - 

- 

'"At1 r e s u l t s  of 1975 survey; "B" r e s u l t s  of 1976 survey. 

6 18 27 37 56 65 69 82 
1 5 8 10 16 25 35 40 55 

6 1.7 25 35 54 63  68 80 
1 4 7 9 16 25 35 40 55 

6 1 4  23 33 5 1  60 65 78 
1 4 7 9 16  24 35 40 55 

0 0 0 0 0 0 0 0 
1 2 2 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 
1 2 2 0 0 0 0 0 0 

Currently ava i lab le  f a c i l i t i e s  (GE storage basin 
a t  700 tonne U and NFS storage basin a t  
250 tonne U). 
Case 1 plus increase i n  NFS storage capacity a t  
45 tonne U i n  1976.  
Case 2 plus  a v a i l a b i l i t y  of AGNS storage basin 
with 360 tonne U capacity i n  1977. 
Case 3 plus projected AGNS reprocessing capabi l i ty  
beginning i n  1978 and reaching f u l l  capacity of 
1500 tonne U/year i n  1980. 
Case 4 plus  projected resumption of NSF repro- 
cessing i n  1983 and reaching f u l l  capacity of 
750 tonne U/year i n  1984. 
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Table  20. Est imated u n i t  s t o r a g e  c o s t  f o r  s e v e r a l  
s p e n t  f u e l  s t o r a g e  o p t i o n s  ($ /kg  HM/~ear)~  

_._I._ ................ 

Capaci ty  u t i l i z a t i o n  

50% 80% 
II_ 

High d e n s i t y  r a c k s  i n  
r e a c t o r  b a s i n s :  

5-year a m o r t i z a t i o n  8.00 5.00 
10-year a m o r t i z a t i o n  5.20 3.30 
30-year a m o r t i z a t i o n  3.75 2 .30  

C e n t r a l  s t o r a g e  b a s i n  wi th  
15-year amor t i za t ion :  

LOO0 tonne  c a p a c i t y  8.80 5.50 
4000 tonne c a p a c i t y  7 . 7 0  4.80  

a 
Source: Ref ,  50. 

3.8 Financing  ................ Cost Trends 

The i n d i r e c t  f u e l  c y c l e  c o s t s  are E i r i anc ia l  c o s t s .  They are  essen-  

t i a l . l y  t h e  cha rges  on t h e  cap i ta l  necessa ry  t o  f i n a n c e ,  o s  c a r r y ,  t h e  

unamortized f u e l  c o s t s  and pay any t a x e s  i n c u r r e d .  Th i s  money comes 

frtm t h e  g e n e r a l  c a p i t a l  base  o f  t h e  u t i l i t y  company. 

Genera l ly ,  a u t i l i t y ' s  c a p i t a l  s t r u c t u r e  may b e  d iv ided  i n t o  t h r e e  

c a t e g o r i e s :  (a) d e b t ,  mos t ly  long-term bonded d e b t ;  (b )  p r e f e r r e d  s t o c k ;  

and ( c )  cornon c a p i t a l  s t o c k  e q u i t y .  T h i s  l a t t e r  c a t e g o r y  i n c l u d e s  t h e  

book v a l u e  of t h e  common s t o c k  and any c a p i t a l  s u r p l u s  and r e t a i n e d  

ea rn ings .  The c o s t  of t h e  c a p i t a l  i s  i.n t h e  form of i n t e r e s t  on t h e  

d e b t ,  d iv idends  on t h e  p r e f e r r e d  s t o c k ,  and r e t u r n  on t h e  co~nmon e q u i t y .  

The d e b t  i n t e r e s t  d i f f e r s  from t h e  r e t u r n  on p r e f e r r e d  and common s t o c k  

i n  t h a t  i t  i s  d e d u c t i b l e  f o r  income tax purposes ,  

I n  r e c e n t  y e a r s  t h e  r e t u r n s  on new bonded d e b t  and on new p r e f e r r e d  

s t o c k  have been r i s i n g .  A sumnary of t h e s e  average  y i e l d s  €or r e c e n t  

y e a r s  is  g iven  i n  Table  21.52 
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Table  21. Y ie lds  on new u t i l i t y  
bonds and p r e f e r r e d  s t o c k  

b 
Bonda P r e f e r r e d  

Year y i e l d  y i e l d  
% 2 

1966 

1967 

1968 

1969 

1970 

1 9 7 1  

1972 

1973 

1974 

5.53 

6.07 

6.80 

7 .98  

8.76 

7 . 7 1  

7.50 

7 .91  

9.65 

5.37 

6.03 

6.44 

7.75  

9 .01  

7 . 7 4  

7.53 

7.50 

9.95 

a 
E l e c t r i c  and g a s  u t i l i t i e s .  

b ~ ~ l  u t i l i t i e s .  

The s t e e p  rise i n  1974 w a s  brought  about  by t i g h t  money, double- 

d i g i t  i n f l a t i o n ,  and by q u e s t i o n s  of solvency i n  t h e  u t i l i t y  i n d u s t r y .  

The s e v e r e  f u e l  p r i c e  i n c r e a s e s  of t h a t  yea r  caused c a s h  f low problems 

f o r  a number of u t i l i t i e s .  

Company s topped d iv idend payments on i t s  common s t o c k ,  caus ing  repercus-  

s i o n s  throughout  t h e  u t i l i t y  i n d u s t r y .  I n  1975 and 1976, i n t e r e s t  rates 

r e t r e a t e d  somewhat from t h e i r  peaks a l though  they  s t i l l  remained h igh  by 

h i s t o r i c  s t anda rds .  

For example, New York's Consol ida ted  Edison 

The i n t e r e s t  or div idend rates on new deb t  o r  p r e f e r r e d  s tock  do 

no t  r e p r e s e n t  i n  themselves  t h e  working capi ta l  cost  of deb t  o r  pre- 

f e r r e d  s tock ,  s i n c e  t h e r e  are o t h e r  d e b t  and p r e f e r r e d  s t o c k  i n  t h e  

u t i l i t y  c a p i t a l  s t r u c t u r e  s o l d  i n  p r i o r  y e a r s  a t  d i f f e r e n t  rates. 

r e p r e s e n t  t h e  margina l  c o s t  of cap i t a l  and i n d i c a t e  i n  what d i r e c t i o n  

the u t i l i t y ' s  i n d i r e c t  c o s t s  are heading.  The average  r e t u r n  on a u t i l -  

i t y ' s  d e b t  and p r e f e r r e d  s t o c k ,  based on book v a l u e ,  w i l l  change more 

g r a d u a l l y  than  t h e  new i s s u e  prices but: w i l l  f o l low t h e s e  p r i c e s .  The 

p a s t  h i s t o r y  of t h e s e  ave rage  r e t u r n s  are g iven  i n  Table  2ZS2 f o r  

investor-owned e l e c t r i c  u t i l i t i e s .  

They 
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a 
T a b l e  22.  Average rates of r e t u r n , %  

Return on 
conimon e q u i t y  

P r e f e r r e d  c o s t  (3 
b 

Year Debt c o s t  

1967 

1968 

1.969 

1970 

1971 

197 2 

1973 

1.974 

4 - 0 5  

4.29 

4.58 

5.07 

5.48 

5.7.5 

6 .01 

6.50 

4.64 

4.86 

4.98 

5.22 

5.93 

6 .20  

6 . 3 3  

6.89 

12.73 

12 29 

12 .16  

1 1 . 7 7  

11.64 

11.74 

11.46 

10.65 

a 

h 

e- 

Based on l i n e a r l y  averaged c a p i t a l i z a t i o n  f o r  
yea r  

I n t e r e s t  on long-term d e b t  

Lncorne a v a i l a b l e  t o  conlitlon as a pe rcen t  of 
average  common c a p i t a l  s t o c k  e q u i t y .  

While t h e  average  r e t u r n  on d e b t  and p r e f e r r e d  s t o c k  has  been r i s i n g ,  

t h e r e  has  been  a g radua l  d e c r e a s e  i.n t h e  real  r e t u r n  on common e q u i t y  i n  

t h e  las t  f e w  yea r s .  

Table  2 3 5 2  shows t h e  r e c e n t  t r e n d s  i n  t h e  f r a c t i o n  of c a p i i a l  con- 

t r i b u t e d  from d e b t ,  p r e f e r r e d  s t o c k ,  and from common c a p i t a l  s t o c k  equ i - ty .  

Table  2 3  i n d i c a t e s  t h a t  t h e  c a p i t a l  s t r u c t u r e  of the  average  u t i l i t y  h a s  

n o t  changed apprec iab ly  i n  t h e  last  decade. Debt has remained even,  

wh i l e  a g radua l  rise i n  t h e  p r e f e r r e d  s t o c k  f r a c t i o n  h a s  been o f f s e t  by 

a g radua l  drop i n  t h e  common e q u i t y  f r a c t i o n .  

The u t i l i t y  c a p i t a l i z a t i o n  f r a c t i o n s  arid c a p i t a l  r e t u r n  rates whi-ch 

should be used f o r  a n a l y s e s  d e a l i n g  with t h e  nex t  decade are impor tan t  i f  

a c c u r a t e  p r e d i c t i o n s  of t h e  t r u e  n u c l e a r  f u e l  c y c l e  c o s t  are t o  be  made. 

Such a n a l y s e s  have t h e i r  bases  i n  s c e n a r i o s  f o r  t h e  f u t u r e .  In making 

our  a n a l y s i s ,  w e  assume t h a t  i n t e r e s t  rates on new u t i l i t y  bonds and 

p r e f e r r e d  s t o c k  remain h igh  (8 t o  10%) ove r  t h e  nex t  f i v e  y e a r s ,  I n  t h e  

e a r l y  1980s they  will. drop  some ( 7  t o  9%) as t h e  s t a t u r e  of u t i l i t y  

c red i l i  improves and i n f l a t i o n  a b a t e s .  The average  c o s t  of a l l .  o u t s t a n d i a g  
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Table  23.  U t i l i t y  c a p i t a l i z a t i o n  
f r a c t i o n  

Common 
Year Bond P r e f e r r e d  equity 

1966 

1967 

1968 

1969 

1970 

1971 

1972 

1973  

1974 

- 5 2 5  

.533 

.541 

. sso 

.553 

. s47 

.537 

529 

,533  

.09s .380 

-097 ,370 

.096 -363 

.095 .355 

.098 ,349 

. I07 ,346 

- 1 1 7  .346 

.120 .351 

.123 * 344 

bonds and p r e f e r r e d  s t o c k  t o  t h e  u t i l i t y  w i l l  r ise u n t i l .  i t  r e a c h e s  the 

new i s s u e  ave rage  p r i c e  of about  8%. 

t h e i r  f i n a n c i a l  s t a n d i n g ,  w i l l  a t t e m p t  t o  raise t h e  common e q u i t y  f r a c t i o n  

as w e l l  as i t s  y i e l d  w i t h  o n l y  moderate  success .  F e d e r a l  and s ta te  

income t a x  rates w i l l  remain a t  about  p r e s e n t  levels.  The economic 

parameters used i n  ou r  f u e l  c y c l e  e v a l u a t i o n s  are g iven  i n  Tab le  24 .  

The u t i l i t i e s ,  i n  o r d e r  t o  improve 

Table  24 .  Economic parameters  

Return Z F r a c t i o n  

C a p i t a l i z a t i o n  

Debt 8.0 .53 
P r e f e r r e d  s t o c k  8.0  .12  
Common e q u i t y  1 2 . 0  .35 

Taxes 

F e d e r a l  income, % 
State  income, Z 

48 
2.5 
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4 .  NUCLEAR FUEL COST ACCOUNTING 

Froin the v iewpoin t  of e l ec t r i c  u t i l . i t i e s ,  t h e  major d i f f e r e n c e s  

between f u e l  c o s t  account ing  f o r  n u c l e a r  and f o s s i l - f i r e d  g e n e r a t i n g  

p l a n t s  s t e m  from t h e  much longe r  t i m e  i n t e r v a l s  compris ing s t a g e s  i n  the 

" l i f e -cyc le"  of n u c l e a r  f u e l .  T o  i l l u s t . r a t e  t h i s  p o i n t ,  Table  2 5  l i s ts  

t h e  c h a r a c t e r i s t i k  in ' i e rva l s  used by ERDA i n  c e r t a i n  long-range p lanning  

a c t i v i t i e s ,  p a r t i c u l a r l y  those  of  p r o j e c t i n g  requi rements  f o r  s e p a r a t i v e  

work. I n  comparison t o  t h e  3 t o  4 yea r  p e r i o d  i n  which a t y p i c a l  b a t c h  

of f u e l  a s sembl i e s  produces energy i n  t h e  r e a c t o r  core, t h e  r e s i d e n c e  t i m e  

of f o s s i l  fiie1.s i n  t h e  combustion chamber of a b o i l e r  i s  e s s e n t i a l l y  

in s t an taneous ;  moreover, the pe r iod  between mining a d  coinbust i o n  i s  

much s h o r t e r  than the p r e - i r r a d i a t i o n  s t a g e s  i n  t h e  n u c l e a r  f u e l  cycI.e, 

l i s t e d  i n  Table  25. 

a 
Table  25. Nominal t i m e  i n t e r v a l s  i n  LWR f u e l  c y c l e  

Nominal t ime-span 

(Quar te r  y e a r s )  

u 3 0 8  procurement t o  en r i ched  uranium wi thdrawal  2 

Enrichment 1 

Enriched uranium wi thdrawal  t o  r e a c t o r  cha rg ing  

F i r s t  c o r e s  
Reloads 

F a b r i c a t  i o n  

F i r s t  cores  
R e  l o  ads  

5 
2 

2 
1 

2-4 years In-core i r r a d i a t i - o n  

Discharge t o  r e p r o c e s s i n g  2 

Discharge t o  retiurn of s p e n t  f u e l  as en r i ched  
fuel t o  f a b r i c a t i b n  

4 

Discharge t o  r e t u r n  of plutonium 3 

..................... .......... .I_..__.-.. 

a 
Source: R e f .  2 .  
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Generally, there will be a range of variation about the "nominal" 

pre- and post-irradiation intervals listed in Table 25. These variations 

will be associated with factors such as differences in production lot 

sizes (reactor size classes), inventory backlogs, o r  any special condi- 

tions affecting the process times and delivery logistics for that partic- 

ular service. The front-end processing and delivery of intermediate 

product or finished assemblies will stretch through overlapping sub- 

intervals of the pre-irradiation portion of the fuel cycle. Correspond- 

ingly, the cumulative investment by the utility in the unirradiated fuel 

will increase as the front-end service is "delivered." 

An illustration of the kind of variations which have been experienced 

in production of first cores is shown in Fig. 1 6 . 5 3  

tion of front-end investments over a 10-month period, beginning between 

the first withdrawal of slightly-enriched UFG from the gaseous diffusion 

plant and ending with delivery of the last finished assembly to the reac- 

tor site, is shown f o r  two reactor cores, f o r  a 600 MW(e) and 800 PN(e) 

size class (cores A and B), respectively. In one case, (A), delivery of 

UF, to the fabricator takes place over a 6-month interval, followed by a 

1-month period with no withdrawals or shipment, then by a 3-month period 

of deliveries of finished assemblies to the reactor site. In Case B, a 

shorter, 4-month period of UF6 withdrawals is followed by a 2-month 

Here, the accumula- 

plateau," before shipment of finished assemblies begins. In this latter 1 1  

case, there will be a longer average period in which carrying charges 

must be applied before the final product is received at the reactor. 

Although the time-schedules for monetary payments for front-end 

services will generally tend t o  follow the schedules for delivery, there 

may not be a precise matching in all cases due to special contract arrange- 

ments f o r  advance payments for the service. The cumulative investment 

curves in Fig. 16 are included here only to supply some perspective 

about the variations from "nominal" production schedules, implied by the 

lead times listed in Table 25. The latter are quite useful for compara- 

tive cost evaluations and some planning purposes; however, if a high 

degree of accuracy is required in accounting f o r  pre-irradiation carrying 

charges, the component payment schedules must be examined on a case-by- 

case basis. 
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ORNL-DWG 77--2957 
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MONTHS 

Fig .  16 .  Variations i n  cumula t ive  inves tment  of u n i r r a d i a t e d  f u e l .  



77  

Because the intervals when cash payments are made for all component 

services in the nuclear fuel cycle are separated in time from the periods 

when energy is released in the core, the procedure for fuel cost account- 

ing must treat the payments as capital expenditures, which are amortized 

(recovered) as the energy is delivered. Inventory carrying charges must 

be applied at all times to the net unamortized investment. Although the 

methodology for cost accounting makes use of basic concepts in investment 

analysis, there are some differences which occur in the way certain finan- 

c i a l  details may be treated. These differences are reflected in a number 

of computer programs developed at various installations within the indus- 

try for performing nuclear fuel  cost analysis.54-5S 

d i x  €3.) 

(See a l s o  Appen- 

A s  indicated in Table 25, over most of the operating life of a light 

water reactor plant, each separate reload batch of fuel elements will 

deliver energy in-core for an average 3- or  4-year period before removal. 

A t  each refueling, tandem replacement of a fraction of the core (about 

one-third to one-fourth) takes place, usually on an annual cycle. Each 

batch of  elements included in a reload is therefore coupled neutronically, 

throughout its nth-cycle residence time, to f u e l  at: all stages of irradia- 

tion between zero and (n-1) cycles. After an initial transition period, 

roughly corresponding to the time in which replacement of the initial 

core takes place, an "equilibrium" or "cyclic" refueling pattern will 

tend t o  develop. For some purposes, comparative fuel cost evaluations 

may be based on this equilibrium cycle concept, using its mass-flow 

characteristics together with "levelized'l prices assumed applicable to 

each component (ore, fabrication, etc.) of the fuel cycle. In this case, 

nuclear fuel cost analysis is also readily amenable to hand calcul.ation 

methods. 59  

Even if all component prices in the fuel cycle were stationary in 

time and equal to these levelized values, the operational neutronic cou- 

pling mentioned above will influence the initial transition to equilibrium 

and can produce variations about the equilibrium cycle as operations 

continue. This can give rise to time variations in the fuel logistical 

requirements and energy costs associated with the f u e l .  
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A s  impl ied  by t h e  d i s c u s s i o n  i n  Sec t .  3 ,  p r i c e  e s c a l a t i o n s  must also 

be  superimposed on t h e s e  va ry ing  mass-f low requi rements .  The c o s t  

account ing  procedure used must be  capab le  of t r a n s l a t i n g  t h e  a c t u a l  cash  

payments made du r ing  r e a c t o r  o p e r a t i o n s  i n t o  a time-dependent energy c o s t  

a s s o c i a t e d  w i t h  t h e s e  payments. Thus, any a t t empt  t o  t r a c k  t h e  e v o l u t i o n  

of n u c l e a r  f u e l  c y c l e  c o s t s  over  t i m e  cannot  r e l y  s o l e l y  on a n a l y s i s  based 

on t h e  e q u i l i b r i u m  c y c l e .  The necessa ry  tirne-dependent a n a l y s i s  can  be 

handled most e f f i c i e n t l y  by t h e  computer-based t echn iques  r e f e r r e d  t o  

above. Many of t h e s e  are based on the methodology of discoirnted cash- 

f low (D.C.F.) ana l -ys i s .  

h d e t a i l e d  e x p o s i t i o n  of t h e  D.C .F .  method h a s  been g iven  e l sewhere ,  

i n  con tex t  w i t h  t h e  development o f  computer programs f o r  power and f u e l  

c o s t  a n a l y s i s .  6 0  

mation g iven  i n  t h e  Eollowing s e c t i o n  w i l l  be  a i d e d  by d e s c r i b i n g  t h e  

e s s e n t i a l  f e a t u r e s  of t h i s  method and s h o w h g  how i.t re la tes  t o  t h e  fuel.  

c o s t  accoun t ing  procedures  used by u t i l i t i e s .  To make t h e  r e p o r t  s e l f - -  

con ta ined ,  t h i s  q u a l i t a t i v e  d e s c r i p t i o n  i s  suppor ted  by a hri .eE mathe- 

matical d e r i v a t i o n  g iven  i n  Appendix A.  B a s i c a l l y ,  D.C.F. a n a l y s i s  

e s t a b l i s h e d  a n  energy "cost"  a s s o c i a t e d  w i t h  f u e l  by (1) i d e n t i f y i n g  t h e  

set  of f u e l  inves tments  (payments o r  c r e d i t s )  a s s o c i a t e d  wi th  product ion  

of a s p e c i f i c  q u a n t i t y  of energy over  a g iven  t i m e  span;  ( 2 )  r e q u i r i n g  

t h a t  t h e  revenue stream from sale of t h i s  energy be equa l  t o  t h a t  needed 

t o  pay i n t e r e s t  and r e t u r n  on bond and e q u i t y  components of t h e  c a p i t a l  

inves t inents ,  pay f e d e r a l  and s t a t e  taxes and in su rance ,  and con t inuous ly  

re t i re  t h e  leve l  of o u t s t a n d i n g  inves tments  t o  z e r o  by t h e  end of eco- 

nomic " l i f e "  of t h a t  set  of f u e l  inves tments .  The D.C.F. leve l - ized  c o s t  

is  de f ined  as t h e  p r i c e  which must be charged f o r  each  kWhr(e) t o  e s t ab -  

l i s h  t h e  equ iva lence  i n  ( 2 ) .  This  composite p r i c e  t h u s  inc.1-udes b o t h  

' ' d i r ec t "  c o s t s  ( a m o r t i z a t i o n  of inves tment )  and " i n d i r e c t "  cha rges  

( f i n a n c i n g ,  t a x e s ,  and i n s u r a n c e ) .  

Ilowever, t h e  i n t e r p r e t a t i o n  of n u c l e a r  fue l  c o s t  i n f o r -  

The p a r t i c u l a r  computer program which w a s  used f o r  t h e  fuel c o s t  

c a l c u l a c i o n s  summarized i n  t h e  n e x t  s e c t i o n  i s  t h e  REFCO program, devel-  

oped a t  ORNL. 5 6  In t h i s  program, t h e  D.C.F.  procedure i s  a p p l i e d  on a 

"batchwise" b a s i s ,  i .e . ,  a l e v e l i z e d  f u e l  c y c l e  c o s t  is c a l c u l a t e d  f o r  

each d i s c r e e t  ba t ch  of f u e l  e lements  loaded  i n t o  t h e  r e a c t o r .  (Here,  a 
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ba tch  is d e f i n e d  as a se t  o f  e lements  w i t h  s p e c i f i c  charge  and d i scha rge  

t i m e s  and w i t h  t h e  same f u e l  composi t ion a t  t h e  t i m e  of charge . )  

REFCO program t h e n  accounts  f o r  a l l  f ront -end  and back-end (pre-  and 

p o s t - i r r a d i a t i o n )  payments as inves tments  a s s o c i a t e d  w i t h  each ba tch .  

The ba tch  l e v e l i z e d  f u e l  c y c l e  c o s t  i s  t h e  c o s t  of energy r e q u i r e d  such 

t h a t  t h e  sales revenue from t h e  energy produced by t h e  ba t ch  du r ing  i t s  

in-core  r e s i d e n c e  r e c o v e r s  a l l  inves tments  i n  t h e  b a t c h  and pays all 

c a r r y i n g  charges .  

The 

A s  mentioned above, because a f r a c t i o n a l  core- re loading  procedure 

i s  used i n  LWRs, several b a t c h e s  a t  d i f f e r e n t  s t a g e s  of i r r a d i a t i o n  and 

cumulat ive energy release w i l l  g e n e r a l l y  be  p r e s e n t  i n  t h e  t i m e  per iod  o r  

cyc le"  between two r e f u e l i n g s .  In p r i n c i p l e ,  t h e s e  ba tches  could be ?I 

producing energy a t  d i f f e r e n t  l e v e l i z e d  ba tch  c o s t s ,  p a r t i c u l a r l y  i f  t h e  

component investment  p r i c e s  f o r  each b a t c h  are changing i n  t i m e .  However, 

t h e  energy produced from a l l  ba t ches  d u r i n g  a g iven  c y c l e  is ,  of cour se ,  

a homogeneous product .  Hence, t h e  f u e l  c o s t  account ing  program m u s t  

i n c l u d e  a l o g i c a l  procedure  f o r  p r o r a t i n g  t h e  b a t c h  energy c o s t s  t o  

o b t a i n  a "cyc le- leve l ized"  c o s t  of energy.  I n  REFCO, t h i s  p r o r a t i n g  is 

done on t h e  b a s i s  of t h e  energy produced by t h e  ba t ch  du r ing  t h a t  c y c l e ,  

i .e . ,  t h e  cyc le - l eve l i zed  c o s t  is  t h e  weighted sum of ba t ch - l eve l i zed  

c o s t s ,  w i th  t h e  weight f a c t o r s  equa l  t o  t h e  f r a c t i o n  of t h e  t o t a l  c y c l e  

energy produced by each ba tch .  Th i s  comprises  t h e  e s s e n t i a l  e lements  of 

t h e  REFCO program l o g i c .  

While t h e  D.C .F .  a n a l y s i s  procedure  i s  widely used f o r  comparat ive 

economics e v a l u a t i o n s  of bo th  f ixed -p lan t  and f u e l  inves tments  i n  nuc lea r  

u n i t s ,  t h e  account ing  methods used by u t i l i t i e s  i n  c a l c u l a t i n g  year-by- 

yea r  expenses  f o r  n u c l e a r  f u e l  d i f f e r  s l i g h t l y  from t h e  D.C.P. procedure 

desc r ibed  above. 

Accounts, p re sc r ibed  f o r  p u b l i c  u t i l i t i e s  and l i c e n s e s ,  i l l u s t r a t e s  cer- 

t a i n  of t h e s e  d i f f e r e n c e s . 6 1  Accounts systems used by s ta te  p u b l i c  scr- 

v i c e  commissions f o r  investor-owned u t i l i t i e s  are b a s i c a l l y  similar t o  

t h e  FPC system. 

The Fede ra l  Power Commission's Uniform System of 

The ba lance-shee t  subaccounts  p e r t a i n i n g  t o  n u c l e a r  Euel c y c l e  

c o s t s  under t h e  FPC Uniform S y s t e m  are l i s t e d  i n  Table  26. Account 120 .1  

i n  t h i s  t a b l e  i n c l u d e s  " t h e  o r i g i n a l  c o s t  t o  t h e  u t i l i t y  of nuc lea r  Euel 
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Table 26. FPC uniform system of accounts  p e r t a i n i n g  
t o  n u c l e a r  f u e l .  (Balance s h e e t  accounts  

g i v i n g  assets and o t h e r  d e b i t s )  

Account number T i t l e  

120.1 Nuclear  Cue1 i n  p rocess  of r e f i n e -  
men t , convers ion ,  enr ichment  , arid 
f a b r i c a t i o n  

120.2 Nuclear  f u e l  materials and 
a s sembl i e s  - s t o c k  account  

120.3 Nuclear  Cue1 a s sembl i e s  i n  
r e a c t o r  

120.4 Spent  n u c l e a r  fuel  

120.5 Accumulated p r o v i s i o n  f o r  
amur- t i z a  t i o n  of nu c Tear f u e l  
assembl ies 

1 5  7 Nuclear  materials he ld  f o r  sa le  

materials w h i l e  i n  t h e  p rocess  of r e f inemen t ,  conve r s ion ,  enr ichment ,  and 

f a b r i c a t i o n  i n t o  f u e l  a s sembl i e s  and components i n c l u d i n g  p rocess ing ,  

f a b r i c a t i o n ,  and necessa ry  shipp:i.ng c o s t s .  " It a1.m i n c l u d e s  t h e  s a l v a g e  

v a l u e  of nuc lea r  materials which are be ing  reprocessed  f o r  use,  t r a n s -  

f e r r e d  from Account 120-5 .  

Upon d e l i v e r y  of completed f u e l  a s sembl i e s  :€or use  i n  r e f u e l i n g  o r  

as s p a r e s ,  Account 120.1 i s  c r e d i t e d  and 120.2 d e b i t e d  f o r  t h e  c o s t  of 

t h e s e  assembl ies .  (For t h i s  i n i t i a l  r e a c t o r  c o r e ,  t h e  trans.Cer is  made 

d i r e c t l y  t o  Account 120-3 . )  It a l s o  i n c l u d e s  the o r i g i n a l  c o s t  of par-  

t i a l l y  i r r a d i a t e d  a s sembl i e s  he ld  i n  s t o c k  f o r  r e i n s e r t i o n  i n  a r e a c t o r ,  

which had been t r a n s f e r r e d  from Account 120.3. F i n a l l y ,  i t  i n c l u d e s  t h e  

c o s t  of n u c l e a r  aind by-product materials be ing  h e l d  € o r  f u t u r e  use  but  

n o t  ac tua l . ly  i n  p rocess  i n  Account 120.1.  

Account 120.3 i n c l u d e s  t h e  cost of n u c l e a r  f u e l  a s sembl i e s  when 

i n s e r t e d  into a r e a c t o r  for  e l e c t r i c i t y  product ion .  The amounts inc luded  

are t r a n s f e r r e d  by d e b i t i n g  t h i s  account  and c r e d i t i n g  Account: 1.20.2. 

(For  t h e  i n i t i a l  r e a c t o r  c o r e ,  t h e  t r a n s f e r  i s  made d i r e c t l y  from 

Account 120 .1 . )  
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Upon removal of assemblies from the reactor, the original cost of 

removed assemblies is transferred by crediting 120.3 and debiting Account 

120.4 (or 120.2 if reinsertion is planned). Account 120.4 thus includes 

the original cost of spent fuel assemblies in the process of cooling, 

pending reprocessing o r  long-term storage. After the cooling period is 

over, 120.4 is credited and Account 120.5 is debited and The cost recorded 

in the former account. 

Account 120.5, accumulated provision f o r  amortization of fuel assem- 

blies, is credited and a current expense account - No. 518, Nuclear fuel 

expense - is debited at the end of each period for the amortization of the 
net cost of nuclear fuel assemblies used in producing energy: 

"The net cost subject to amortization shall be the original 
cost of assemblies, plus or less the expected net salvage 
value of uranium, plutonium, or other by-products.'' 

Note that this salvage value will subtract from original cost in deter- 

mining the cost subject to amortization, if the value of recovered mate- 

rials exceeds the costs of reprocessing and waste disposal; coversely, it 

will add to it if there are net penalties for long-term storage of the 

end products. 

Account 120.5 is credited with the net salvage value of recovered 

materials when such materials are sold, transferred, or otherwise disposed 

of. Correspondingly, Account 120.1 will be debited with the net salvage 

value of nuclear materials to be reprocessed; Account 120.2 will be 

debited with the net salvage value of materials held for future use and 

not actually in process in Account 120.1; and Account 157 w i l l  b e  debited 

for the net salvage value of nuclear materials to be held by the company 

for sale o r  other disposal, but not to be reprocessed or reused by the 

company in its electric utility operations. (Note: Any difference 

between the amount recorded in this account and the actual amount real- 

ized from the sale of materials shall be credited or debited, as appro- 

priate, to "current" Account 518, at the time of sale.) 

Account 518, Nuclear fuel expense, is debited and Account 120.5 

credited f o r  amortization o f  net cost of f u e l  assemblies used in pro- 

ducing energy, where the net cost is as defined above. The utility 

accounting procedure should assure that charges to this account are 
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d i s t r i b u t e d  acco rd ing  t o  t h e  thermal  energy produced i n  the pe r iod .  Th i s  

account  a l s o  i n c l u d e s  any c o s t s  involved  when t h e  f u e l  i s  l e a s e d  and 

c o s t s  of o t h e r  f u e l s  r e q u i r e d  € o r  any a n c i l l a r y  f a c i l i t i e s .  The account  

is  d e b i t e d  o r  c r e d i t e d  as a p p r o p r i a t e  f o r  any s i g n i f i c a n t  changes i n  t h e  

amounts e s t ima ted  as n e t  s a l v a g e  v a l u e  of n u c l e a r  materia1.s conta ined  i n  

Account 157 and t h e  amounts r e d i z e d  on f i n a l  d i s p o s i t i o n  of t h e s e  mate- 

r ials.  "Signifi-canC d e c l i n e s  i n  e s t ima ted  r e a l i z a b l e  v a l u e  of t h e  i t e m s  

c a r r i e d  i n  Account 1.57 may be  recognized  a t  t h e  t i m e  of market d e c l i n e  by 

cha rg ing  Account 518 and c r e d i t i n g  Account 157. I f  t h e  d e c l i n e  occur s  

wh i l e  t h e  f u e l  i s  recorded  i n  Account 120.3, t h e  e f f e c t  s h a l l  be  amor t ized  

over  t h e  remaining l i f e  of t h e  f u e l . "  

I n  summary, t h e  FPC Uniform System of  Accounts e s t a b l i s h e s  t h e  v a l u e  

of all- f u e l  i n  any p a r t i c u l a r  s t a g e  of t h e  f u e l  c y c l e  as ba lance  s h e e t  

assets i n  a n  account  f o r  t h a t  s t a g e .  These ba l ance  s h e e t  subaccounts  

may be  viewed as a "snapshot" of t h e  n e t  i nven to ry  v a l u e s  o r  investment  

l e v e l s  f o r  t h a t  s t a g e  a t  any p a r t i c u l a r  ti.mt:!. By making t h e  a p p r o p r i a t e  

c r e d i t i n g  o r  d e b i t i n g  and fo l lowing  t h e  hal.aIice s h e e t  "h i s to ry"  of  any 

p a r t i c u l a r  f u e l  b a t c h  from a c q u i s i t i o n  t o  d i s p o s i t i o n ,  one can c a l c u l a t e  

t h e  t o t a l  c o s t s  i n c u r r e d  i n  any account ing  pe r iod .  The d i r e c t  (amort iza-  

t i o n )  c o s t s  w i l l  b e  t h o s e  inc luded  i n  Account 518. Once a p p r o p r i a t e  

rates f o r  d e b t ,  e q u i t y ,  t a x e s ,  and in su rance  are  a s s i g n e d ,  a n e t  ca r ry ing -  

charge  rate can be determined,  and t h e  inven to ry  v a l u e s  recorded  i n  t h e  

ba l ance  s h e e t  may then  be used t o  c a l c u l a t e  i n d i r e c t  c o s t s  i n c u r r e d  i n  

any pe r iod ;  however, i n  g e n e r a l  t h e s e  w i l l  n o t  appear  as an e x p l i c i t  

i t e m  i n  t h e  accoun t s ,  b u t  i n s t e a d  w i l l  be inc luded  i n  aggrega te  c a t e g o r i e s  

such as i n t e r e s t  on d e b t ,  r e t u r n  t o  s t o c k h o l d e r s  ( i n c l u d i n g  any earned 

s u r p l u s )  and taxes i n c u r r e d  i n  o v e r a l l  u t i l i t y  o p e r a t i o n s .  

Th i s  cos t -account ing  procedure  is  s i m i l a r  i n  concept  t o  t h e  

"investment-t ime diagram" approach t o  c a l c u l a t i n g  n u c l e a r  f u e l  c o s t s .  6 2  

H e r e ,  t h e  d i r e c t  cha rges  i n  any t L m e  pe r iod  are determined f r o m  t h e  

r e d u c t i o n  ( amor t i za t ion )  of n e t  inves tment  level  as thermal  energy i s  

produced by t h a t  f u e l  ba t ch .  This  i s  e q u i v a l e n t  t o  de t e rmina t ion  of t h e  

f u e l  a m o r t i z a t i o n  expenses  i n  Account 518, desc r ibed  above. The i n d i r e c t  

cha rges  are  then  determined by app ly ing  t h e  c a r r y i n g  charge  rate t o  t h e  

t ime-varying inves tment  level..  
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The b a s i c  d i f f e r e n c e  between t h e  D.C.F .  a n a l y s i s  procedure and t h e  

FPC (o r  investment- t ime diagram) account ing  procedure i s  t h a t  t h e  D.C.F.  

method l e v e l i z e s  I_ a l l  c o s t s  f o r  any f u e l  ba t ch ,  d i r e c t  p l u s  i n d i r e c t ,  over  

t h e  p o r t i o n  of energy produced by t h a t  ba tch .  I n  p r i n c i p l e ,  t h i s  pro- 

cedure  r e q u i r e s  knowledge of a l l  pre-  and p o s t - i r r a d i a t i o n  cha rges  asso-  

c i a t e d  w i t h  t h a t  f u e l  ba t ch .  The FPC s y s t e m ,  however, i s  e q u i v a l e n t  t o  

l e v e l i z i n g  on ly  t h e  d i r e c t  c o s t  components (amor t iz ing  them i n  propor- 

t i o n  t o  energy produced) and a l lowing  t h e  i n d i r e c t  c o s t s  t o  v a r y  over  

t i m e  i n  accord w i t h  t h e  c u r r e n t  l e v e l s  of investment .  Thus, i n d i r e c t  o r  

f i x e d  charges  could be i n c u r r e d  i n  an  account ing  per iod  l agg ing  those  

when t h e  ba t ch  energy w a s  produced; moreover, t h e  procedure desc r ibed  

above a l lows  c r e d i t i n g  o r  d e b i t i n g  of Account 518 f o r  changes r e a l i z e d  

i n  t h e  s a l v a g e  v a l u e s  of n u c l e a r  materials, i f  f u t u r e  "back-end'' c y c l e  

c o s t s  change. These one-time expense ad jus tmen t s  can be a l l o c a t e d  t o  

c u r r e n t  account ing  p e r i o d s  even though t h e  energy w a s  produced from t h a t  

ba t ch  du r ing  earlier account ing  pe r iods .  I n  e i t h e r  account ing  procedure 

bo th  d i r e c t  and i n d i r e c t  c o s t s  are accounted f o r .  However, t h e  p r e c i s e  

c o s t  a l l o c a t i o n s  accord ing  t o  energy and t i m e  may d i f f e r  s l i g h t l y .  During 

real u t i l i t y  o p e r a t i o n s ,  s e v e r a l  f u e l  b a t c h e s  w i l l  s imul taneous ly  be i n  

ove r l app ing  s t a g e s  of t h e  f u e l  c y c l e  i n  any one account ing  pe r iod .  The 

n e t  c o s t s  c a l c u l a t e d  by e i t h e r  procedure w i l l  t h e r e f o r e  rend t o  average  

o u t  over  t i m e  t o  match one ano the r .  

5. UTILITY NUCLEAR FUEL COSTS 

5.1 Criteria f o r  Cost C a l c u l a t i o n s  

The preceding  Sects. ( 3  and 4 )  provide  a background of d a t a  and 

methodology f o r  ana lyz ing  c u r r e n t  u t i l i t y  n u c l e a r  f u e l  c y c l e  c o s t  expe r i -  

ence and e s t i m a t i n g  t h e  magnitude of changes expected over  t h e  s h o r t -  

range  f u t u r e  (2.10 y e a r s ) .  

fo rces"  c o n t r o l l i n g  t h e s e  changes are expected t o  be t h e  c o s t s  f o r  U3O8 

and s e p a r a t i v e  work, and t h a t  p r e s e n t  u n c e r t a i n t i e s  about f u t u r e  regula-  

t i o n s  and t e c h n o l o g i c a l  developments involved i n  c l o s i n g  t h e  f u e l  c y c l e  

It has  been shown t h a t  t h e  primary "d r iv ing  



place t h e  c o s t s  a s s o c i a t e d  w i t h  back-end f u e l  d i s p o s i t i o n  s t i l l  i n  a 

pre-commercial o r  "contingency" s t a t u s .  

With r ega rd  t o  p r e s e n t  u t i l i t y  procechires f o r  account ing  €or these 

u n c e r t a i n  back-end c o s t s ,  t h e  problem may be viewed as one of e s t a b l i s h -  

i n g  a reasonab1.e b a s i s  f o r  a "net  s a l v a g e  va lue"  of s p e n t  f u e l  el.emr_nts. 

Here, t h e  p r a c t i c a l  consequence i s  t h a t  f o r  t h e  next s e v e r a l  y e a r s  uti.1.- 

i t i e s  w i l l  need to  u s e  an  ........... es t ima ted  s a l v a g e  value of spen t  f u e l  t o  d e t e r -  

mine t h e  n e t  f u e l  investment  s u b j e c t  t o  amor t i za t ion .  Cost account ing  

procedures  such as t h e  FPC Uniform System of Accounts then  a l l o w  a d j u s t -  

ments t o  c u r r e n t  expenses  f o r  n u c l e a r  f u e l  as changes from t h e  p r e v i o u s l y  

e s t i m a  t ed ex p c-nd i t u  r e s are a c t ua 1.1 y rea 1 i z ed . 
Even though component c o s t s  f o r  back-end p rocesses  are  c u r r e n t l y  

u n c e r t a i n ,  i t  should  be noted  t h a t  ce r t - a in  account ing  rul.es would apply  

t o  t h e  v a l u e  o f  recovered  f i.ssi1.e material., i f  commercial r e p r o c e s s i n g  

i s  u l t i m a t e l y  al lowed.  Genera l ly ,  t h e  h i s t o r i c ,  o r  "book-value" of 

e q u i v a l e n t  n a t u r a l  uranium and separative work should be  a p p l i e d  t o  t h e  

recovered  uranium on a batch-by-batIch b a s i s ,  even du r ing  a t i m e  when sub- 

s t a n t i a l  upward r ead jus tmen t s  are t a k i n g  p l a c e  i n  t h e  marke tp lace  

( rep lacement )  va lues .  With r e s p e c t  t o  pl.utonium, t h e  precise manner i n  

which a n  account ing  v a l u e  of plutonium may evolve  has not  y e t  been e s t ab -  

l i s h e d .  It i s  recognized ,  however, t h a t  one can de termine  a t h e o r e t i c a l  

" i n d i f f e r e n c e  value ' '  f o r  plutonium, assumjng that  plutoni.um is  recyc led  

as mixed ox ides  (Pu/U) i n  t h e  same r e a c t o r ,  and t h a t  i t s  v a l u e  i s  based 

on t h e  equ iva lence  of the d i s p l a c e d  requi rements  f o r  s l i g h t l y  enr iched  

uranium, minus the  p e n a l t y  f o r  mixed-oxides f a b r i c a t i o n .  The c o s t s  f o r  

i 1 i t e r i . m  s t o r a g e  o f  plutonium ox ides  a f t e r  r ep rocess ing  are  a l s o  l i k e l y  

t o  i n f l u e n c e  t h e  i n t r i n s i c  pl-utonium v a l u e  f o r  r e c y c l e .  I n  g e n e r a l ,  t he  

c r i t e r i a  f o r  e s t a b l i s h i n g  a plutonium v a l u e  are  con t ingen t  on t h e  outcome 

of t h e  GESMO r e s o l u t i o n ;  hence,  wherever a p p r o p r i a t e  on ly  "nominal" 

v a l u e s  of f i s s i 1 . e  plutonium w e r e  used f o r  c a l c u l a t i o n s  i n  this s tudy .  * 

........... . .- 

* 
Some p re l imina ry  work toward e s t a b l i s h i n g  a l o g i c a l  basis f o r  

ca l - cu la t ing  a time-dependent p a r i t y  v a l u e  f o r  plutoniiini, u s ing  t h e  REFCO 
program, i s  summarized i n  A4ppentlix C.  
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Prior to development of commercial f u e l  reprocessing, additional 

plant-site storage of spent fuel elements is being provided through 

installation of special poisoned storage racks (Sect. 3.7). In this 

case, these costs would likely appear indirectly within the overall util- 

ity accounting system, as plant-related, fixed investment cos ts  rather 

than directly in nuclear fuel cos t  accounts. However, if charges for 

long-term, off-site storage of spent fuel are incurred, they stivuld be 

treated analogously to reprocessing charges and reflected (in a negative 

sense) in the net salvage value of spent fuel elements. 

I n  lieu of complete knowledge of  back-end cycle costs, two simple 

approximations toward bracketing a current salvage value can be used. 

These consist of (a) assigning a zero value to all spent fuel removed 

after a normal burnup interval and (b) assigning a negative value which 

corresponds to an estimated long-term storage charge. The first approxi- 

mation i m p l i e s  that reprocessing will not be undertaken unless the eco- 

nomic value of recovered materials achieves a minimum "break-even" point 

with the costs f o r  recovery and waste handling, transport, and storage. 

Since all costs are escalating i n  time, this implies that the values of 

recovered materials will a l s o  escalate t o  achieve t he  breakeven point. 

The second case corresponds to the extreme viewpoint that no reprocessing 

and recycle of uranium or plutonium will be permitted, at least until 

fast breeder technology is more fully developed (probably we19 toward 

the end of this century). 

we used an u p p c r  estimate of $lO/kgU as the annual charge for long term 

storage of spent fuel elements, as discussed in Sect. 3.6.63 

ent worthed at an average discount factor of 82, this corresponds to an 

equivalent one-time charge of about $125/kgU. Although obtained in a 

slightly different manner, this value is in reasonable conformance with 

an estimated mcdian cost of $l5O/kgU and a possible range of $50 to 

$3OO/kgU f o r  the throwaway cycle, given in Ref. 4 .  

In numerical calculations f o r  alternative ( b ) ,  

When p r e s -  

5.2 Historic F u e l  Cycle Costs I-- 

The average nuclear fuel costs f o r  t h e  past decade for privately- 

owned electric utilities (PPC class A and B) are shown in Table 27. 
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a 
Table 27. H i s t o r i c  f u e l  c y c l e  c o s t  

Year 
Direct 

f u e l  c o s t  
mi l l s /kWhr(e)  

1965 

1966 

1967  

1968 

1969 

1970 

1971 

1972 

1973 

1974 
b 

3.80 

3.02 

3.11 

2.71 

2 - 4 2  

2.1.7 

2 - 0 4  

1 . 8 5  

2.16 

2 . 4 4  

a 
From power g e n e r a t i o n  and f u e l  

expense d a t a  i n  " S t a t i s t i c s  of P r i -  
v a t e l y  Owned U t i l i t i e s  i n  t h e  United 
S ta tes  1973," Fede ra l  Power Com- 
miss ion .  

P re l imina ry ,  based on in fo r -  
b 

mation i n  v a r i o u s  i s s u e s  of FPC News.  

These c o s t s  w e r e  de r ived  from FPC in fo rma t ion  by d i v i d i n g  t h e  r e p o r t e d  

n u c l e a r  f u e l  expense by t h e  n u c l e a r  power produced du r ing  a g iven  yea r .  52 

The r e p o r t e d  n u c l e a r  f u e l  expense i n  t h e  FPC system of accoun t s  c o n t a i n s  

t h e  a c t u a l  v a l u e  of f u e l  d e p l e t e d  du r ing  t h e  yea r .  Any one-time w r i t e o f f  

o r  g a i n  from n u c l e a r  f u e l  w i l l  a l s o  be inc luded  in t h e  f u e l  expense cate- 

gory.  

The f u e l  c y c l e  c o s t s  l i s t e d  i n  Table  27 r e p r e s e n t  o n l y  the d i r e c t  c o s t s ,  

and do n o t  c o n t a i n  any f i n a n c i a l  cha rges  or taxes. I n d i r e c t  cha rges  may 

add an a d d i t i o n a l  30 t o  40% t o  t h e  d i r e c t  f u e l  cycS.e c o s t s .  

Such a n  i n s t a n c e  may occur  when d i scha rged  f u e l  i s  rep rocessed .  

A s  shown i n  Table  27, n u c l e a r  fue l  c o s t s  tended t o  d e c r e a s e  d u r i n g  

t h e  l a t e  1.960s and e a r l y  1970s r each ing  a low i n  1972. S ince  t h a t  time, 

however, t h e  t r end  has  been upward w i t h  i n c r e a s i n g  u n i t  f u e l  c y c l e  c o s t s ,  

The rei-atively h igh  f u e l  c o s t s  exper ienced  du r ing  t h e  mid 1960s w e r e  

p r i n c i p a l l y  t h e  r e s u l t  of e a r l y  r e a c t o r s  t h a t  w e r e  s m a l l ,  p a r t l y  
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experimental units with inefficient fuel cycles. In addition, the fuel 

cost was kept at a higher level due to the initial startup fuel costs of 

reactors coming on-line. A s  the units reached a standard or equilibrium 

operating cycle, the fuel costs tended to drop. 

In the early 1970s unit cost increases began to effect the fuel 

cycle costs. Enrichment and fabrication costs started rising. The util- 

ities began to recognize that early reprocessing cost estimates were 

much too low, and upward revisions of these estimates decreased the 

apparent worth of discharged fuel. The recent surge in uranium ore price, 

however, will not show up in increased costs until later in the decade. 

This is because of existing contracts at l o w  prices in the near term and 

because of the long lead time between uranium purchase and its depletion 

in the fuel cycle. 

5.3 Changes in Nuclear Fuel Cycle Costs, 1970-1985 

The net effects that developments now taking place in the nuclear 

fuels supply industries might be expected to have on utility fuel cycle 

costs in the 1970 t o  1985 time frame are illustrated in Fig. 17. This 

is a composite plot of (I-) historic FPC data for industry-averaged, annual 

direct fuel amortization costs, adjusted upward by 30% to account approxi- 

mately for indirect charges; (2) fuel cycle costs for a PWR and BWR typ- 

ical of the commercial reactors operating in the mid-l970's, calculated 

using the REFCO fuel cycle program and the component price data base 

described in the preceding sections; (3) forecasted fuel cycle costs for 

a large-scale PWR [1300 MW(e)], representative of the reactors to be 

placed in operation in the early 1980s; and ( 4 )  forecasted fuel cycle 

costs for a 1300 MW(e) PWR which are expressed in 1976 dollars by factor- 

ing out an overall 6% inflation rate. These latter forecasts were also 

calculated with the REFCO program, using "upper" and "lower" variants 

for unit price data expected to apply during that period. Table 28 

summarizes the unit price data used in making these high and low variant 

forecasts. In the calculations for (2 ) ,  the reactor refueling mass- 

balance information (charge and discharge quantities, composition, and 

schedules) was obtained through direct contact with the utilities 
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Table 28. Summary of component p r ice  data used i n  
f u e l  c y c l e  c o s t  c a l c u l a t i o n s "  

U 3 0 q  p r i c e ,  Separa t i v e  work, 
$ / l b  U3O8 Conver s i on  $ /SW F a b r i c a t i o n  

$/  kgU $ / kgU 
Year 

Low High Low High 

1970 

1971. 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

1979 

1 9  80 

1989 

1982 

1983 

1984 

1985 

7.00 7.00 

7.00 7.00 

7.50 7 .50  

8.00 8.00 

8 .00  8.00 

10.50 10.50 

10.70 10.70 

12.00 12.00 

17.50 17.50 

21.75 25.00 

25.50 33.00 

28.00 41.50 

31,50 47.00 

33.75 50.00 

36.50 54.00 

38.50 57.50 

2.56 

2.61 

2.70 

2.96 

3.39 

3.60 

3.74 

3.85 

3.94 

4.21 

4.27 

4.35 

4.40 

4.46 

4 .51  

4.55 

26.00 26.00 

28.70 28.70 

32.00 32.00 

38.50 38.50 

47.80 47.80 

48.75 48.75 

63.00 63.00 

71.00 77.00 

74.00 90.00 

76.00 lOO.00 

79.00 110.00 

83.00 120.00 

84.00 130.00 

89-00  138.00 

93.00 146.00 

97.00 155.00 

78.30 

82.20 

86.30 

90.70 

95.20 

100,oo 

1.0 5.00 

110.20 

1115.70 

121.50 

127.60 

134.00 

140.70 

147 a 70 

155.10 

162.90 

U 
Current  d o l l a r s .  

o p e r a t i n g  t h e  r e a c t o r s .  The m a s s  ba l ance  in fo rma t ion  f o r  (3) and (4) was 

der ived  from d a t a  provided by one of t h e  PWR manufac turers .  
k The o r d i n a t e  i n  F i g .  1 7  i s  t h e  cyc le -p ro ra t ed ,  l e v e l i z e d  f u e l  c o s t ,  

c a l c u l a t e d  by REFCO from ba tch- leve  Lized c o s t s *  us ing  t h e  a n a l y s i s  pro- 

cedure  o u t l i n e d  i n  Appendix A. For t h e  t w o  " s t a i r c a s e "  cu rves  l o c a t e d  

i n  t h e  middle  oE Fig.  1 7  E800 MW(e) BWR and 860 MW(e) PWR], i ndus t ry -  

average pr ice  d a t a  f o r  U308 ,  t aken  from t h e  1976 ERDA survey  of year-by- 

yea r  d e l i v e r y  c o n t r a c t  p r i c e s  ( s e e  Sec t .  3.11, w a s  used  i n  combination 

w i t h  t h e  u t i l i t y  r e f u e l i n g  informat lon .  Appropr ia te  c o r r e c t i o n s  w e r e  

* 
See page 79 f o r  d e f i n i t i o n s .  



made f o r  average  l ead  t i m e s  between o r e  purchase  and t h e  beginning  of 

tilie r e l o a d  c y c l e .  For separ-alrive work, t h e  ERDA year-by-year p r i c e  

schedule  f o r  requi rements  type  c o n t r a c t s  w a s  used. No ne t  charges  were 

a p p l i e d  t o  back-end f u e l  d i s p o s i t i o n ,  i.e., t h e  breakeven s i t u a t i o n  

desc r ibed  i n  Sec t .  5 .1  between r ep rocess ing  c o s t s  and c r e d i t s  f o r  recov- 

e red  inaterials w a s  assumed 

The p a r t i c u l a r  PWR chosen f o r  t h i s  example had exper ienced  a pre-  

mature  d i s c h a r g e  of t h e  i n i t i a l  c o r e  due t o  f u e l  c l a d  f a i l u r e s ,  and t h i s  

i s  r e g i s t e r e d  i n  t h e  c a l c u l a t e d  f u e l  c y c l e  economics by a t y p i c a l l y  h igh  

c-ost: f o r  t h e  i n i t i a l  c y c l e .  For  subsequent  c y c l e s ,  t:he PWR and BWR c o s t  

d i f f e r e n c e s  are r a t h e r  i n s i g n i f i c a n t .  

A deta i l -ed  breakdown of t h e  component r e s u l t s  of f u e l  c o s t  c a l c u l a -  

t i o n s  f o r  t h e  800 MW(e) BWK is  shown i n  Tab1.e 29. The year-by-year com- 

pooent p r i c e  schedu les  assumed t y p i c a l  du r ing  t h i s  t h e  pe r iod  are l i s t e d  

i n  Table  28 under  t h e  headings  l a b e l e d  "LOW" U 3 0 8  and ''Lot."' s e p a r a t i v e  

work p r i c e .  The o n l y  excep t ions  t o  this are  t h e  uranium o r e  p r i c e s  f o r  

1977 and 1978, which w e r e  estimated i n  t h e  1976 ERDA pr i .ce  survey  t o  be  

$10.1.0/lb and $ l 2 . 2 0 / l b  U 3 0 8 ,  r e s p e c t i v e l y .  Table  29 summarizes t h e  

cyc le -p ro ra t ed  I-evel ized energy c o s t s  f o r  the v a r i o u s  f u e l  c y c l e  com- 

ponents .  When a n  average  s p e n t  f u e l  element. s t o r a g e  cha rge  of $12S/kgU 

is  assumed t o  be  r e q u i r e d  f o r  back-end d i s p o s i t i o n  of f u e l  from t h e  reac- 

t o r ,  t h e  cyc le-prora ted  l e v e l i z e d  c o s t s  would be modif ied as i n d i c a t e d  

under t h e  headings  l a b e l e d  "s torage"  i n  Table  29. The a d d i t i o n a l  s t o r a g e  

charge  w i l l  have t h e  e f f e c t  of a l t e r i n g  t h e  c y c l e  c a r r y i n g  cha rges  as 

w e l l  as t h e  to t a l .  c y c l e  l e v e l i z e d  c o s t s .  

A similar t a b u l a r  breakdown of t h e  c y c l e  l e v e l i z e d  c o s t s  f o r  t h e  

860 MW(e) PWR i s  shown i n  Table  30. These c o s t s  were based upon t h e  

component p r i c e  schedu les  d e s c r i b e d  above w i t h  t h e  excep t ion  t h a t  t h e  

c o s t  i n fo rma t ion  f o r  t h e  f i r s t  t h r e e  c y c l e s  w a s  s u p p l i e d  by t h e  u t i l i t y  

o p e r a t i n g  t h e  r e a c t o r  and r e p r e s e n t s  t h e  " a c t u a l  cos t ' '  f o r  t h o s e  c y c l e s .  

The t a b l e  a l s o  shows t h e  e f f e c t s  on the cyc1.e p r o r a t e d  l e v e l i z e d  c o s t s  

due t o  a spen t  f u e l  s t o r a g e  charge  of $125/kgU. 

Deta i l ed  t a b u l a r  breakdowns of t h e  cyc le -p ro ra t ed  l e v e l i z e d  c o s t  

i n fo rma t ion  f o r  t h e  p r o j e c t e d  "high" and "low" v a r i a n t  c a s e s  f o r  a 

1300 MW(e) PWR (1982 s t a r t u p )  are  shown i n  Tab les  31  and 3 2 .  Table 31 



Table 29. Summary of cycle-prorated levelized fuel cycle component costs: 
800 MW(e) BWR (1972-1983 startup) 

[mills/kWhr(e)] 

Operating cycle Carrying charges Total 

Start End Base Storage Base Storage 

Separative a U308 Conversion Fabrication Storage duty a a 

P 
1972.83 1974.97 .502 .072 . 361  .525 ,733 1 .04  ,718 2.51 2.91 

1975.33 1976.33 .470 .073 .401 .500 ,678 1.07 .759 2.56 2.93 

1976.33 1977.33 .515 ,074 .438 .463 .616 1.18 ,874 2.70 3.01 

1977.33 1978.33 .513 .078 .522 .469 .585 1.31 .998 2.93 3.21 

d Base case with an equivalent one-time spent fuel storage charge of $125/kgU. 



Table 30. Summary of cyc le-prora ted  l e v e l i z e d  f u e l  c y c l e  component c o s t s :  
860 W , ( e j  PER (1972-1976 s’caartup)a 

Carry ing  charges  T o t a l  
b 

Operat ing c y c l e  

S t a r t  End d u t y  base Storageb Base Storage  

S e p a r a t i v e  
b 

F a b r i c a t i o n  S t o r a g e  u388 Conversion 

1972.76 1994.50‘ .727 . I22  .811 .750 . 9 8 l  3.39 

4974.80 1975.32@ 

1975.45 1977.04 .416 .065 .786 .473 .657 2.40 

1977.16 1933.9G .556 .083 .945 .478 . 5 Q I  .%93 , 7 5 1  2.9? 3.38 

1978.00 1975.90 .631 .Os7 1.13 .478 .534 1 . 0 5  .go6 3.39 3.78 

Costs  f o r  t h e  f i r s t  t h r e e  c y c l e s  c a l c u l a t e d  u s i n g  u t i l i t y  s u p p l i e d  p r i c e  informat ion .  
a 

bBase case wi th  a n  equ iva len t  one-time s p e n t  f u e l  storage charge  of $125/kgU. 

CTypica?ly h igk  c o s t s  due to  premature f u e l  d i s c h a r g e .  



Table 31. Summary of cyc le -p ro ra t ed  l e v e l i z e d  f u e l  c y c l e  component cos ts :  
l o w  and h igh -va r i an t  f o r e c a s t s  (1982-1985) 

( c u r r e n t  d o l l a r  component cos t s )  

[mi l l s /k l Jh r (e ) ]  

U308 S e p a r a t i v e  du ty  Carrying charge s T o t a l  

Low High Low High Low High Low High 

1 . 9 9  5.50 7.22 

Year Conversion F a b r i c a t i o n  

1982 1 - 9 8  2.77 . 123  1 . 0 1  1.46 .877 1.49  

1983 1.94 2 .76  . 1 1 7  1 .12  1.65 .613 1.74 2.42 5.55 7.56 

1.86 .567 1.97 2.78 6.02 8.43 1984 2.12 3.10 .119 1.23 

1985 2.34 3.48 .121  1.31 2.03 583 2.09 2.99 6.45 9 .21  



TaSle 32. Suimary of cycle-prorated levelized fuel cycle component costs: 

h l o w  and high-variant forecasts (1982-3.985 
[constant dollar (1976) component costs] 

[rnills/kWhr(e)] 

E308 Separative d u t y  Carrying charges Total 
Year Comers ion  Fabrication 

Low High Low High Low High Low High 

1982 1.52 2.12 .093 .758 1.09 ,647 1.13 1.50 4.16 5.46 

1983 1.46 2.06 .086 .818 1.20 .443 I. 29 1.77 4.10 5.58 

1984 1.52 2.22 .OB4 .861 1.30 .389 1.39 1.96 4.26 5.96 

1985 1.58 2.35 .081 .862 1.33 .378 1.38 1.98 4.29 4.14 

An overall inflation rate of 6% was assumed in the calculations. CL 
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shows t h e  r e s u l t s  of t h e  " low" and "high" v a r i a n t  c o s t  c a l c u l a t i o n s ,  i n  

c u r r e n t  d o l l a r s ,  from r e a c t o r  s t a r t u p  through 1985. The impac t  of o r e  

and s e p a r a t i v e  work p r i c e s  on t h e  o v e r a l l  l e v e l i z e d  f u e l  c o s t s  f o r  t h e s e  

y e a r s  is  e v i d e n t .  The two c a s e s  show l e v e l i z e d  f u e l  c y c l e  c o s t s  r i s i n g  

t o  span  t h e  6 t o  9 mills/kWhr r ange  i n  1985. I n  comparison, Table  32 

shows t h e  r e s u l t s  of both  t h e  "low" and "high" v a r i a n t  cases i n  t e r m s  of 

c o n s t a n t  1976 c o l l a r s .  An o v e r a l l  i n f l a t i o n  rate of 6% w a s  assumed i n  

t h e  c a l c u l a t i o n s .  

The o v e r a l l  c o s t  t r e n d  d e p i c t e d  i n  Fig.  1 7  shows l e v e l i z e d  f u e l  

c y c l e  c o s t s  r i s i n g  from t h e  2 1 / 2  t o  3 mills/kWhr level ,  c h a r a c t e r i s t i c  

of r e a c t o r s  o p e r a t i n g  i n  t h e  1974 t o  1976 p e r i o d ,  upward t o  t h e  6 t o  

9 mills/kWhr b r a c k e t  by 1985 ( c u r r e n t  d o l l a r  e s t i m a t e s ) .  The c o n s t a n t  

d o l l a r  ($1976) estimates g e n e r a l l y  show l e v e l i z e d  c o s t s  i n  t h e  4 t o  

6 mills/kWhr range  by 1985. 

t h e  cyc le -p ro ra t ed  l e v e l i z e d  f u e l  c o s t s  w e r e  c a l c u l a t e d  u s i n g  t h e  "break- 

even'' backend assumpt ion ,  and t h a t  t h e  c o s t s  i n c l u d e  bo th  d i r e c t  and 

i n d i r e c t  cha rges .  

is  a p p l i e d ,  cor responding  t o  a one-time s t o r a g e  c o s t  of $125/kgU, t h e  

r e s u l t a n t  cyc le -p ro ra t ed  l e v e l i z e d  c o s t s  g e n e r a l l y  r ange  from 10 t o  15% 

h i g h e r  than  i n  t h e  breakeven cases, as i n d i c a t e d  i n  Tab les  29 and 30. 

Once a g a i n ,  i t  should  be po in ted  o u t  t h a t  

When a n  annual  s p e n t  f u e l  s t o r a g e  cha rge  of $lO/kgU 

6 .  DISCUSSION AND CONCLUSIONS 

I n  t h i s  r e p o r t  each  s t e p  of t h e  n u c l e a r  f u e l  c y c l e  w a s  surveyed and 

u n i t  c o s t s  p r o j e c t e d .  The FPC accoun t ing  procedures  used f o r  t h e  f u e l  

c y c l e  were d i s c u s s e d ,  and methods of c a l c u l a t i n g  n u c l e a r  f u e l  c o s t s  w e r e  

examined. A procedure  used by u t i l i t i e s  t o  account  f o r  backend f u e l  

c y c l e  c o s t s  which a s s i g n s  a ze ro  n e t  s a l v a g e  v a l u e  t o  d i scha rged  f u e l  

and which conforms t o  FPC accoun t ing  procedures  w a s  d e s c r i b e d .  The 

r e s u l t  of t h e  a n a l y t i c a l  p o r t i o n s  of t h i s  r e p o r t  is  a p r o j e c t i o n  of 

n u c l e a r  f u e l  c o s t s  through 1985. Th i s  p r o j e c t i o n  g i v e s  a f u e l  c o s t  

(1976 d o l l a r s )  of from 4 t o  6 mills/kWhr. 

The i n t e n t i o n  of t h i s  r e p o r t  w a s  t o  p rov ide  a cohe ren t  view of t h e  

d i v e r s e  changes now a f f e c t i n g  n u c l e a r  f u e l  c y c l e  economics, u s i n g  t h e  

theme of " t y p i c a l "  u t i l i t y  f u e l  c o s t  expe r i ence  over  t h e  1970 t o  1985 



t i m e  frame. I n  c o n t r a s t  tc : ,  an  approach s t r i c t l y  o r i e n t e d  toward con- 

s t r u c t i n g  a normative model of fuel .  c y c l e  economics, a mixed d e s c r i p t i v e  

and ana l .y t ica1  approach w a s  used h e r e  t o  survey  and p r o j e c t  c o s t s  f o r  

each s t e p  i n  t h e  n u c l e a r  f u e l  cyc le .  This  approach should provide  some 

measure of t h e  d i v e r s i t y  of f a c t o r s  impact ing on f u e l  c y c l e  c o s t s  and 

t h e r e f o r e  g i v e  a p e r s p e c t i v e  f o r  e v a l u a t i n g  f u e l  cyc1.e d e c i s i o n s .  It 

should  a l s o  g i v e  enough in fo rma t ion  t o  provide  a b a s i s  for r e v i s i n g  

n u c l e a r  f u e l  c o s t  p r o j e c t i o n s  as new in fo rma t ion  o r  da t a  becomes a v a i l -  

ab l e .  

There are a t  p r e s e n t  many u n c e r t a i n t i e s  concerning t h e  f u t u r e  of 

n u c l e a r  power and t h e  f u e l  c y c l e  c o s t .  Some of t h e s e  u n c e r t a i n t i e s  have 

been d i s c u s s e d  h e r e i n  and i n c l u d e  uranium o r e  a v a i l a b i l i t y  and p r i c e ;  

s e p a r a t i v e  work technology and whether expansion will occur  i n  t h e  p r i v a t e  

o r  p u b l i c  s e c t o r ;  and whether r e p r o c e s s i n g  and plutonium r e c y c l e  w i l l  be  

a l lowed o r  if s o ,  i f  i.t i s  economical ly  j u s t i f i a b l e .  Some of t h e s e  

u n c e r t a i n t i e s  may be  r e so lved  i n  t h e  nea r  f u t u r e .  The economic:. j u s t i f i -  

c a t i o n  f o r  r e p r o c e s s i n g  w i l l  depend upon t h e  c o s t  of p rov id ing  an  equiva- 

l e n t  q u a n t i t y  of U235 enr i ched  f u e l  wri.thout r ep rocess ing ,  

a t t e n t i o n  h a s  been devoted i n  t h i s  s tudy  t o  a survey  of  c u r r e n t  and pro- 

j e c t e d  U3O8 p r i c e s  and s e p a r a t i v e  work c o s t s ,  t h e  p r i n c i p a l  charges  d e t e r -  

mining t h e  c o s t  of U 2 3 s  en r i ched  f u e l .  

Cons iderable  

Models of n u c l e a r  f u e l  c y c l e  economics p e r t a i n i n g  t o  a longe r  range  

t i m e  frame ~ i ~ s t ,  of n e c e s s i t y ,  be of a more normative c h a r a c t e r ,  i . e . ,  

they must: assume c e r t a i n  "s tandard" e lements  o r  r e l a t i o n s h i p s  apply  i n  

comparisons,  and they  must be cont in .gent  on no major unaccounted-for 

developments o r  hidden parameters  i n f l u e n c i n g  t h e i r  v a l i d i t y .  The m a t e -  

r i a l  d e s c r i b e d  h e r e  i s  roo ted  i n  p o s i t i v e  commercial. expe r i ences  w i t h i n  

t h e  n u c l e a r  i n d u s t r y  and should  provide  u s e f u l  background i n  normal iz ing  

such c o s t  models and p r o j e c t i o n s .  
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Appendix A 

ANALYTICAL BASIS FOR TIME-DEPENDENT 
NUCLEAR FUEL COST EVALUATIONS 

1. Discounted Cash Flow Analys i s  f o r  a Fuel  Batch 

To p r o p e r l y  assess t h e  impact of n u c l e a r  f u e l  p r i c e  e s c a l a t i o n s  on 

u t i l i t y  f u e l  c o s t  expe r i ence  over  t h e  n e x t  several y e a r s ,  i t  i s  necessa ry  

t o  unders tand  t h e  q u a n t i t a t i v e  a n a l y t i c a l  b a s i s  f o r  time-dependent c o s t  

a l l o c a t i o n s .  The purpose of t h i s  Appendix is  t o  p rov ide  a c a p s u l e  de- 

s c r i p t i o n  of t h i s  b a s i s .  Th i s  i s  done by app ly ing  a g e n e r a l  t h e o r e t i c a l  

model f o r  time-dependent f i n a n c i a l  t r a n s a c t i o n s  w i t h i n  t h e  u t i l i t y ,  viewed 

as a r e g u l a t e d  b u s i n e s s  e n t e r p r i s e .  The g e n e r a l  model is  used t o  deve lop  

t h e  d i scoun ted  cash  f low formulas  f o r  n u c l e a r  f u e l  c y c l e  c o s t s .  The 

D.C.F. method i s  wide ly  used f o r  purposes of n u c l e a r  f u e l  b i d  e v a l u a t i o n s  

and is c l o s e l y  r e l a t e d  t o  t h e  a c t u a l  u t i l i t y  c o s t  accoun t ing  procedures  

involved  i n  p r e p a r i n g  income and ba lance  s h e e t  s t a t e m e n t s ,  a l t hough  i t  

d i f f e r s  i n  c e r t a i n  respects from t h e s e  l a t te r  procedures .  The b a s i c  

d i f f e r e n c e ,  as i n d i c a t e d  i n  Sec t .  4 of t h i s  r e p o r t ,  i s  t h a t  t h e  D.C.F.  

method e n t e r s  cash  r e c e i p t s  and e x p e n d i t u r e s  acco rd ing  t o  t h e  a c t u a l  

t i m e  t h e y  are h c u r r e d ,  whereas c o s t  accoun t ing  p r a c t i c e s  g e n e r a l l y  d i s -  

p e r s e  inves tment  c o s t s  th rough t i m e  acco rd ing  t o  c e r t a i n  schedu les  for 

d e p r e c i a t i o n  o r  a m o r t i z a t i o n .  

e x h i b i t  t h e  i n t e r r e l a t i o n  between t h e  c o s t  accoun t ing  procedures .  IJhi le  

t h e  d i scoun ted  c a s h  f low fo rmula t ion  may a t  f i r s t  appear  more complex, 

t h e  method p rov ides  a p r e c i s e l y  d e f i n e d  r e f e r e n c e  f o r  r e l a t i n g  o t h e r  

p rocedures  a p p l i c a b l e  t o  f u e l  c o s t  c a l c u l a t i o n s ,  i n c l u d i n g  approximate 

methods. 

* 

The method of d e r i v a t i o n  used h e r e  h e l p s  

I n  t h e  model cons ide red ,  there is  a f l o w  of "capital." and "cu r ren t "  

monetary r e s o u r c e s  i n t o  and o u t  of t h e  e n t e r p r i s e ,  p r e c i s e l y  a5 t h e  term 

"cash flow" i m p l i e s .  Thus, r e f e r r i n g  t o  t h e  g r a p h i c a l  r e p r e s e n t a t i o n  i n  

F i g . A . 1 , t h e s e  two " p a r a l l e l "  f lows of money are l i n k e d  t o g e t h e r  i n  terms 

* 
The d e r i v a t i o n  i n  t h i s  Appendix f o l l o w s  t h e  t h e o r e t i c a l  development 

and n o t a t i o n  used i n  Ref. 6 4 .  
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ORNL-DWG 77-  2959 

R ( t )  - REVENUES E ( t )  = EXPENSES 

A( t )  = PRE-TAX EARNINGS 

I ( t )  = INTEREST 

T( t )  = TAXES BOOK DEPRECIATION 

D ( t )  = DIVIDENDS 

K, ( t )  = INSlOE CAPITAL INCREASE 
( R ETA1 N ED EARN I NGS) 

K o ( t )  = OUTSIDE C( t )  = CAPITALIZED 
CAPITAL INCREASE EXPENDITURES 

( e .g .  NEW CONSTRUCTION) 

F i g .  A . l .  Model of  u t i l i t y  cash f lows .  
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of the rate of book depreciation or amortization of the capital asset 

(in this case, nuclear fuel investments). In the first part of this 

description, we will consider the fuel batch as the basic "unit1' for 

allocating fuel costs and show later how cycle or annual costs relate to 

these batch costs. 

* 

The production of energy and receipt of revenue from any given fuel 

batch will generally occur over a time interval spanning several account- 

ing periods. Therefore, the accounting process must properly allocate 

this revenue to write down all capital investments in the fuel batch, 

pay all current expenses (i.e., expenses in any period considered to be 

recovered by revenue received during the same accounting period) ,' and 
pay interest on debt, return on equity (dividends plus retained earnings) 

and taxes . 
Two categories of capital input to the utility are distinguished in 

the model indicated in F i g .  A . l .  The first, designated by K (t), is the 

net capital accumulated from outside sources through sale of stocks and 

bonds. (The capital flow, KO, in Fig. A . 1  is the time derivative of this 

quantity.) The second, designated by K represents net capital acquired I' 
from "inside" sources, i.e., through retained earnings. The total capital 

account level at time, t, is K(t) = Ko(t) -t KI(t). 

0 

In Fig. A.1 ,  the monetary flows are defined to be positive in the 

sense of the arrows. Within a real utility accounting situation, a num- 

ber of fuel batch investments would be managed simultaneously, and the 

depreciation component of the revenue stream would generally be applied 

toward capital expenditures for replacement fuel batches. Thus, the net 

investment level, K(t), would remain roughly constant, i.e., the corres- 

ponding balance sheet account levels would generally fluctuate about some 

average level (which will gradually increase over time if there are fuel 

price escalations). It is appropriate to refer to these components as 

* 
A fuel batch is defined here as a set of fuel elements with a speci- 

fied initial composition, which are inserted into the reactor on a given 
date and removed as a group on a later date. 
ment" have also been applied in this context. 

'The current expense term can be equated to zero in applying this 
cash flow model to nuclear fuel cycle cost analysis. However, it is 
retained in the present derivation. 

The term "region" and "seg- 
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"working c a p i t a l . "  However, when fo l lowing  t h e  revenue and c o s t  a l l o c a -  

t i o n s  f o r  e ~ i e r g y  genera ted  from a s p e c i f i c  f u e l  ba t ch ,  i t  i s  concep tua l ly  

u s e f u l  t o  view t h e  cap i t a l .  f low from o u t s i d e  sou rces ,  io, as a l g e b r a i c a l l y  

n e g a t i v e  du r ing  energy p roduc t ion ,  i . e . ,  t o  a l l o c a t e  D t o  a f i c t i t i o u s  

" r e t i r emen t t t  of s i o c k  and bond indebtedness  over  t h e  economic l i f e  of 

t h a t  f u e l  ba t ch .  

K 

I n  o r d e r  n o t  t o  obscure  t h e  purposes  in tended  by t h i s  d i s c u s s i o n ,  

we w i l l  i n c l u d e  on ly  f e d e r a l  income t a x e s  i n  t h e  cash  f low formulas ,  

noting a t  t h e  o u t s e t  t h a t  i n c l u s i o n  of s t a t e  and loca7 t a x e s  P-cquires 

r e l a t i v e l y  minor m o d i f i c a t i o n s  of t h e s e  formulas .  Also,  because f e d e r a l  

income t a x  r u l e s  a l l o w  use  of d e p r e c i a t i o n  schedu les  which d i f f e r  from 

t h e  "book" d e p r e c i a t i o n  ra te ,  t h e  d e p r e c i a t i o n  schedule  f o r  t a x  purposes  

w i l l  be  denotcd by D, (t). r 
With t h e s e  p r e l i m i n a r i e s ,  w e  can sum t h e  c a s h  f lows  around each 

node i n  Fig.  A . 1  t o  o b t a i n  t h e  fo l lowing  r e l a t i o n s :  

B 
R = E + A + U 

10 t h e s e  equa t ions ,  T i s  t h e  f e d e r a l  income tax r a t e ,  and a l l  o t h e r  quan- 

t i t i e s  are de f ined  i n  F ig .  A . 1 .  The revenue,  R,  must be s u f f i c i e n t  t o  

cover  a l l  c o s t s  i n c l u d i n g  c u r r e n t  expenses ,  t a x e s ,  i n t e r e s t ,  and r e t u r n  

on e q u i t y .  1:n t h e  particul.ar f i n a n c i a l  model used h e r e ,  i t  i s  assumed 

t h a t  a s p e c i f i e d  f r a c t i o n ,  b ,  of t h e  t o t a l  c a p i t a l  ob l i -ga t ion  a t  time, t ,  

i s  i n  t h e  form of bond h d e b t e d n e s s ,  tal-culated a t  n cont inuous  i n t e r e s t  

ra te ,  i. The remaining f r a c t i o n ,  ( 1  - b ) ,  is  assumed t o  r e p r e s e n t  a mix 

of common and p r e f e r r e d  s t o c k  e q u i t y ,  which has an average  r a t e -o f -  

r e t u r n ,  r. T h i s  ra te  may be de f ined  by s e t t i n g  t h e  a f t e r - t a x  enrni.ngs, 

g iven  by E q .  ( I t ) ,  equa l  t o  r ( l  ---- b ) K ( t ) ,  whi.le t h e  i n t e r e s t  term, I:, i s  

set  equa l  t o  ibK. Thus, Eqs .  ( l ) ,  (31, and ( 4 )  may be  combined as 

fo l lows  : 
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R = E + D + ( A -  I - T )  + 14- T 
B 

= E i- D + ibK + - r (R - E - DT - ibK) + r ( l  - b)K . 
B 

Solv ing  f o r  R gives t h e  revenue stream r e q u i r e d  t o  r ecove r  all d i r e c t  

c o s t s ,  f i n a n c i n g  cha rges ,  and t a x e s ,  

A 

E + D -k i K -  T ( E  + DT) 
--__ B 

R =  Y 

1 - T  

where, 

A 

i f b ( l  - . r ) i  + (1. - b ) r  . 
The revenue,  R ( t ) ,  which by d e f i n i t i o n  i s  t h e  product  of the u n i t  

energy  c o s t  and t h e  g e n e r a t i o n  rate, Q ( t ) ,  t h e r e f o r e  depends i m p l i c i t l y  

on t h e  t i m e  v a r i a t i o n  of t h e  cap i ta l  account  level ,  K ( t ) .  Th i s  i m p l i c i t  

dependence can  be e l i m i n a t e d  by combining E q .  (6) w i t h  t h e  i n t e g r a t e d  

form of t h e  cap i ta l  f low e q u a t i o n  ( 2 ) .  I n  p a r t i c u l a r ,  w e  wish t o  d e t e r -  

mine t h e  e x p l i c i t  form of K( t )  which w i l l  " l e v e l i z e "  t h e  price of energy 

over  a l l  e x p e n d i t u r e s  r e q u i r e d  € o r  any g iven  b a t c h  ( o r  combination of 

b a t c h e s ) .  

Before comple t ing  t h i s  d e r i v a t i o n ,  one cavea t  needs  t o  be  cons ide red ,  

r e l a t i n g  t o  t h e  f a c t  t h a t  u t i l i t y  p r a c t i c e  i n  n u c l e a r  f u e l  c o s t  accoun t ing  

allows f i n a n c i n g  cha rges  i n  payments made p r i o r  t o  i r r a d i a t i o n  t o  be  

t r e a t e d  as " i n t e r e s t  d u r i n g  c o n s t r u c t i o n . "  Within t h e  framework of t h e  

p r e s e n t  model, t h i s  procedure  may be r a t i o n a l i z e d  by n o t i n g  from Eqs. 

(1) through ( 4 )  t h a t ,  p r i o r  t o  g e n e r a t i o n  of energy  and r e c e i p t  of reve- 

nue from f u e l  u s e s ,  t h e r e  are no n e t  p re - t ax  e a r n i n g s ,  t h e  book depre- 

c i a t i o n  r a t e ,  DB, i s  ze ro ,  and no t a x  d i spe r semen t s  occur .  

f i n a n c i n g  cha rges  are i n  t h e  form of i n t e r e s t  payments on d e b t  c a l c u l a t e d  

a t  t h e  ra te ,  i* (which may d i f f e r  from i), then  t h e  a p p l i c a b l e  form of 

~ q .  (2) is,? 

Then, i f  all 

+Note t h a t  k must be  set e q u a l  t o  ze ro  i n  app ly ing  t h e  cash flow 
model. t o  t h i s  s i t u a t i o n  i n  o r d e r  t o  p reven t  o u t s i d e  s o u r c e s  of c a p i t a l  
from be ing  " d i s i n v e s t e d "  i n t o  c u r r e n t  i n t e r e s t  payments. 

I 
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ic=i = I f C ,  
0 

= i "K f c . 

I f  t is defined to be the. time of insertion of the fuel batch into the 

reactor and t is the lead interval during which pre-irradiation payments 

are made, then the integrated form of E q .  (8) is, 

0 

L 

t -- tL 
0 

where C ( t >  is the actual schedule of pre-irradiation expenditures f o r  

the fuel batch in question. The interest payments are thus capitalized 

to obtain the total investment level at start-of-irradiation. 

For the in-core and post-irradiation stages of the fuel cycle, n 

-it Eq. (2) may be applied directly. Multiplying the equation by e and 

integrating from t to a variable time point, t gives; 
0 1' 

n 

-it 
- K ( t o ) e  iK(t)dt , 1 

--it 

1 t 1 t 

- e DB(t)dt -I- 

where the first step follows from integration by parts. Solving E q .  (6) 

for iK and substituting the result in Eq. (10) gives, 
n 
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1 t 

1 
t 

Equation (11) is a fo rmula t ion  of t h e  d i scoun ted  cash  flow c o n d i t i o n  

-it 
r e l a t i n g  t h e  t i m e  s chedu le  of c a p i t a l  e z p e n d i t u r e s  t o  t h e  revenue r e q u i r e d  

t o  r ecove r  t h e s e  c o s t s .  The f a c t o r ,  e 

f o r  t h e  cont inuous  d i s c o u n t i n g  model. 

t h e  d e f i n i t i o n  g e n e r a l l y  found i n  eng inee r ing  economics textbooks,  wherein 
cash  f low i s  d e f i n e d  as t h e  sum of book d e p r e c i a t i o n ,  DB , and the q u a n t i t y  

R -  E - D B - T ( R  - E - DT), t h e  a f t e r - t a x  r e t u r n  on t o t a l  investment: 

( i n c l u d i n g  bond i n d e n t u r e ) .  

t h i s  e x p r e s s i o n ,  so t h a t  t h e r e  i s  no need t o  e x p l i c i t l y  c a l c u l a t e  depre- 

c i a t i o n  o r  a m o r t i z a t i o n ,  excep t  f o r  t a x  purposes .  

, i s  t h e  p r e s e n t  worth f a c t o r  

Note t h a t  t h i s  f o r m u l a t i o n  f o l l o w s  

A l s o ,  n o t e  t h a t  D B fo rma l ly  c a n c e l s  from 

Upon s u b s t i t u t i n g  R = b Q ( t )  i n t o  Eq. ( l l ) ,  where ? b i s  d e f i n e d  as 

t h e  l e v e l i z e d  u n i t  c o s t  f o r  t h e  f u e l  b a t c h ,  w e  can s o l v e  f o r  
b;  

1 
t 

,. 
-it 

U t o )  e - K ( t l ) e  + \ f i t C ( t ) d t  + [ E  - T ( E  f DT)]dt  . 

This  e x p r e s s i o n  relates t h e  l e v e l i z e d  u n i t  c o s t  t o  t h e  schedu le  of 

e x p e n d i t u r e s ,  t a x  c r e d i t s ,  and t h e  remaining inves tmen t ,  K(tl). The 
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particular levelized cost of interest is that which reduces K(t ) to 

zero at t h e  end of (:he economic 1.j.fetinw of tho fuel. batch. In view of 

the significance of post-irradiation expenditures for any batch, it is 

necessary to make this "economic lifetime" concept more precise. 

1 

A s  written, Eq.  (12) i.s a general expression whi.ch applies to any 

schedule of payri1t:irt.s o r  credits ~ whether made prior t o  i-rradiation, in- 

core, o r  i n  the post-irradiation period. The levelized fuel costs may 

thus be determined on a component by component basis ( e , g . ,  U308 proeure- 

men%, enrichment, . . . , reprocessing, eti:.) . I n  the case of front-end 

(pre-irradiation) components, the magnitude of the costs are governed by 

the capitalized account levels at start-of-irradiation, K(to). 

pret the levelized cost components associated with back-end (post- 

icradiation) payments, it i.s instructive to break the calculation into 

two stages,  showing the relationship between the accumulation of revenue, 

changes in capital account levd.s, and expt+tndi.tures. 

To inter- 

Assume that post-irradiaL ion payments  are  made over a !:i.me interval, 

t fol.1owing removal. of the h a t c h  from the reactor. Let t be the time 

that the fuel batch resides in-core. Since the post-irradiation payiaents 

must be covered by revenue received from pr:i.or sa le  o f  the batch energy, 

the capital account level for these compoi i en tx  builds up in a negative 

manner, starting at K ( t  ) = 0. T h a t  is, within the logic of this cash 

flow model, this is equivalent to cash on hand which could temporarily 

displace capital from outside sou~ces needed L o  cover expenditures f o r  

o t l i e ~ r  fuel batches. I n  this model, we assume that the effective rate-of- 

return on this displaced investment is also i. This retnrn is therefore 

also equivalent to a d i sp l . acemmt  of f inanc iug  charges, relative to the 

overall fuel investment. E q u a t i o n  (11) may then be applied to calculate 

the capital. account ].eve1 during the batch irradiation period, 

t i t  < t  f t :  

!L ' b 

0 

h 

o - 1. - o b '  

,. 
0 
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since the payment schedu le ,  C(t) , is assumed to be ze ro  in this interval. 
F o r  the post-irradiation iuterval (t f tb 2 t < t 3. t + t& R is 

0 1-  o b 
z e r o  since no additional revenue is received from energy produced by 

t h i s  fuel. batch. A t  the end of the payment period, the expenditures, 

C(t>, must r educe  the capital account level t o  zero .  A similar application 

of E:q. (11) to this interval then gives, 

t + t  f t E  
o b  

--it 
e C(t>dt - 

to + tb + tk  

n 

-it 
e [ E  - r ( E  + D p t  , 

where we have set K ( t  + t 
On setting t 

the (13) and ( 1 4 ) ,  we obtain f o r  all post-irradiation payments; 

3. tR) = 0. 
o b  

= to + tb in Eq.  (13) and eliminating K(t + t ) between 1 0 b 

* 
-it e C(t)dt f 

t 4- tb 
0 

t 
0 

t + tb + tR 
0 
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R t 4- tb f tR to -f- tb -1- t 
0 

I h 

Note t h a t  t h i s  result i s  t h e  same as t h a t  of app ly ing  Eq. (11) direct1.y 

t o  t h e  e n t i r e  i n t e r v a l . ,  i n c l u d i n g  t-he p o s t - i r r a d i a t i o n  payment pe r iod .  

This  demons t r a t e s  r i g o r o u s l y  t h a t  p o s t - i r r a d i a t i o n  payments can be  d i s -  

counted back t o  t h e  t i m e  of b a t c h  removal from t h e  r e a c t o r ,  and t h i s  

d i scoun ted  v a l u e  t h e n  used t o  c a l c u l a t e  t h e  l e v e l i z e d  f u e l  c o s t .  

For t h e  s p e c i a l  case of a un.:i.€orm ra te  of e x p e n d i t u r e  d u r i n g  t h e  

p r e -  and p o s t - i r r a d i a t i o n  p e r i o d s ,  a schematic  r e p r e s e n t a t i o n  of t h e  

b u i l d u p  and write-down o f  t h e  a p p r o p r i a t e  c a p i t a l  account  l eve ls  i s  

shown i n  F ig .  A . 2 ,  I f  c r e d i t s  are r e c e i v e d  f o r  materials recovered i n  

r e p r o c e s s i n g ,  t h e s e  c r e d i t s  a l s o  need t o  be a l l o c a t e d  t o  the revenue 

producing pe r iod .  Equat ions (13 )  t o  (15) can be a p p l i e d  by i n t e r p r e t i n g  

c r e d i t s  as n e g a t i v e  e x p e n d i t u r e s .  I n  t h i s  case, t h e  c r e d i t  component i s  

e q u i v a l e n t  t o  a displacement  of revenue r equ i r emen t s ,  and the correspontl- 

i n g  t h e o r e t i c a l  c a p i t a l  account  bu i ldup  wou1.d he p o s i t i v e  a t  Lhe i n t e r -  

medi.ate t i m e ,  5% 
Except f o r  t h e  f a c t  t h a t  a cont inuous d i s c o u n t i n g  model w a s  used,  

t h e  formulas  deri-ved above are  e q u i v a l e n t  t o  t h e  l e v e l i z e d  c o s t  e q u a t i o n s  

devel.oped and a p p l i e d  i n  a number o f  computer programs f o r  f u e l  c o s t  

a n a l y s i s .  (The REFCO program a p p l i e d  i n  t h i s  s t u d y  u s e s  con t inuous  d i s -  

c o u n t i n g . )  I n  t h e  d i s c r e e t  model, t h e  r e c e i p t  of revenue i s  u s u a l l y  

al.l.ocated t o  the end (3-E each  accoun t ing  i n t e rva l ,  c a s h  payments are  

assumed ti, occur  a t  t h e  s tar t  of  a n  i n t e r v a l ,  and d i s c r e e t  in terest  com- 

pounding i s  used,  e q u i v a l e n t  t o  e x p r e s s i n g  t h e  cap i ta l  fl.ow Eq. ( 2 )  as a 

f i n i t e  d i f f e r e n c e  equa t ion .  The d e r i v a t i o n  i n  Ref. 64 a l s o  t a k e s  account: 

of s t a t e  and l o c a l  taxes and ih su rance ;  however, no b a s i c  concep t s  are  

r e q u i r e d  o t h e r  than t h o s e  d i s c u s s e d  above I 
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Fig. A.2. Schematic representation of account level changes in 
discounted cash flow analysis. 
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2 ,  R e l a t i o n  Between Batch and Cycle-Levelized Cos ts  
.._.._........._..I__-. 

The d i scoun ted  cash  f low formulas  g iven  i n  t h e  preceding  s e c t i o n  may 

be  a p p l i e d  t o  a s i n g l e  f u e l  ba t ch  o r  t o  a s p e c i f i c  sequence o f  f u e l  

ba t ches .  In t h e  l a t t e r  case, t h e  r e s u l t  i s  a cumula t ive  l e v e l i z e d  c o s t  

app ly ing  t o  t h e  t o t a l  energy produced from t h e  sequence. The main r e q u i r e -  

ment i n  app ly ing  t h e  prev ious  formulas  i s  t o  u t i l i z e  d i s c o u n t  f a c t o r s  

a p p r o p r i a t e  t o  a s i .ngle  t i m e  scale; t h a t  i s ,  €or a l l  b a t c h e s  beyond t h e  

f i r s t  of t h e  sequence, d i scoun t  f a c t o r s  f o r  a11 payments, c r e d i t s ,  energy 

product ion ,  and revenue r e c e i p t  must be expressed  r e l a t i v e  t o  a s i n g l e  

o r i g i n  of t i m e .  It i s  then  q u i t e  easy  t o  demonst ra te  t h a t  E q .  ( 1 2 )  can  

be a p p l i e d  r e c u r s i v e l y ,  i . e . ,  t h e  cumula t ive  l e v e l i z e d  c o s t  f o r  a sequence 

of n + 1 b a t c h e s  can be c a l c u l a t e d  from t h e  cumula t ive  l e v e l i z e d  c o s t  f o r  

t h e  n-batch sequence and t h e  l e v e l i z e d  c o s t  f o r  ba t ch  n -C 1. Thi s  pro- 

cedure  i s  inco rpora t ed  i n t o  t h e  REFCO program, a p p l i e d  f o r  t h i s  s tudy .  

Equat ions  (11) and (12) can a l s o  b e  used t o  c a l c u l a t e  a cyc le-  

l e v e l i z e d  c o s t ,  by p r o p e r l y  a t tendi .ng  t o  t h e  t i m e  sequences of l oad ings  

and d i s c h a r g e s  f o r  each ba tch  p r e s e n t  du r ing  t h a t  cyc le .  To i l l u s t r a t e ,  

assume t h a t  a l l  ba t ches  are loaded i n  tandem and remain i n  t h e  r e a c t o r  

f o r  n r e l o a d  c y c l e s .  Suppose, fur thermore ,  t h a t  t h e  r e f u e l i n g  c y c l e s  

are of uniform l e n g t h ,  t 

l e v e l i z e d  c o s t ,  P f o r  t h e  j ( t h )  r e l o a d  c y c l e ,  we must s l i m  t h e  d i s -  

counted revenue streams ob ta ined  f o r  each b a t c h  i r r a d i a t e d  i n  t h e  c y c l e  

and d i v i d e  by t h e  sum of t h e  d iscounted  ba tch  e n e r g i e s  produced i n  t h a t  

c y c l e ,  

( t b  = n t c ) .  By d e f i n i t i o n ,  t o  c a l c u l a t e  a 
C - 

c j  ’ 

t - t t  
j C 

a 
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k’ 
where is  t h e  ba t ch - l eve l i zed  c o s t  f o r  t h e  b a t c h  i n s e r t e d  a t  t = t 

Q,,(t) i s  t h e  energy g e n e r a t i o n  rate from t h a t  ba t ch ,  and kzj  i n d i c a t e s  

t h a t  t h e  s u m  i s  t aken  over  a l l  ba tches  k p r e s e n t  du r ing  c y c l e  j .  (Note 

t h a t ,  i f  energy g e n e r a t i o n  rates f o r  a l l  ba t ches  remain c o n s t a n t  du r ing  

t h e  c y c l e ,  t h e  d i scoun t  f a c t o r  may be omi t ted  from t h i s  c a l c u l a t i o n . )  

bk 

For t h e  b a t c h  i n s e r t e d  a t  t = t t h e  ba t ch - l eve l i zed  c o s t  i s  d e t e r -  
k’ 

mined by Eq. ( 1 2 ) ;  

R 
t + n t c  -t t 
k 

K e  k 
-it 

e [Ck 4- Ek - T ( E ~  + DTk)]dt 

where, e .g . ,  \ is  t h e  c a p i t a l i z e d  investment  f o r  t h a t  ba t ch  a t  t h e  start  

of i r r a d i a t i o n  and o t h e r  q u a n t i t i e s  are de f ined  acco rd ing ly .  I n  E q .  (16)  

t h e  sum over  k c j  w i l l  be  t aken  over  ba t ches  f o r  which t = t t -- t 
k j’ j C Y  . . ., t j  - (n - l ) t c ,  o r  i n  g e n e r a l  t = t - m t  where m = 0 ,  

t j  - 2 t c ,  k j  C’ 

1, 2, . . ., n - 1 .  

I n  a d d i t i o n  t o  a l e v e l i z e d  c o s t  f o r  each r e l o a d  c y c l e ,  t h e  above 

a n a l y s i s  may a l s o  be  extended t o  c a l c u l a t e  a cumula t ive  l e v e l i z e d  c o s t  

f o r  any sequence of r e l o a d  c y c l e s .  S i m i l a r  t o  b a t c h  sequences,  t h i s  can 

a l s o  be  performed i n  a r e c u r s i v e  manner. Although e x p l i c i t  d e r i v a t i o n  

w i l l  be  omi t ted  h e r e ,  t h i s  c a l c u l a t i o n  h a s  a l s o  been inco rpora t ed  i n t o  

t h e  REFCO program. 
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Appendix B 

SURVEY OF NUCLEAR FUEL CYCLE COST CODES 

During the course of our study, we investigated the principal fea- 

cures of several nuclear fuel cycle cost analysis codes that were devel- 

oped and are being used by various installations within the nuclear 

industry. 

brief descriptions of the fundamental logic and calculational methods 

used in three of these codes, CIWCAS, FUELCOST-IV, and PACTOLUS, are 

presented in this Appendix. 5 5  3 54  9 57 

analysis programs are available, these three codes, along with the 

description of the REFCO program (outlined in Sect. 4 and described in 

greater detail in Appendix A ) ,  provide a good overall survey of fuel cost 

programs currently being used within the nuclear industry. 

To provide some perspective for evaluating the REFCO program, 

Although numerous other fuel cost 

1. CINCAS 

CINCAS is a nuclear fuel cycle cost code which may be used for 

either engineering economy predictions of fuel cycle costs or for 

accounting-forecasting of such costs. The code was developed through 

cooperation of representatives of the Commonwealth Edison Company, Iowa- 

Illinois Gas and Electric Company, Northern States Power Company, Con- 

sumers Power Company, Arthur Anderson and Company, and Sargent and Lundy, 

Engineers. CLNCAS may be used to calculate: (1) dollar costs and mass 

inventory on a batch and case basis, (2) variable monthly batch heat pro- 
duction rates and plant efficiencies, ( 3 )  present-worthed or straight 

cash flows over a specified time interval, ( 4 )  types and amounts of 

uranium progress payments, (5) fuel material cost allocation either on 

an actual value o r  straight line unit of production basis, and (6) escala- 

tion of fabrication progress payments due t o  labor and material price 

increases, and a number of other user specified calculations. 

CINCAS calculates fuel costs for each month of a period, specified 

by the user, which usually begins with the arrival of a fuel batch at 

t h e  reactor site and ends with the withdrawal of the batch from the 
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r e a c t o r .  P r e - i r r a d i a t i o n  c o s t s  i n c u r r e d  as uranium and f a b r i c a t i o n  

p rogres s  payments f o r  t h e  b a t c h  are t . r ea t ed  as i n t e r e s t  du r ing  cons t ruc -  

t i o n  and are  a s s igned  t o  beginning  inven.tory v a l u e s ,  w h i l e  pos t -  

i r r a d i a t i o n  expense i s  a l l o c a t e d  t o  t h e  i r r a d i a t i o n  pe r iod  i n  accordance 

wi th  t h e  burnup exper ienced  disring each month of t h e  i r r a d i a t i o n  pe r iod .  

A l l  c o s t s  i ncu r red  by t h e  ba t ch  are assi-gned t o  one or  more c o s t  cate- 

g o r i e s  o r  accounts .  CIWCAS has  s i x  d i r e c t  or expense c o s t  c a t e g o r i e s ,  

namely, uranium, pluton.i.um c r e d i t ,  f a b r i c a t i o n ,  sh ipp ing  r e p r o c e s s t a g ,  

and r econve r s ion ,  and f o u r  inven to ry  c o s t  c a t e g o r i e s ,  uranium, plutonium, 

f a b r i c a t i o n ,  and p o s t - i r r a d i a t i o n .  The d i r e c t  c o s t s  are a l l o c a t e d  t o  

each month i n  p r o p o r t i o n  t o  t h e  f i s s i o n  h e a t  produced du r ing  t h e  month. 

The inven to ry  c o s t s  are ob ta ined  by app ly ing  an  a p p r o p r i a t e  i n t e r e s t  rate 

t o  t h e  average  monthly inven to ry  val.ue. 

The d i r e c t  and inven to ry  c o s t s  a s s o c i a t e d  w i t h  t h e  enr iched  uranium 

and plutonium i n  t h e  f u e l  are c a l c u l a t e d  us ing  one of two methods: (1.) t h e  

a c t u a l  v a l u e  method, o r  ( 2 )  the s t r a i g h t  l i n e  u n i t  of product ion  method. 

I n  t h e  f i r s t  case, t h e  a c t u a l  v a l u e  method, t h e  v a l u e  o f  t h e  uranium i s  

t aken  as t h e  v a l u e  of t h e  a c t u a l  amount of uranium e x i s t i n g  i n  t h e  ba t ch ,  

as determined by t h e  market p r i c e  of v i r g i n  (nonrecycled)  uranium of t h e  

same enrichment .  The v a l u e  of plutonium i n  t h e  ba t ch  i s  taken  as t h e  

va lue  of t h e  a c t u a l  amount of  plutonium a t  t h e  s e l l i n g  p r i c e  expected 

when t h e  pl.utonium i s  f i n a l l y  recovered.  For t h e  s t r a i g h t  l i n e  method, 

t h e  t o t a l  change i n  v a l u e  of t h e  uranium and of t h e  plutonium is  t aken  

t o  be t h e  d i f f e r e n c e  between t h e  v a l u e s  a t  s t a r t u p  and d i s c h a r g e ,  A 

f r a c t i o n  of t h i s  change i s  a l l o c a t e d  t o  each month of in -core  t i m e  i n  

p r o p o r t i o n  t o  t h e  f r a c t i o n  of t o t a l  burnup exper ienced  du r ing  t h a t  month. 

In both  methods, ad jus tmen t s  are  made t o  a l l o w  f o r  s a lvage  l o s s e s  and 

f o r  t h e  c a p i t a l i z e d  i n t e r e s t  cha rges  on t h e  uranium p rogres s  payments. 

Inventory  charges  are  based on t h e  midmonth v a l u e  of t h e  f u e l  w i t h  al low- 

ances made f o r  sal .vage c o s t s  * 

2 .  FUELCOST-IV 

FUELCOST-IV i s  a computer program developed t o  conipute n u c l e a r  f u e l  

c o s t s  f o r  l i g h t  water r e a c t o r s ,  high-temperature  gas-cooled r e a c t o r s ,  and 
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fast breeder reactors. 

earlier and more specialized versions of FUELCOST that were developed 

wholly or in part by NLTS Corporation. the FUELCOST-IV program may be 

used for: (I) comparative economic evaluations of different types of 

LWR, LMFBR, or WTGR reactors, (2) bid evaluations between these reactor 

types, ( 3 )  evaluations of fuel offers, including plutonium recycle in 

The code is a generalized extension of several 

LWRs, ( 4 )  computations of economic consequences of 

schemes, (5) computation of effect on fuel cost of 

decisions, such a s  changes in capacity factor, (6) 

for changes in various materials and process costs 

U 3 0 8 ) ,  and (7) determination of nuclear fuel costs 

nuclear studies. 

various core management 

various operating 

sensitivity studies 

(such as the price of 

in fossil versus 

The code computes f u e l  costs by batch f o r  each of five basic cost 

components, namely, uranium, plutonium, fabrication, shipping, and repro- 

cessing. These batch costs are combined by component into fuel costs and 

working capital requirements for each reactor cycle, and are summarized 

for any specified accounting interval by type of f u e l  assembly as well as 

by total reactor, which includes all types of fuel assemblies present. 

The code accepts any desired time sequence of plant capacity factors, 

heat rates, basic fuel material and process costs by assembly type, fuel 

cycle lead and lag time, and any sequence of batch refueling, including 

holdout and reinsertion. FUELCOST-IV treats each batch as an independent 

entity and calculates a l l  cost quantities from the input parameters, and 

these costs are then combined into cycle and accounting interval values. 

The program user also has the option of specifying pre-reactor, in-core, 

and post-reactor interest rates for each cost component of each batch. 

FUELCOST-IV, which uses a revenue requirements method of computing 

nuclear fuel costs, determines the unit charges, on a per unit of fuel 

m a s s  or per unit of energy production basis, which must  be recovered dur- 

ing the production of energy in order to exactly meet a l l  fuel expendi- 

tures. These expenditures can be either the direct expenditures for fuel 

materials processes, and services, or the direct plus indirect expendi- 

tures covering interest charges on working capital invested in the fuel. 

When only the direct expenditures are considered, FUELCOST-IV uses a 

procedure called the Utility Accounting Method for determining revenue 
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requirements, and uses a second procedure called the Accrual/Discount 

Method when both direct plus indirect expenditures are considered. Basi- 

cally, the Utility Accounting Method for determining fuel costs is the 

same as the Accrual/Discount Method, except that all interest rates are 

set equal to zero. There are no accrued or discounted values as in the 

Accrual/Discount Method, so the working capital balances at the beginning 

of energy production represent the. exact amounts paid for initial uranium, 

plutonium, and fabrication. Likewise, the working capital balances at 

the end of energy production represent the exact amounts to be received 

from f ina l  uranium and plutonium credits, and the amounts needed for 

spent-fuel shipping and reprocessing. On the other hand, in the Accrual/ 

Discount Method, as payments are made for various nuclear materials and 

processes in the fuel cycle prior to the production of energy (U308 pur- 

chase, conversion, enrichment, and fabrication), an accumulation of 

investments occurs. The post-reactor costs and credits are assumed to 

be paid in lump-sums without progress payments at specified times after 

batch removal. The pre-reactor costs are accrued with an interest rate 

until the date the batch is inserted in the reactor and starts producing 

energy, while the post-reactor costs and credits are discounted with an 

interest rate from the time at which they actually occur to the end of 

energy production. 

3 .  PACTOLUS ---___ 

PACTOLUS is a computer code developed by Battelle-Northwest Labora- 

tories €or computing nuclear power costs. The program calculates the cash 

flows for the entire life of a nuclear project, and determines the reve- 

nues and the unit cost of power required to earn a specified return on 

investment. Although developed primarily for computing the costs and 

material flows associated with nuclear power plants, PACTOLUS can be used 

to calculate the power costs of fossil-fueled plants., Employing a dis- 

counted cash flow procedure, the program (1) transforms reactor investment, 

operating data, and fuel- cycle cost and time inEormation into material 

and cash flow schedules, (2) calculates taxes, and ( 3 )  transmits this 

information f o r  use in a computer model of the U.S. electrical power 

economy. 



115 

PACTOLUS is built upon the following logic: (1)  capital investments, 

including interim capital replacements, are simply entered as cash out- 

lays at the time incurred, (2) salvage values and recoverable investments 

are credited at the time and value received, and ( 3 )  nondepreciable 

investments are treated as cash outlays at the beginning of t h e  project, 

or cash receipts at the end. The user has the option of using either a 

straight-line or sum-of-the-years digits method for calculating deprecia- 

tion, and has several options regarding the type of bond repayment, 

including uniform principal reduction, uniform annual payment, delayed 

uniform principal reduction, and/or simple proportional repayment. The 

code will accept a variable load factor scheme and will calculate an 

optimum tails concentration for gaseous diffusion plant operation. 
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Appendix C 

MODIFICATIONS AND ADDITIONS TO REFCO 

To make t h e  REFCO f u e l  c y c l e  c o s t  program more f l e x i b l e  and compre- 

hens ive ,  several m o d i f i c a t i o n s  and a d d i t i o n s  were made t o  the  o r i g i n a l  

v e r s i o n  of t h e  code, as documented i n  ORNL-TM-3709. 5 6  

i nc luded  some minor changes i n  i n p u t  and o u t p u t  v a r i a b l e s  as well. as t h e  

a d d i t i o n  of several o p t i o n s  t h a t  r e q u i r e d  changes i n  t h e  program l o g i c .  

A b a s i c  d e s c r i p t i o n  of t h e  major changes made t o  t h e  code follows a long  

w i t h  a u s e r ' s  manual t h a t  d e s c r i b e s  t h e  procedures  r e q u i r e d  and o p t i o n s  

a v a i l a b l e  f o r  u s i n g  t h e  c u r r e n t  v e r s i o n  of t h e  program. 

These m o d i f i c a t i o n s  

1. Genera l  Modi f i ca t ions  

S e v e r a l  minor r e v i s i o n s  t o  t h e  code w e r e  made t o  i n c l u d e  t h e  f01.- 

lowing f e a t u r e s :  

1. S e p a r a t e  t r e a t m e n t  of U 3 0 8  and conve r s ion  t o  UFg; t h i s  i n c l u d e s  

s e p a r a t e  l e a d  t i m e s ,  u n i t  p r i c e s ,  and e s c a l a t i o n  rates. 

2. P r o v i s i o n  f o r  v a r i a b l e  t a i l s  a s s a y ;  t h e  ta i ls  a s s a y  i s  now a 

f u n c t i o n  of b a t c h  number as w e l l  as f u e l  type.  

3 .  A d d i t i o n a l  breakdown of e s c a l a t i o n  rates;  s e p a r a t e  e s c a l a t i o n  

rates may be  a p p l i e d  t o  each  component c o s t  of t h e  f u e l  c y c l e .  

2. C a l c u l a t i o n  of Cycle  Lengths from Inpu t  Capac i ty  F a c t o r s  

Th i s  o p t i o n  may be  used t o  c a l c u l a t e  a b s o l u t e  c y c l e  l e n g t h s  based 

on i n p u t  of average  c a p a c i t y  f a c t o r s  and p l a n t  c a p a c i t y  r a t i n g s .  

a l s o  be  used f o r  c a l c u l a t i o n s  invo lv ing  system-aggregated r e a c t o r  d a t a .  

The program combines t h e  i n p u t  d a t a  on c a p a c i t y  f a c t o r s  and maximum 

g e n e r a t i n g  c a p a c i t y ,  which is e n t e r e d  on a cycle-by-cycle b a s i s ,  w i t h  

f u e l  burnup d a t a  i n  t h e  fo l lowing  manner t o  c a l c u l a t e  c y c l e  l e n g t h s :  

It may 
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MWD (NB) F ( N R , N P )  

a l l  NB 

where CL(NP) = l e n g t h  of c y c l e  NP. 

MwD(NB) = burnup of ba t ch  NB. 

F(NB,NP) = f r a c t i o n  of thermal  energy from batc.li NB 

MWTH(NP) = p l a n t  therNal  c a p a c i t y .  

produced i n  c y c l e  NE'. 

CF(NP) = c a p a c i t y  f a c t o r  cor responding  t o  c y c l e  NP. 

Once t h e  a c t u a l  c y c l e  l e n g t h s  l-rave been c a l c u l a t e d ,  t h e  program 

l o g i c  s i m p 1  i f ies  t h e  r e s u l t s  by modifying t h e s e  1 engths t o  tile n e a r e s t  

m u l t i p l e  of t e n t h  y e a r s ,  and f i n a l l y  r e c a l c u l a t e s  a s l i g h t l y  a l t e r e d  se t  

of c a p a c i t y  f a c t o r s  u s ing  t h e  "rounded" c y c l e  l e n g t h s .  

3 .  C a l c u l a t i o n  of a Breakeven Value f o r  ReJrocessing 

This o p t i o n  may be used f o r  c a l c u l a t i n g  a breakeven composi te  cha rge  

f o r  t r a n s p o r t a t i o n ,  r ep rocess ing ,  and waste d i s p o s a l ,  based upon t h e  

i n t e r p o l a t e d  market v a l u e  oE uranium and plutonium recove rab le  from each 

ba tch .  I f  a u n i t  r ep rocess ing  charge  i s  se t  e q u a l  t o  z e r o ,  t h e  program 

c a l c u l a t e s  a charge  t h a t  w i l l  j u s t  equa l  t h e  d i r e c t  sales c r e d i t s  f o r  

plutonium sal-e ,  uranium o r e  c r e d i t ,  and s e p a r a t i v e  work c r e d i t s  recovered  

from each ba tch .  This  i s  expressed  by t h e  fol.lowing r e l a t i o n :  

EXPDIR ( N B , 6 )  = EXPDLK ( N B , 7 )  f EXPDIR (NB,8) 

-t EXPDIR (NB,9)  

where EXPDIR (NB,K) is  the  d i r e c t  expense f o r  b a t c h  NB and p rocess  K, and 

where t h e  K = 7 ,  8, 9 i n d i c e s  correspond t o  plutonium sa le ,  uran.i.um o r e  

C r e d i t ,  and uranium s e p a r a t i v e  work c r e d i t ,  r e s p e c t i v e l y .  
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4 .  C a l c u l a t i o n  of a Time-Dependent Plutonium P a r i t y  Value 

This  a d d i t i o n  t o  t h e  REFCO program p rov ides  t h e  u s e r  w i t h  t h e  o p t i o n  

of c a l c u l a t i n g  a plutonium "sale va lue"  whlch i s  j u s t  s u f f i c i e n t  t o  o f f -  

set any c o s t  p e n a l t i e s  a s s o c i a t e d  wi th  U 0 2  f u e l i n g  p l u s  plutonium s tock-  

p i l i n g ,  compared w i t h  U/Pu r e c y c l e .  This  m o d i f i c a t i o n  fo l lows  t h e  l o g i c  

desc r ibed  i n  Ref. 65. The procedure invo lves  t h e  fo l lowing  b a s i c  s t e p s .  

1. For  a s l i g h t l y - e n r i c h e d  U02 f u e l i n g  mode, c a l c u l a t e  t h e  t i m e -  

dependent c y c l e  and cumula t ive  l e v e l i z e d  c o s t s  ( l e v e l i z e d  between r e a c t o r  

s t a r t u p  and t h e  end of succqss ive  load  c y c l e s ) ,  fo l lowing  t h e  normal l o g i c  

of t h e  REFCO program. Here, recovered uranium i s  c r e d i t e d  i n  accord  wi th  

t h e  e q u i v a l e n t  amounts of f eed  and s e p a r a t i v e  du ty  and t h e i r  pr ices  fo re -  

c a s t e d  f o r  t h a t  t i m e  pe r iod ;  however, no sales v a l u e  o r  c . redi t  i s  a s s igned  

t o  t h e  recovered  plutonium. 

2. C a l c u l a t e  t h e  modif ied time-dependent c y c l e  and cumulat ive 

l e v e l i z e d  c o s t s  f o r  a se l f -gene ra t ed  Pu-recycle  mode. Here, i t  i s  

assumed t h a t  a l l  plutonium recovered from s u c c e s s i v e  ba t ches  i s  r e f a h r i -  

c a t e d  and r e t u r n e d  t o  t h e  r e a c t o r  co re .  The modif ied cumula t ive  c o s t  

s chedu le  o r  "target c o s t "  [TGTClJM(NP)] w i l l  be  lower by t h e  e f f e c t  of any 

n e t  d i f f e r e n c e  between t h e  v a l u e  of d i s p l a c e d  UO;1 and t h e  p e n a l t y  f o r  

f a b r i c a t i n g  mixed-oxides e lements .  Again, no i n t e r n a l  ( i nven to ry )  v a l u e  

is  as s igned  t o  plutonium f o r  t h i s  a n a l y s i s .  

3 .  Under t h e  UO2 f u e l i n g  mode used i n  s t e p  (1), recovered  plutonium 

ba tches  are now assumed t o  be s t o c k p i l e d  u n t i l  t h e  end of any des igna ted  

c y c l e ,  a t  which t i m e  t h e  cumula t ive  amount i s  s o l d  and c r e d i t  a l l o c a t e d  

t o  t h e  cumula t ive  energy produced, u s i n g  a p p r o p r i a t e  present-worth for- 

mulas.  A new s u b r o u t i n e  (PLWAL) then  c a l c u l a t e s  a u n i t  sales va lue  o r  . 
"price" necessa ry  t o  equa te  t h e  cumula t ive  f u e l  c o s t  s chedu le  under UO2 

f u e l i n g  wi th  t h e  t a r g e t  c o s t  schedule  de r ived  f o r  U/Pu r e c y c l e .  

To use  t h e  plutonium p a r i t y  v a l u e  o p t i o n ,  t h e  program u s e r  must 

i n p u t  t h e  t a r g e t  cumula t ive  f u e l  c o s t s ,  TGTCUM(NP), f o r  each per iod  NP, 

a long  w i t h  t h e  plutonium s t o r a g e  c o s t s ,  RSTG(K), i n  u n i t s  of $/kg-Pu/year. 

There are b a s i c a l l y  t h r e e  sets of parameters  t h a t  must t h e n  be  c a l c u l a t e d  

b e f o r e  s u b r o u t i n e  PLUVAL can be  c a l l e d .  The f i r s t  two are: (1) t h e  

i n d i v i d u a l  amounts of plutonium recovered  from each ba tch  of f u e l ,  and 
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(2) the times, relative to reactor startup, that the recovered plutonium 

becomes potentially avai1abl.e for sale. Finally, the interval, from the 

Lime the plutonium is made available to the time ir: is actually sold, 

must be calculated. A s  noted earlier, the plutonium recovered f r o m  each 

batch is assumed t o  be stored for a period of time, and eventually so1.d 

"in a lump." Subroutine PLUVAL then uses this information to calculate 

a time-dependent plutonium parity value. A brief outline of the basic 

logic used in developing PLUVAL and a FORTRAN listing o f  the routine 

follows. 

The target cumulative costs, which are  input LO XEFCO, are equated 

to the cyc1.e cumulative costs that are corrected to account f o r  two 

additional terms: (1) plutonium sales credits and (2) plutonium storage 

costs. Each of t:hese two corrections terms can be further broken down 

into (a) cash expenditure, and (b) tax credit components. This can be 

written in the followi.ng fo rm,  

where CYTOP2'" is the modified cumulative prorated present-worthed expense 

and CYBOT2 is the present-worthed energy generation. Then, CYTOP2' may 

be written as, 

CYTOP2' = CYTOP2 4- CL -I- C 2  

where CYTOP2 is the cumulative prorated present-worthed expense, and 

where C represents the correction term f o r  plutonium sales and C rep-nre- 1 2 
sents the storage costs correction term. After soiw manipulation, these 

two terms may be defined as follows: 

] -~ I [Total Present-Worthed 
+" II Tax-Deduc t ible Total Present-Worthed 

1. 1--T Sales C r e d i t  Sales Credit 
1 c = I 

C2 =: cumulative present worthed storage cost at period NP. 

where T is the federal income tax rate. 
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A f t e r  app ly ing  a p p r o p r i a t e  uniform present -wor th  f a c t o r s ,  t h e s e  

t e r m s  can  be combined and f i n a l l y  t h e  u n i t  v a l u e  of plutonium, VALPU(NP), 

f o r  c y c l e  NP, can be  c a l c u l a t e d :  

TGTCUM(NP) * CYBOT2 - CYTOP2 - STGCST(NP) 
VALPU(NP) = 

SALPU(NP) * CYBOT2 -1 T 
SALPU(NP) * EXP(--GTB) + ___ 

I--T ] 1 - T  [- CUMKWtl 

where STGCST(NP) = cumula t ive  present-worthed s t o r a g e  c o s t  a t  pe r iod  NP. 

SALPU(NP) = t o t a l  amount of plutonium a v a i l a b l e  f o r  sale a t  MP. 

CUMKWH = t o t a l  kWhr produced i n  a l l  p e r i o d s  up t o  NP. 

EXP(--GTB) = p r e s e n t  worth f a c t o r  f o r  a d i s c r e t e  expend i tu re  

(or  c r e d i t )  a t  time of plutonium sale. 

. .. 
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FORTRAN L i s t i n g  of Subroutine PEUVAL 
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PI Y = TNY 
ZPR I C E = R S T G  I NY I + (  TtJY-NY) * (  R S T G (  N Y + l ) - R  S T G  (NY I I 
S TG CS T { b!P ) = S TGCST ( N P ) + AV P LU( N 6 j * S T!;P W F ( N 0 1 * Z  PR I C E* T I Y E YT MB ( N t 1 - 

lTPU/YB) 1 

2 7 5  CONTINUE 
SALPU( Y O  != S A  CPU( NP1 t I V P L U I C I B  t 

C----- R O U T I N E  FOQ C d L C U L P T I N G  V A L D U t N P )  T P W 3 T C ( N P ) r  AND P H S C ( Y P I :  
c-- _-- V A L P U ( Y P ) =  T H E  UPJIT VALUE (*/KC,) OF PU SOLD AT P 'R IOD YP. 
r-- --- PWDTC(NPl=  TOTAL "RESENT-WDQTH D E D U C T I S L E  TAX C R E D I T S ,  
c----- PWSC/NP)= T O T A L  PRESENT-WORTH S A L E S  CREDITS. 

CUMKWY=O.O 

GTB=G*TIME(NTMB(NPt  I 
CUMKWH=CUMKYH+TOTKWH[NPl 
VTOP ( V P  1 = T G T C U Y (  N P I  *PROT tNP1 -PTOP(  NP 1 - 5 T G C S T  ( U P  ) 
V R O T 1 t M P ) = S A L P U ( N P )  *EXP(-GTB)  
VEOT2(NP)=SALPU(NOb *PB(JT(NPI  /CUYKWH 
VBr)T3( N P ) = ( - V B O T ? ( V O )  / X 2  I t X 3 * V B 7 T 2 ( N P  1 

V A L  PU I NP 8 = V T  0 P t MP t / VBOTJ I NP ) 
PWDTC( N P ) = V A L P U ( N P )  + S A t P U (  N P )  *PROT(NP)  /CUMKHH 
P W S C  L N P  I = V 4 L P U [ N P  l * S A C P U (  NP8 *EXP ( - G T R I  

H R I Y E ( b r 5 0 0 )  
WRITE( 6,5023 
WRITE( 6 ~ 5 0 4 1  
DO 325  N P = l p N P M A X  

DO 300 ~ l p = l r N P M A X  

If(VBOT3IYP).EQ.O.O) GO T O  300 

300 CONTINUE 

T o = T  IY E ( N T Y R  ( bIP t 1 t Y  R S T R T  
W R I ~ E ( 6 ~ 5 0 6 1 ~ P r T P ~ S A L P U ( N P l r f G T C U M ( N P l r P W 9 T C ( N P ~ , P W S C ( N P l ~ S T G C ~ ~ ( ~  

1P 1 v VALPUt NP 9 NP 
3 2 5  CONTINUE 
500 F O R H A T ( l H 1 1 3 5 X 1 ' R E S U L T S  OF PLUTONIUM PARITY-VALUE C A L C U L A f l O V S ' , / /  

11 1 

1 S T O Q A G E '  r 5 X q  ' PU 
5 0 2  FORMAT(24X1 'KG-S P U ' r 5 X q ' T A R S f T '  T ~ X V ' P W  DED' ( 7 X T ' ? V (  S ~ L E S ' T ~ X I ' P W  

504 F O R M A T ( 5 X ~ ' P E P I O D ' q 6 X ~ ' Y ~ A R ' ~ 6 ~ ~ ' ~ ~ ~ D i ~ 6 X ~ ' ~ ~ ~ L  C O S T ' r 4 X 3 ' T A X  C Q E D  

FORMAT ( 7 x 9  I2 q 6 X . f  7 . 2 r 4 X r F 7 . Z r  4 x 9  1 P F 9 - 2  9 4 x 1  1 P E 9 . 2 9 5 X ~  1 P E 9 . 2 ~  5 x 1  1 P E 9  

VACIJE' 1 

1 ? T ' t 6 X  1 ' CR ED I T * r 9 X  t ' C O S T  ' r 9X 1 * ( % / KG 1 ' 9 6 X  T ' PEP, I ' ID ' * / 1 
506 

1, 29 5x1 i P E 9 . 2  7x1 ? 2 )  
ST@P 
END 
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5 .  Enyut I n s t r u c t i o n s  f o r  the KEFCO Fue l  Cycle Code ..-.._.I- ._. .. ..-._._ 

T h i s  s e c t i o n  c o n t a i n s  a ca rd  by c a r d  descript:i.csn and e x p l a n a t i o n  of 

t h e  i n p u t  d a t a  r e q u i r e d  f o r  t h e  REFCQ code. 

The o r d e r  of t h e  i n p u t  d a t a  c a r d s  i s  as fo l lows :  

_I_ Card ... .. _. 1. .. - T h i s  ca rd  c o n t a i n s  t h e  c o n t r o l  s i g n a l s  LL(l)  through 

LL(14), and t h e  problem t i t l e  D E S ( I ) ,  I = 1,13 .  Forinat i s  1412, 13A4.  

The c o n t r o l  s i g n a l s  LL(K) are d e f i n e d  as foll.ows: 

If L L ( l )  I- 0,  p r i c e s  are s u p p l i e d  as a f u n c t i o n  o f  t h e  y e a r  of 

procurement w i t h  l i n e a r  i n t e r p o l a t i o n  f o r  f r a c t i o n s  of 

a yea r .  If LL(1) = 1, i t  i s  t h e  same as 0 w i t h  no 

I - inea r  i n t e rpo la t i . on .  I f  LL(1) = 2, prices are s u p p l i e d  

as a f u n c t i o n  of ba t ch .  

- 

I f  LTd(2) = 0,  d e d u c t i b l e  expense i s  c o l l e c z e d  by b a t c h e s  and pro- 

r a t e d  t o  each o p e r a t i n g  p e r i o d  on t h e  h a s i s  of the 

energy produced by a g iven  b a t c h  i n  (:hat p e r i o d .  If 

LL(2) = 1, d e d u c t i b l e  expense i s  c o l l e c t e d  ove r  the 

e n t i r e  r e a c t o r  h i s t o r y  arid p r o r a t e d  t o  each  pe r iod  on 

t h e  b a s i s  of t h e  energy produced i o  that  per iod.  

I f  LL(3) = 0, c o s t s  are c a l c u l a t e d  i n  mil ls /kWhr* LL(3) = 1, 

c o s t s  are c a l c u l a t e d  i n  c/M Btu. 

I f  L L ( 4 )  = 0, a f u l l  set  of i n p u t  c a r d s ,  1 through 9 ,  i s  provided.  

I f  LL(4) = 1, on ly  t h e  f i r s t  card ,  c a r d  1, i s  provided,  

I f  L L ( 4 )  --- 2 ,  c a r d s  1 and 2 o n l y ,  are provided. If 

L L ( 4 )  = 3 ,  c a r d s  1, 2 ,  3 ,  4 ,  and 5 o n l y ,  are provided. 

I f  LL(4) = 4 ,  c a r d s  1 and 4 o n l y ,  are provided. I f  

L L ( 4 )  = 5 ,  c a r d s  1 and 5 on ly ,  are  provided.  NOTE: 

when o p t i o n s  1 through 5 are used,  the  remaining d a t a  

i s  the  s a m e  as t h a t  used i n  t h e  p receed ing  problem. 

I f  LL(5)  = 1, t h e  program uses  t h e  c a p a c i t y  f a c t o r  - Cycle Length 

o p t i o n .  The program r e a d s  Cards 10 ,  which c o n t a i n  capac- 

i t y  f a c t o r s  and Mr, p l a n t  r a t i n g s . .  Pf LL(5) = 0,  t h e  

c a p a c i t y  f a c t o r  r o u t i n e  i s  omi t t ed .  Note, i f  LL(5) -I 1, 

~ ~ ( 1 0 )  must e q u a l  0 ,  
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I f  LL(6) = 0, s u b r o u t i n e  OUT2 is c a l l e d .  This  p r i n t s  bo th  batch-  

w i s e  and cumula t ive  batchwise c o s t  breakdowns. I f  

LL(6) = 5, program p r i n t s  ba tchwise  component c o s t  

breakdowns. I f  LL(6) = 6,  s u b r o u t i n e  OUT2 is c a l l e d  

and ba tchwise  component c o s t  breakdowns are p r i n t e d .  

I f  LL(7) = 0, no p r i c e  e s c a l a t i o n  i s  used.  I f  LL(4) = 1, t hen  

t h i s  may be used t o  c o n t r o l  e s c a l a t i o n  f o r  another  d a t a  

set. I f  LL(7) = 1, e s c a l a t i o n  f a c t o r s ,  provided on 

ca rds  2 are used.  

I f  LL(8) = 0 ,  c a r d s  9,  t h e  energy d i s t r i b u t i o n  f o r  each b a t c h  by 

c y c l e s ,  are read .  If LL(8)  = 1, c a r d s  9 are omi t ted ,  

and t h e  .energy d e l i v e r e d  by each ba tch  i s  d iv ided  

e q u a l l y  among t h e  c y c l e s  du r ing  which t h e  b a t c h  i s  i n  

t h e  r e a c t o r .  

I f  LL(9) = 0 ,  t h e  f i r s t  e n t r y  on each card 7 is  i n  ki lograms of 

t o t a l  uranium charged.  I f  LL(9)  = I, the e n t r i e s  s i g n i f y  

k i lograms of t o t a l  uranium. 

If LL(10) = 0, e n e r g i e s  are i n p u t  i n  t e r m s  of BBURN(NB) and 

BHVMET(WB), t h e  burnup p e r  ba t ch  (MWdltonne), and tonne 

of heavy metal p e r  ba tch .  I f  LL(10) = 1, omit BBURN(NB) 

and BHUPIET(NB) and i n p u t  d i r e c t l y  t h e  energy p e r  ba t ch ,  

i n  109 k m r .  If ~ ~ ( 1 0 )  = 2, same as 1 except  i npu t  

energy as 1014 BTU. 

If L L ( 1 1 )  = 0 ,  c r e d i t  is  g iven  f o r  uranium feed  and separative work. 

If LL(11) = 1, no uranium c r e d i t  i s  given.  

If LL(12)  = 1, t h e  program u s e s  a breakeven procedure f o r  c a l c u l a t i n g  

r ep rocess ing  c o s t s .  If LL(12) = 0, no breakeven pro- 

cedure  i s  used.  

If LL(13) = 1, t h e  program calls s u b r o u t i n e  PLUVAL, and c a l c u l a t e s  

a plutonium p a r i t y  va lue .  I f  LL(13) = 0, s u b r o u t i n e  

PLUVAL i s  LI n o t  c a l l e d .  

I f  LL(14) - not p r e s e n t l y  used.  

DES(I), I = 1, 1 3 .  Problem T i t l e .  
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Cards 2. - These five cards contain the constants D ( N ) ,  N = 1,35. 

Format is 7 E 1 0 . 0 .  The constants are defined as follows: 

Card 1 D ( 1 )  through D ( 3 ) ,  no11 used 

D ( 4 )  = fraction of capital. i n  bonds (debt fraction) ( E q .  6) 

D ( 5 )  = annual interest rate on debt (Eq.  075) 

D ( 6 )  = annual. after-tax earning rate on equity ( E q .  1 4 )  

D ( 7 )  = federal income tax rate (Eq.  50) 

Card 2 D ( 8 )  = design capacity of reactor, MIJ(e) 

D ( 9 )  = escalation factor for U 3 0 8  

D ( 1 0 )  = escalation factor for conversion 

D ( 1 1 )  = escalation factor f o r  separative work costs 

D ( 1 2 )  = escalation factor f o r  fuel fabrication, type L 

D ( 1 3 )  = escalation f a c t o r  for fuel. reprocessing, type 1 

D ( 1 4 )  = escalation factor f o r  plutonium credit 

Card 3 D ( 1 5 )  = state income tax rate ( E q .  0 4 )  

D ( 1 6 )  = state gross  revenues tax rate (Eq.  0.0) 

D ( 1 7 )  = property tax rate ( E q .  03) 

D ( 1 8 )  = reactor lifetime, years 

D(19) = property insurance rate (Eq.  0025) 

D ( 2 0 )  = escalation factor for cost of depleted UF6 tails 

D ( 2 1 )  = escalation factor f o r  f u e l  fabrication, type 2 

Card 4 Xl(22) = fraction of core value f o r  tax assessment ( E q .  65) 

D ( 2 3 )  = escalation factor for fuel reprocessing, type 2 

D ( 2 4 )  = U 2 3 5  assay of natural uranium (. 00711) 

D ( 2 5 )  through D ( 2 8 ) ,  not used 

Card 5 D ( 2 9 )  = riot used 

D(30) = thermal efficiency of reactor ( E q ,  0.31) 

D ( 3 1 )  = fissile plutonium l o s s  (percent) (%I%) 

D(32) = u308 - UF6 conversion l o s s  (percent) (%I%) 
D ( 3 3 )  = fabrication less (percent) (%I%) 

D ( 3 4 )  = plu toni .um reprocessing loss (percent) (%l%) 

D ( 3 5 )  = U235 reprocessing l-oss (percen-t) (%1.3%) 
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Card 3 .  - Card 3 con ta ins  s i x  v a r i a b l e s .  Format is  615, F15.0. 

Def in i t i ons  of t hese  v a r i a b l e s  are as follows: 

NBMAX = t o t a l  number of ba tches  

NSMAX = twice t h e  number of cycles 

NPMAX = t o t a l  number of ope ra t ing  per iods  (cyc les )  

NYMAX = number of yea r s  f o r  which l ead  and lag t i m e s  are s p e c i f i e d  

(cards  4 )  

NPRICE = number of p r ice  ca rds  t o  be read (cards  5 )  

NYCOST = year  i n  which lead  and l a g  t i m e s  and p r i c e  d a t a  start 

( E q . ,  1980). 

YRSTRT = year  i n  which r e a c t o r  starts up (Eq. 1980.25) 

Cards 4 .  - Cards 4 con ta in  t h e  lead  and l a g  t i m e s  which are entered  

as a func t ion  of t i m e ,  one card  f o r  each year .  These are NYMAX of these  

ca rds ,  and a l l  t i m e s  are given i n  years .  

TLEAD(NY,M), M = 1, 9, NY = 1, N Y U .  Format is  9E8.0. The i n i t i a l  y e a r  

f o r  t h e s e  d a t a  is  NYCOST, t h e  same as f o r  t h e  p r i c e  d a t a .  I f  fewer than  

70 ca rds  are read ,  t h e  d a t a  f o r  t h e  remaining yea r s  are made t h e  s a m e  as 

f o r  t h e  last  year  read.  

r e f e r r e d  t o  t h e  start  of i r r a d i a t i o n ;  l a g  t i m e s  are en tered  as negat ive  

q u a n t i t i e s  and are re ferenced  t o  t h e  t i m e  of d i scharge  of f u e l  from t h e  

r e a c t o r .  The o rde r  i n  which t h e  lead  and l a g  t i m e s  are s p e c i f i e d  a re :  

The q u a n t i t i e s  are read 

Lead t i m e s  are en tered  as p o s i t i v e  q u a n t i t i e s  

1. Lead, U308 purchase 

2.  Lead, conversion t o  UF, 

3 .  Lead, enrichment 

4 .  Lead, f a b r i c a t i o n  

5. Lag, reprocess ing  

6. Lag, sale of Pu 

7. Lag, U235 c r e d i t  

8. Lead, purchase of t a i l s  

9.  Lead, purchase of plutonium 

Cards 5. - Cards 5 con ta in  t h e  u n i t  prices of  f u e l  cyc le  se rv i ces .  

The number of c a r d s  read i s  NPRICE. 

M = l , l O ,  NY may equal  e i t h e r  year  or  batch.  I f  fewer than 120 ca rds  

are r ead ,  t h e  pr ices  f o r  t h e  remaining yea r s  o r  ba tches  are t h e  s a m e  as 

last  card  read.  Format i s  10E8.0. 

The q u a n t i t i e s  are read PRICE(NY,M), 
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1. U 3 O 8  c o s t ,  $/4b U3O8 

2.  Conversion c o s t ,  $/kgU 

3 .  S e p a r a t i v e  d u t y ,  $/kg SWU 

4 .  F a b r i c a t i o n  c o s t ,  t y p e  1, $/kg HM 

5. Reprocessing c o s t ,  t y p e  1, $/kg HM 

6. Plutonium c r e d i t ,  $/kg f i s s i l e  Pu 

7.  Cost of d e p l e t e d  UF6 t a i l s ,  $/kg U 

8. F a b r i c a t i o n  c o s t ,  t y p e  2 ,  $ /kg HM 

9. Reprocessing cost ,  t y p e  2 ,  $ /kg HM 

10.  Plutonium s t o r a g e  c o s t ,  $/kgPu 

-____ Cards 6.  - Cards 6 c o n t a i n  t h e  t i m e  p o i n t s ,  i n  y e a r s ,  a t  t h e  s tar t  

and end of each  c y c l e .  The f i r s t  t i m e  p o i n t ,  r e p r e s e n t i n g  t h e  i n i t i a l .  

r e a c t o r  s t a r t u p ,  i s  always 0.0.  The q u a n t i t i e s  read  are (TIME(NT), NT = 1, 

NTMAX). These are e i g h t  p o i n t s  p e r  c a r d .  Format i s  8E10.0. 

Cards 7. - Cards 7 c o n t a i n  t h e  m a s s  charge  and d i s c h a r g e  data. The 

c a r d s  must be a r ranged  i n  t h e  o r d e r  i n  which t h e  b a t c h e s  are numbered. 

Q u a n t i t i e s  are i n  ki lograms.  Format is  8E10.0. The i t e m s  are e n t e r e d :  

CHU(NB) = t o t a l  uranium charged 

CH235(NB) = U 2 3 5  charged 

CHPU(NB) = t o t a l  Pu charged 

CHFPU(NB) = f i s s i l e  Pu charged 

DSU(NB) = t o t a l  uranium d i s c h a r g e d  

DS235(NBj = U 2 3 5  d i s c h a r g e d  

DSPU(NB) = t o t a l  Pu d i s c h a r g e d  

DSFPU(NB) = f i s s i l e  Pu d i s c h a r g e  

Note: There are NBMAX of t h e s e  c a r d s ,  one f o r  each ba tch .  

Cards 8.  - Cards 8 g i v e  t h e  b a t c h  nimber and f u e l  t y p e ,  the c y c l e s  

d u r i n g  which t h i s  b a t c h  d e l i v e r s  energy,  and t h e  amount o f  energy de- 

I i x e r e d .  There- are N R W L  of t h e s e  c a r d s .  Format i s  4 2 4 ,  5E10.0. 

NB = b a t c h  number 

NTYPE(NB) = f u e l  t y p e  (1 o r  2 ) .  T h i s  d e t e r m i n e s  ~,.7hich set of fab-  

r i c a t i o n  and r e p r o c e s s i n g  p r i c e s  i s  used 

NPA(NB) = number of c y c l e s  a t  t h e  start  o f  which t h i s  b a t c h  e n t e r s  

the reactor 
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NPTOT(NB) = t o t a l  number of c y c l e s  during which t h i s  ba tch  remains 

i n  r e a c t o r .  

XT(NB) = U 2 3 5  t a i l s  a s say  f o r  batch NB 

The next  i t e m s  depend on LL(10): 

I f  LL(10) = 0,  e n t e r  BBURN(NB) = t o t a l  burnup f o r  t h i s  ba tch ,  

MWd(thermal), per  tonne of heavy metal, and BHVPIET(NB) = 

t o t a l  tonne of heavy m e t a l  charged i n  t h i s  batch.  

I f  LL(10) = 1, e n t e r  BTOKWH(NB) = energy de l ive red  by 

t h i s  ba tch ,  109kWhr. 

energy de l ive red  by t h i s  ba tch ,  1 0 l 4  Btu. 

I f  LL(10) = 2,  e n t e r  BTOKWH(NB) = 

Cards 9. - These ca rds  g ive  t h e  energy d i s t r i b u t i o n  f o r  each ba tch ,  

by cyc le s ,  f o r  t h e  c y c l e s  dur ing  which i t  i s  i n  t h e  r e a c t o r  (or  i s  being 

he ld  o u t ) .  Format i s  8E10.0. There i s  one card f o r  each batch.  The 

numbers en tered  r ep resen t  t h e  q u a n t i t i e s  of energy produced by t h e  ba tch  

during each cyc le  f o r  t h e  cyc le s  s t a r t i n g  wi th  NPA(NB) and ending wi th  

NPA(NB) + NPTOT(NB) - 1. Any set of energy u n i t s  may b e  used s i n c e  t h e  

code normalizes  these  q u a n t i t i e s  t o  f r a c t i o n s  by d iv id ing  each e n t r y  by 

the  sum of t h e  e n t r i e s  f o r  a given ba tch .  I f  t h e  ba tch  is  he ld  o u t ,  t h e  

e n t r y  f o r  t h a t  cyc le  is  0. I f  t h e s e  ca rds  are omit ted LLL(8) = 1 1 ,  t h e  

energy f o r  each ba tch  i s  d iv ided  equa l ly  among i ts  cyc le s ;  t h i s  op t ion  

cannot be used when t h e r e  are holdout  cyc les .  

Cards 10. These ca rds  g ive  t h e  p l a n t  capac i ty  f a c t o r s  and thermal 

FIW r a t i n g s ,  cyc le  by cyc le .  The program uses  t h i s  information t o  calcu- 

l a t e  new cycle l eng ths  ( t o  t h e  n e a r e s t  1/10 of a y e a r ) ,  and modified 

capac i ty  f a c t o r s  f o r  each cyc le .  I f  LL(5)  = I, e n t e r  CAPFI(NP) and 

TEIMW(NP), where NP r e f e r s  t o  t h e  cyc le  number. Format is 2E10.0. These 

ca rds  must b e  omit ted i f  LL(5) = 0. 

Cards 11. These ca rds  con ta in  t h e  t a r g e t  cumulative f u e l  c o s t s  

corresponding t o  a plutonium recyc le  case. This  information is used i n  

subrout ine  PLUVAL f o r  c a l c u l a t i n g  a "sales value" of Pu. For LL(13) = I, 

e n t e r  TGTCUM(NP), where NP refers t o  t h e  cyc le  number. Format i s  8E10.0. 

I f  LL(l3) = 0, ca rds  11 are not  read ,  and must be omitted.  

This  completes t h e  input  da t a .  
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