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ABSTRACT 

A fuel cycle t h a t  employs 2 3 %  denatured with 2 3 8 U  and mixed with thorium f e r t i l e  
material i s  examined with respect t o  i t s  p ro l i f e ra t ion - re s i s t ance  cha rac t e r i s t i c s  a n d  i t s  
technical and economic f e a s i b i l i t y .  The r a t iona le  f o r  considering the denatured 2 3 3 U  fuel 
cycle i s  presented, and  the impact o f  the denatured fuel on the performance of Light-Water 
Reactors, Spectral-Shift-Controlled Reactors, Gas-Cooled Reactors, Heavy-Water Reactors, 
and Fast Breeder Reactors i s  discussed. The scope of the R , D & D  programs t o  commercialize 
these reactors  and t h e i r  associated fuel cycles i s  a lso summarized and the resource require- 
ments and economics of denatured 2 3 3 U  cycles a re  compared t o  those of the conventional 
Pu/U cycle. 
and a re  based on the energy center concept a r e  evaluated. 
power reactors  fueled with denatured or low-enriched uranium fuel a r e  supported by secure 
energy centers in which sens i t i ve  a c t i v i t i e s  of the nuclear cycle a re  performed. 
a c t i v i t i e s  include 2 3 3 U  production by Pu-fueled "transmuters" (thermal or f a s t  r eac to r s )  
and  reprocessing. 
study and recommends areas fo r  future  work. 

In addition, several nuclear power systems t h a t  employ denatured 2 3 3 U  fuel 
Under t h i s  concept, dispersed 

These 

A summary chapter presents the most s ign i f i can t  conclusions from the 
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CHAPTER 1 
INTRODUCTION: BACKGROUND 

D. E. Bartine,  L .  S .  Abbott, and T .  J .  Burns 
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1. INTRODUCTION: BACKGROUND 

In the mid-l940s, as .ihe nuclear era was just beginning, a prestigious group includ- 
ing Robert Oppenheimer and led by David Lilienthal, the first chairman of the U.S. Atomic 
Energy Commission, was comnissioned by Under Secretary of State Dean Acheson to recommend 
ways that the benefits of nuclear energy could be shared with the world without the dangers 
of what we now refer to as "nuclear proliferation": that is, the creation of numerous 
nuclear weapons states. 
an international institution and framework of treaties and agreements for cooperative 
operation of sensitive nuclear technology." At the same time, the committee proposed 
several possible technological developments to help implement an international system, 
including the d e n a t u r i n g  of r e a c t o r  fuels. They also suggested the restriction o f  the 
most sensitive activities within a nuclear cycle to n u c l e a r  e n e r g y  arenas.  

The report1 they submitted states that "the proposed solution i s  

In the subsequent yea'-s several steps have been taken toward international coopera- 
tion in the political control of the potential for making nuclear weapons. In 1953 the 
Atoms for Peace Program was initiated by the U.S. and in 1957 the International Atomic 
Energy Agency was formed, one of its chartered responsibilities being the safeguarding of 
fissile material and the reduction of the potential for the production of nuclear weapons. 
In 1970 these efforts resulted in a nonproliferation treaty that was drafted by the U.S. 
and the U.S.S.R. and subscribed to by 116 nations. As the dialog has continued, inevit- 
ably all serious studies of the problem, including the most recent studies, have arrived 
at the same conclusion as the Acheson committee: 
with technological supports are mandatory - -  or to state it another way, no purely tech- 
nological fix to prevent nuclear proliferation is possible. 

international cooperation and safeguards 

It was against this background and largely through the initiatives of President 
Carter that an International Nuclear Fuel Cycle Evaluation Program (INFCE) was established 
in the Fall of 1977 to study how proliferation-resistant nuclear fuel cycles could be 
developed for world-wide nuclear generation of electrical power. At the same time a U.S. 
Nonprol iferation A1 ternative Systems Assessment Program (NASAP) was formed to carry out 
intensive studies that would both provide input t o  INFCE and recommend technical and 
institutional approaches that could be implemented with various nuclear fuel cycles 
proposed for the U.S. 

The principal proliferation concern in civilian nuclear power fuel cycles is the pos- 
sible diversion of fissile material to the fabrication of nuclear weapons. If obtained in 
sufficient quantities, the fissile material employed in any nuclear fuel cycle can be pro- 
cessed into weapons-usable material, but fuel cycles that are considered to offer the least 
resistance to diversion are those from which weapons-usable material that can be chemi- 
cally extracted from the fresh fuel in the cycle. The 235U in the low-enriched uranium 
(LEU) fuel used by currently operating Light-Water Reactors (LWRs) cannot be chemically 
separated because it i s  embedded in a matrix o f  238U. To extract the 235U from the 238U 
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would r e q u i r e  i s o t o p i c  separa t i on  which i s  t e c h n o l o g i c a l l y  d i f f i c u l t  and f o r  which few 

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

weapons f a b r i c a t i o n  because t h e  c o n c e n t r a t i o n  o f  t h e  f i s s i l e  component i s  t o o  low. 

The uranium m i x t u r e  i t s e l f  c o u l d  n o t  be used f o r  

By c o n t r a s t ,  t h e  p l u t o n i u m  i n  t h e  Pu/U mixed o x i d e  f u e l  c y c l e  developed f o r  f a s t  

breeder  r e a c t o r s  such as t h e  L i q u i d  Meta l  Fas t  Breeder (LFMBR) can be c h e m i c a l l y  separated 

f rom t h e  o t h e r  m a t e r i a l s  i n  t h e  c y c l e .  

i s  pe rce i ved  t o  be l e s s  p r o l i f e r a t i o n  r e s i s t a n t  t han  t h e  LEU cyc le .  

FBR-Pu/U f u e l  c y c l e  was o b v i o u s l y  a ma jo r  f a c t o r  i n  t h e  A d m i n i s t r a t i o n ' s  d e c i s i o n  i n  

A p r i l ,  1977, t o  d e f e r  commerc ia l i za t i on  o f  t h e  LMFBR i n  t h e  U n i t e d  S ta tes .  

Thus, as p r e s e n t l y  developed, t h e  Pu/U f u e l  c y c l e  

T h i s  f a c e t  o f  t h e  

Another concern about  p lu ton ium c e n t e r s  on i t s  presence i n  t h e  "back end" o f  t h e  

LEU f u e l  cyc le .  Whi le  i t  does n o t  e x i s t  i n  t h e  " f r o n t  end" o f  t h e  c y c l e  ( t h a t  i s ,  i n  t h e  

f r e s h  f u e l ) ,  p l u t o n i u m  i s  produced i n  t h e  2 3 8 U  of t h e  f u e l  elements d u r i n g  r e a c t o r  opera- 

t i o n s .  Thus t h e  spent  LWR elements c o n t a i n  f i s s i l e  p l u t o n i u m  t h a t  i s  c h e m i c a l l y  e x t r a c t -  

ab le .  The f u e l  c y c l e  technology i n c l u d e s  s teps f o r  rep rocess ing  t h e  elements t o  recove r  

and r e c y c l e  t h e  p lu ton ium, t o g e t h e r  w i t h  o t h e r  unburned f i s s i l e  m a t e r i a l  i n  t h e  elements, 

b u t  t o  d a t e  t h i s  has n o t  been done i n  t h e  U.S. and c u r r e n t l y  a morator ium on U.S. commercial 

rep rocess ing  i s  i n  e f f e c t .  

LWRs a r e  be ing  s t o r e d  on s i t e .  
f i s s i o n - p r o d u c t  b u i l d u p ,  t h e  spent  elements must be h e a v i l y  sh ie lded ,  b u t  as t h e i r  r a d i o -  

a c t i v i t y  decays w i t h  t i m e  l e s s  s h i e l d i n g  w i l l  be r e q u i r e d .  

As a r e s u l t ,  t h e  spent  f u e l  elements now be ing  removed f rom 

Because i n i t i a l l y  t h e y  a r e  h i g h l y  r a d i o a c t i v e  due t o  a 

Var ious n u c l e a r  " a l t e r n a t i v e s "  a r e  be ing  proposed by t h e  U.S. and o t h e r  c o u n t r i e s  

f o r  i n t e r n a t i o n a l  c o n s i d e r a t i o n  i n  l i e u  o f  t h e  c l a s s i c a l  Pu/U c y c l e .  One proposal  i s  

t h a t  n a t i o n s  c o n t i n u e  marke t i ng  LWRs and o t h e r  types o f  thermal  r e a c t o r s  f u e l e d  w i t h  

n a t u r a l  o r  l ow-en r i ched  uranium. A morator ium on rep rocess ing  would be adopted, and 

t h e  spent  f u e l  would be s t o r e d  i n  secure n a t i o n a l  o r  i n t e r n a t i o n a l  c e n t e r s  such as has 

r e c e n t l y  been proposed by t h e  U n i t e d  S ta tes ,  t h e  s e c u r i t y  o f  t h e  f u e l  be ing  t r a n s p o r t e d  
t o  t h e  c e n t e r s  be ing  p r o v i d e d  by i t s  f i s s i o n - p r o d u c t  r a d i o a c t i v i t y .  

a guarantee t o  t h e  nuclear-power-consuming n a t i o n s  o f  a f u e l  supp ly  f o r  t h e  approx ima te l y  

30-year economic l i f e  o f  t h e i r  n u c l e a r  p l a n t s .  

T h i s  s c e n a r i o  assumes 

Other  p roposa ls  t h a t  assume t h e  absence o f  rep rocess ing  (and thus  do n o t  i n c l u d e  

r e c y c l e  o f  uranium and/or p lu ton ium)  a r e  aimed a t  improv ing  t h e  &-&tu u t i l i z a t i o n  o f  

f i s s i l e  m a t e r i a l  w i t h i n  t h e  framework o f  c u r r e n t  l i g h t - w a t e r  technology.  

r e a c t o r  o p t i o n s  such as improved r e f u e l i n g  p a t t e r n s  and c y c l e  "coastdown" procedures, as 

w e l l  as more e x t e n s i v e  m o d i f i c a t i o n s  (such as i n c r e a s i n g  t h e  des ign  burnup), a r e  b e i n g  

s t u d i e d .  S i g n i f i c a n t  ga ins  i n  resource  u t i l i z a t i o n  a l s o  appear p o s s i b l e  w i t h  t h e  i n t r o -  

d u c t i o n  o f  "advanced c o n v e r t e r "  des igns based on Heavy-Water Reactors  (HWRs) , S p e c t r a l  - 
S h i f t - C o n t r o l  l e d  Reactors  (SSCRs) , o r  High-Temperature Gas-Cooled Reactors  (HTGRs) . 

L i g h t - w a t e r  
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While these various proposals could be useful f o r  increasing the  energy generated 
from the uranium resource base while recycling i s  disallowed, they w i l l  not provide the  
"inexhaustible" supply of nuclear fuel t h a t  has been an t ic ipa ted  from the  commercialization 
of fuel recycle and breeder reac tors .  
and reuse of the " a r t i f i c i a l "  f i s s i l e  isotopes 239Pu (+ 2c1Pu)* and 233U. I t  was under the 
assumption t h a t  recycle would occur, i n i t i a l l y  in  LWRs, t h a t  the technology f o r  t he  P u / U  
mixed-oxide fuel cyc le ,  i n  which 239Pu i s  bred from 238U, was developed. 
reasons s t a t e d  above, the  p ro l i f e ra t ion  res i s tance  o f  the cycle as cur ren t ly  developed i s  
perceived as being inadequate. 
de l ibe ra t e ly  "spiking" the  fresh fuel elements with rad ioac t ive  contaminants o r  allowing 
them to  r e t a i n  some of the f i s s i o n  products from the previous cycle,  e i t h e r  of which would 
discourage se izure  by unauthorized groups o r  s t a t e s .  The f e a s i b i l i t y  of these and o ther  
possible modifications to  the cycle are cur ren t ly  under study. In addi t ion ,  the employment 
of full-scope safeguards,  including extensive f i s s i l e  monitorl'ng procedures, i s  being 
inves t iga ted  f o r  use w i t h  the Pu/U cycle.  

To provide such a supply would requi re  the  separation 

However, f o r  the 

I t s  p ro l i f e ra t ion  res i s tance  could be increased by 

Also under study a r e  several " a l t e rna te"  fuel cycles based on the  use of the 
a r t i f i c i a l  f i s s i l e  isotope 2 3 3 U  which i s  bred in 232Th .  
cycle proposed by Feiveson and Taylor,2 and i t  i s  t h i s  cycle t h a t  i s  the  subjec t  of  t h i s  
repor t .  In the  23%/238U/232Th fuel cycle the  2 3 3 U  i s  mixed with 2 3 8 U  which serves as a 
denaturant.  The f e r t i l e  isotope 232Th  i s  included t o  breed additional 233U.  

addition of the  2 3 8 U  denaturant makes the  proposed fuel cycle s imi l a r  t o  the  2 3 5 U / 2 3 8 U  
cycle cur ren t ly  employed i n  LWRs in t h a t  ex t rac t ing  the  2 3 3 U  for weapons fabr ica t ion  would 
require isotope separation f a c i l i t i e s .  
a l so  s imi la r  t o  the  239Pu /238U cycle in t h a t  reprocessing will  be necessary t o  u t i l i z e  the  
bred f u e l .  
reprocessing and o ther  s ens i t i ve  a c t i v i t i e s  could be r e s t r i c t e d  t o  secure energy centers  
and s t i l l  allow power t o  be generated outs ide  the  centers .  

One such cycle i s  the  233U/238U/232Th  

The 

Since 2 3 3 U  does not occur i n  nature,  the  cycle i s  

However, a s  suggested by the  Acheson Committee and again by Feiveson and Taylor, 

I t  i s  the purpose of this r epor t  t o  assess  in the  l i g h t  of today ' s  knowledge the  
poten t ia l  of the denatured 2 3 3 U  fuel  cycle f o r  meeting the  requirements f o r  e l e c t r i c a l  
power growth while a t  the  same time reducing p ro l i f e ra t ion  r i s k s .  Chapter 2 examines 
the  r a t iona le  f o r  u t i l i z i n g  the  denatured fuel cycle as a reduced p ro l i f e ra t ion  measure, 
and Chapter 3 attempts to  assess  the  impact of the  i so topics  of the  cyc le ,  espec ia l ly  
w i t h  respect to an implied tradeoff between chemical i n sepa rab i l i t y  and i so topic  
sepa rab i l i t y  of t he  fuel components. Chapter 4 examines the neutronic performance of 
various reac tor  types u t i l i z i n g  denatured 2 3 3 U  f u e l ,  and Chapter 5 discusses the  require- 
ments and projections f o r  implementing the  cycle.  Chapter 6 then evaluates various nucl- 
ea r  power systems u t i l i z i n g  denatured fue l .  F ina l ly ,  Chapter 7 gives summations of the 
safeguards considerations and reac tor  neutronic and symbiotic aspects and discusses the  
prospects f o r  deploying denatured reac tor  systems. Chapter 7 a l so  presents the  overall  
conclusions and recommendations r e su l t i ng  from t h i s  study. 

~~ ~~~ ~ 

*The bombardment of 238U w i t h  neutrons ac tua l ly  produces two f i s s i l e  i otopes of plutonium - 
239Pu  and *'+1Pu. These a re  sometimes re fer red  t o  co l l ec t ive ly  as "Pu?" and o ther  times the 
mixture i s  merely iden t i f i ed  as 2 3 9 P u .  



1-6 

The reader wi l l  note t h a t  throughout the  study the U.S. has been used a s  the base 
case. This was necessary because the  ava i lab le  i n p u t  data -- t h a t  i s ,  resource base 
es t imates ,  projected reac tor  and fuel cycle development schedules , and assumed power 
growth r a t e s  -- a r e  a l l  of U.S. or ig in .  
an in te rna t iona l  base, the study could be scaled upward t o  cover an interdependent world 
model. 

However, with access t o  corresponding data f o r  
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2.0. INTRODUCTION 

The primary r a t iona le  f o r  considering the  p ro l i f e ra t ion  poten t ia l  of the  nuclear 
fuel cycles associated with c i v i l i a n  power reac tors  derives fr6m two opposing concerns: 
the  p o s s i b i l i t y  of nuclear weapons p ro l i f e ra t ion  versus a need f o r  and the perceived 
economic/resource benef i t s  of a nuclear-based generating capacity.  
be emphasized t h a t  a c i v i l i a n  nuclear power program i s  not the only p ro l i f e ra t ion  route 
ava i lab le  t o  nonnuclear weapons s t a t e s .  
t o  date have not r e l i ed  on a c i v i l i a n  nuclear power program t o  obtain the  f i s s i l e  material .  
Rather, they have u t i l i zed  enrichment f a c i l i t i e s ,  plutonium-production r eac to r s ,  and, more 
recent ly ,  a research reac tor .  Moreover, as opposed t o  a de l ibe ra t e  (and possibly clande- 
s t i n e )  weapons-development program based upon a national decision, nuclear power programs 
a re  cur ren t ly  subjec t  t o  in te rna t iona l  monitoring and influence in most cases. 
c i v i l i a n  nuclear power does represent one conceivable p ro l i f e ra t ion  route ,  i f  i t  i s  made 
l e s s  a t t r a c t i v e  than o ther  possible routes ,  p ro l i f e ra t ion  concerns should not i n h i b i t  the  
development of commercial nuclear power. 

A t  the  ou t se t  i t  should 

The countries t h a t  have developed nuclear explosives 

T h u s  while 

P ro l i f e ra t ion  concerns regarding c i v i l i a n  nuclear power programs center  on two 
i n t r i n s i c  cha rac t e r i s t i c s  of t he  nuclear fuel cycle.  First, nuclear reac tor  fuel 
inherent ly  provides a po ten t ia l  source of f i s s i l e  material from which production of 
weapons-grade material  i s  possible.  Second, ce r t a in  fuel cycle components, pa r t i cu la r ly  
enrichment and reprocessing f a c i l i t i e s ,  exacerbate the  p ro l i f e ra t ion  problem s ince  they 
provide a technological capab i l i t y  which could be d i rec ted  towards weapons development. 
The term " l a t e n t  p ro l i f e ra t ion"  has been coined by Feiveson and Taylor1 to  cover these 
cha rac t e r i s t i c s  of the  nuclear fuel cycle which, although not pertaining d i r e c t l y  t o  
weapons development, by t h e i r  ex is tence  f a c i l i t a t e  a possible fu tu re  decision t o  
e s t ab l i sh  such a capab i l i t y .  

I t  should be noted t h a t  the  problem of l a t e n t  p ro l i f e ra t ion  impacts even the "once- 
through" low-enriched uranium (LEU) cycle cur ren t ly  employed i n  1 ight-water reac tors  (LWRs) 
and a l so  the  natural-uranium cycle u t i1  ized i n  the Canadian heavy-water systems ( C A N D U s ) .  
The technology required t o  enrich natural  uranium to  LWR fuel represents a technological 
capab i l i t y  which could be red i rec ted  from peaceful purposes. In addi t ion ,  the  plutonium- 
containing spent f u e l ,  a l b e i t  d i l u t e  and contaminated w i t h  highly rad ioac t ive  f i s s ion  
products, represents a source of po ten t ia l  weapons mater ia l .  Thus the  poss ib i l i t y  of 
p ro l i f e ra t ion  e x i s t s  even f o r  the  fuel cycles now i n  use. 
nized and i t  has been proposedl y 2  t h a t  i n t e rna t iona l ly  cont ro l led  fuel cycle serv ice  
centers  be es tab l i shed  whose purpose would be t o  preclude subversion of s ens i t i ve  
technology (such as enrichment technology) and t o  provide f a c i l i t i e s  f o r  the  assay and 
secure storage of spent once-through reac tor  fue l .  

This has already been recog- 
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The establishment of such fuel cycle service centers  i s  current ly  receiving ser ious 
As  the costs  of U308 production increase (and  as i t  i s  preceived t h a t  long- consideration. 

term rel iance on nuclear power i s  necessary),  the expansion of the fuel cycle service center  
t o  include reprocessing a c t i v i t i e s  will  become a t t r a c t i v e .  
2 3 5 U  remaining in the spent fuel t o  be u t i l i z e d .  I t  would a l so  allow the a r t i f i c i a l  ( t h a t  
i s ,  "manufactured") f i s s i l e  isotopes produced as a d i r e c t  r e s u l t  o f  the power production 

f 
process t o  be recycled. Of the l a t t e r ,  only two possible candidate isotopes e x i s t :  
( i . e . ,  239Pu  and 2 4 1 P u )  and 233U.  

l i f e r a t i o n  aspects of t h e i r  possible recycle scenarios a re  considerably d i f f e ren t .  
the r a t iona le  for the present study i s  the need t o  determine whether 233U-based recycle 
scenarios have s ign i f i can t  prol i f e r a t i o n - r e s i s t a n t  advantages compared with Puf-based 
recycle scenarios.  

The expansion would allow the 

Pu  
I n  considering these isotopes,  i t  appears t h a t  the pro- 

In f a c t ,  

2.1.  INTERNATIONAL PLUTONIUM ECONOMY 

Pr ior  t o  President Ca r t e r ' s  April 7 ,  1977, nuclear policy statement,  the reference 
recycle fuel scenario had been based on plutonium, referred t o  by Feiveson and Taylor' as 
the "plutonium economy." I n  t h i s  scenario the plutonium generated i n  the  LEU cycle would 
be recycled as feed material f i r s t  i n t o  thermal reactors  and l a t e r  i n to  f a s t  breeders, 
these reactors then operating on mixed Pu/U oxides instead of on uranium oxide alone. As 
with any recycle scenario,  the plutonium-based nuclear power economy would require  the 
operation of spent fuel reprocessing f a c i l i t i e s .  I f  dispersed t h r o u g h o u t  the world, such 
reprocessing technology, l i k e  uranium enrichment technology, would markedly increase the 
l a t e n t  p ro l i f e ra t ion  potential  inherent in the nuclear fuel cycle. Of course, such f a c i l i -  
t i e s  could a l s o  be r e s t r i c t e d  t o  the fuel cycle service centers .  However, the plutonium 
recycle scenario introduces a f a r  g rea t e r  concern regarding nuclear prol i f e r a t i o n  s ince 
weapons-usable material can be produced from the fresh mixed oxide fuel through chemicaZ 
separation of the plutonium from the uranium, whereas t o  obtain weapons-usable material from 
LEU fuel requires isotopic enrichment i n  235U. 

Since the fresh mixed oxide ( P u / U )  fuel  of the reference cycle i s  vulnerable t o  chemical 
separat ion,  n o t  only a re  the fuel f ab r i ca t ion  f a c i l i t i e s  of the cycle potent ia l  sources of 
d i r e c t l y  usable weapons mater ia l ,  b u t  a l s o  the reactors  themselves. While r e s t r i c t i o n  of 
mixed oxide f ab r i ca t ion  f a c i l i t i e s  t o  safeguarded centers i s  both f eas ib l e  and advisable,  
i t  i s  unlikely t h a t  the reactors  can be central ized i n t o  a few such in t e rna t iona l ly  con- 
t r o l l e d  centers.  Rather they will  be dispersed outs ide the cen te r s ,  which wil l  necess i t a t e  
t h a t  f resh fuel  containing plutonium be shipped and stockpiled on a global s ca l e  and t h a t  
i t  be safeguarded a t  a l l  points. Thus, as pointed out by Feiveson and Taylor, l  the  plu- 
tonium recycle scenario s i g n i f i c a n t l y  increases the number of nuclear fuel cycle f a c i l i t i e s  
which must be safeguarded. The prospect of such widespread use of plutonium and i t s  as- 
sociated problems of s ecu r i ty  have led t o  an  examination of possible a l t e r n a t i v e  fuel  cycles 

aimed a t  reducing the  p ro l i f e ra t ion  r i sk  inherent in recycle scenarios.  
fuel cycle i s  t he  denatured 2 3 3 U  fuel  cycle which comprises the subject  of t h i s  report .  

One such a l t e r n a t i v e  
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2.2. THE DENATURED 2 3 3 U  FUEL CYCLE 

I n  t h e  denatured 233U cyc le ,  t h e  f r e s h  f u e l  would c o n s i s t  o f  a m i x t u r e  o f  f i s s i l e  2 3 3 U  
d i l u t e d  w i t h  238U ( t h e  denaturan t )  and combined w i t h  t h e  f e r t i l e  i s o t o p e  thor ium. The pre-  
sence o f  a s i g n i f i c a n t  q u a n t i t y  o f  238U denaturan t  would p rec lude d i r e c t  use o f  t h e  f i s s i l e  

m a t e r i a l  f o r  weapons purposes even i f  t h e  uranium and thor ium were c h e m i c a l l y  separated. 

i n  t h e  LEU c y c l e ,  an a d d i t i o n a l  s tep,  t h a t  o f  i s o t o p i c  enr ichment  o f  t h e  uranium, t h i s  t ime 

t o  i n c r e a s e  i t s  2 3 3 U  c o n c e n t r a t i o n ,  would be necessary t o  produce weapons-grade m a t e r i a l  , 
and t h e  development o f  an enr ichment  c a p a b i l i t y  would r e q u i r e  a s i g n i f i c a n t  d e c i s i o n  and com- 

mi tment  w e l l  i n  advance o f  t h e  a c t u a l  d i v e r s i o n  o f  f i s s i l e  m a t e r i a l  f rom t h e  f r e s h  f u e l .  

T h i s  i s  i n  c o n t r a s t  t o  t h e  r e f e r e n c e  Pu/U f r e s h  fue l  f o r  which o n l y  chemical s e p a r a t i o n  would 

be requ i red .  

pear  t h a t  e n r i c h i n g  c l a n d e s t i n e l y  o b t a i n e d  n a t u r a l  uranium would be p r e f e r a b l e  t o  d i v e r t i n g  

and e n r i c h i n g  r e a c t o r  f u e l ,  whether i t  be denatured 2 3 3 U  o r  some o t h e r  type,  s i n c e  the  r e a c t o r  

f u e l  would be more i n t e r n a t i o n a l l y  "accountab le . "  

As 

Moreover, even i f  such an enr ichment  c a p a b i l i t y  were developed, i t  would ap- 

The pr imary  advantage o f  t h e  denatured f u e l  c y c l e  i s  t h e  i n c l u s i o n  o f  t h i s  " i s o t o p i c  

b a r r i e r "  i n  t h e  f u e l .  

and t h e  f r e s h  f u e l  safeguards ( t h a t  i s ,  p h y s i c a l  s e c u r i t y ,  i n t e r n a t i o n a l  m o n i t o r i n g ,  e t c . )  

would a l l  be e x t e r n a l  t o  t h e  f u e l ,  t h e  denatured 233U f u e l  c y c l e  would i n c o r p o r a t e  an i n -  

heren t  safeguard advantage as a p h y s i c a l  p r o p e r t y  o f  t h e  f u e l  i t s e l f .  L i k e  t h e  p l u t o n i u m  

c y c l e ,  t h e  denatured f u e l  c y c l e  would r e q u i r e  t h e  development o f  f u e l  c y c l e  c e n t e r s  t o  
safeguard s e n s i t i v e  f u e l  c y c l e  a c t i v i t i e s  such as reprocess ing  ( b u t  n o t  n e c e s s a r i l y  r e f a b r i -  

c a t i o n ) .  However, u n l i k e  t h e  p l u t o n i u m  cyc le ,  t h e  denatured f u e l  c y c l e  would n o t  r e q u i r e  

t h e  ex tens ion  o f  such s t r i n g e n t  safeguard procedures t o  t h e  r e a c t o r s  themselves, and they  
a r e  the  most numerous component of the  n u c l e a r  f u e l  c y c l e .  (As noted above, LEU f u e l  i s  a l s o  

"denatured"  i n  t h e  sense t h a t  a l o w  c o n c e n t r a t i o n  o f  2 3 5 U  i s  i n c l u d e d  i n  a 238U m a t r i x .  

S i m i l a r l y ,  n a t u r a l  uranium f u e l  i s  denatured.  Thus, these f u e l s  a l s o  have t h e  p r o l i f e r a t i o n -  

r e s i s t a n c e  advantages o f  t h e  i s o t o p i c  b a r r i e r . )  

Whereas ir: t h e  p l u t o n i u m  c y c l e  no denaturan t  comparable t o  238U e x i s t s  

The concept o f  denatured 233U f u e l  as a p r o l i f e r a t i o n - r e s i s t a n t  s t e p  i s  addressed 

p r i n c i p a l l y  a t  t h e  f r o n t  end o f  t h e  n u c l e a r  f u e l  cyc le ,  t h a t  i s ,  t h e  f r e s h  f u e l  charged 

t o  r e a c t o r s .  The 238U denaturan t  w i l l  , o f  course, produce p l u t o n i u m  under i r r a d i a t i o n .  

Thus, as i n  t h e  LEU and mixed o x i d e  cyc les ,  t h e  spent  f u e l  f rom t h e  denatured c y c l e  i s  a 
p o t e n t i a l  source o f  p lu ton ium. However, a l s o  as i n  t h e  LEU and mixed o x i d e  cyc les ,  t h e  

p l u t o n i u m  generated i n  t h e  spent  f u e l  i s  contaminated w i t h  h i g h l y  r a d i o a c t i v e  f i s s i o n  products .  

Moreover, t h e  q u a n t i t y  o f  p l u t o n i u m  generated v i a  t h e  denatured f u e l  c y c l e  w i l l  be s i g n i f -  

i c a n t l y  l e s s  than t h a t  o f  t h e  o t h e r  two cyc les .  

r e a c t o r  f u e l  as a source o f  weapons m a t e r i a l  r e q u i r e s  a p r e v i o u s  commitment t o  t h e  develop- 

ment o f  s h i e l d e d  e x t r a c t i o n  f a c i l i t i e s .  

source o f  weapons m a t e r i a l  i m p l i e s  one o f  two s t r a t e g i c  dec is ions :  

i s o t o p i c  enr ichment  c a p a b i l i t y  t o  process d i v e r t e d  fresh f u e l ,  o r  t h e  development o f  a fis-  
s i l e  e x t r a c t i o n  c a p a b i l i t y  (chemical  o r  i s o t o p i c )  t o  process d i v e r t e d  spent fue l .  

Fur ther ,  t h e  d e c i s i o n  t o  use spent  

I n  summary, t h e  use o f  a denatured f u e l  as a 
t h e  development o f  an 

I n  
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c o n t r a s t ,  w h i l e  t h e  p l u t o n i u m  c y c l e  a l s o  would r e q u i r e  a s t r a t e g i c  d e c i s i o n  concern ing  t h e  

spent  f u e l ,  t h e  d e c i s i o n  t o  u t i l i z e  t h e  f r e s h  mixed o x i d e  f u e l  would be e a s i e r  and thus 
would be more t a c t i c a l  i n  na tu re .  

A s u b s i d i a r y  p r o l i f e r a t i o n - r e l a t e d  advantage o f  t h e  denatured f u e l  c y c l e  i s  t h e  

presence o f  232U (and i t s  h i g h l y  r a d i o a c t i v e  decay daughters)  i n  t h e  f r e s h  f u e l .  
an unavoidable byp roduc t  i n  t h e  p r o d u c t i o n  o f  2 3 3 U  f rom 232Th, c o n s t i t u t e s  a c h e m i c a l l y  

i n s e p a r a b l e  r a d i o a c t i v e  contaminant  i n  t h e  f r e s h  f u e l ,  which would be a f u r t h e r  d e t e r r e n t  

t o  p r o l i f e r a t i o n .  S i m i l a r  con tamina t ion  o f  mixed Pu/U o x i d e  f u e l  has been proposed v i a  

" s p i k i n g "  t h e  f u e l  w i t h  f i s s i o n  p roduc ts  o r  p r e i r r a d i a t i n g  i t  t o  produce t h e  f i s s i o n  p roduc ts  

i n  s i t u ,  b u t  b o t h  these  o p t i o n s  would i n v o l v e  s i g n i f i c a n t  p e r t u r b a t i o n s  t o  t h e  P U / ~ ~ ~ U  f u e l  

c y c l e  as opposed t o  t h e  " n a t u r a l "  con tamina t ion  o f  thorium-based f u e l s .  
a r t i f i c i a l  s p i k e  o f  mixed ox ide  f u e l  would be s u b j e c t  t o  chemical e l i m i n a t i o n ,  a l b e i t  r e -  

q u i r i n g  h e a v i l y  s h i e l d e d  f a c i l i t i e s .  The n a t u r a l  s p i k e  o f  t h e  denatured f u e l  ( t h a t  i s ,  t h e  

2 3 2 U  decay daughters)  would a l s o  be s u b j e c t  t o  chemical e l i m i n a t i o n ,  b u t  t h e  c o n t i n u i n g  
decay o f  t h e  232U would r e p l a c e  t h e  n a t u r a l  s p i k e  w i t h i n  a l i m i t e d  p e r i o d  o f  t ime.  

The 232U, 

A d d i t i o n a l l y ,  t h e  

2 3 3 U  a l s o  has t h e  advantage o f  a h i g h e r  f i s s i l e  wor th  i n  thermal  r e a c t o r s  than  239Pu, 

b o t h  i n  terms o f  t h e  energy r e l e a s e  p e r  atom des t royed  and i n  terms o f  t h e  convers ion  r a t i o  
(see Sec t ion  4.0). Commercial thermal  r e a c t o r s  a r e  c u r r e n t l y  a v a i l a b l e  and a r e  p r o j e c t e d  

t o  en joy  a c a p i t a l  c o s t  advantage over  proposed f a s t  b reeder  r e a c t o r s .  A d d i t i o n a l l y ,  t h e  

t e c h n o l o g i c a l  base r e q u i r e d  f o r  i n s t a l l a t i o n  and o p e r a t i o n  o f  a thermal  system i s  l e s s  
s o p h i s t i c a t e d  than  t h a t  f o r  f a s t  systems such as LMFBRs. Thus i t  appears l i k e l y  t h a t  near-  

t e rm scenar ios  w i l l  be dominated by c u r r e n t  and proposed thermal systems. I n  c o n s i d e r i n g  

p o s s i b l e  replacement f i s s i l e  m a t e r i a l s  f o r  t h e  l i m i t e d  2 3 5 U  base, t h e  w o r t h  o f  t h e  r e p l a c e -  

ment f u e l s  i n  t h e  thermal  systems i s  o f  some impor tance.  

One i m p o r t a n t  f a c t o r  which must be cons ide red  i n  d i s c u s s i n g  t h e  denatured f u e l  c y c l e  
i s  t h e  p o t e n t i a l  source o f  t h e  r e q u i r e d  f i s s i l e  m a t e r i a l ,  2 3 3 U e  

c u r r e n t - g e n e r a t i o n  n u c l e a r  power r e a c t o r s  o p e r a t i n g  on t h e  denatured c y c l e  w i l l  r e q u i r e  an 
e x t e r n a l  source o f  233U t o  p r o v i d e  makeup requi rements.  
na tu red  r e a c t o r s  c o u l d  be designed t o  be s e l f - s u f f i c i e n t  i n  terms o f  2 3 3 U ,  t h e r e  would s t i l l  

remain t h e  q u e s t i o n  o f  t h e  i n i t i a l  2 3 3 U  l o a d i n g .  

i s  a 2 3 3 U  p r o d u c t i o n  r e a c t o r  l o c a t e d  i n  t h e  f u e l  c y c l e  s e r v i c e  c e n t e r  (now perhaps more 

a c c u r a t e l y  termed an energy c e n t e r ) .  

b o t h  produce power and t ransmute 232Th i n t o  2 3 3 U ,  which c o u l d  then  be denatured f o r  use o u t -  

s i d e  t h e  secure energy c e n t e r .  Loosely  termed a transmuter, such a r e a c t o r  would be con- 

s t r a i n e d  t o  t h e  energy c e n t e r  because o f  i t s  u t i l i z a t i o n  o f  p l u t o n i u m  f u e l .  The r e q u i r e d  

p l u t o n i u m  f o r  t h e  t ransmute rs  i s  e n v i s i o n e d  as coming i n i t i a l l y  f rom reprocessed LEU f u e l ,  

and l a t e r ,  i n  t h e  more mature system, from p l u t o n i u m  produced i n  ene rgy -cen te r  r e a c t o r s  o r  

v i a  t h e  2 3 8 U  dena tu ran t  i n  d i spe rsed  r e a c t o r s .  

as t h a t  d e p i c t e d  i n  F i g .  2.2-1 w i l l  evo l ve  i n  which t h e  energy c e n t e r  t ransmuters produce 
f u e l  ( 2 3 3 U )  f o r  t h e  d i spe rsed  r e a c t o r s  and consume t h e  p l u t o n i u m  produced b y  t h e  d i spe rsed  

It appears l i k e l y  t h a t  

Moreover, even i f  f u t u r e  de- 

One p o s s i b l e  source o f  t h e  r e q u i r e d  2 3 3 U  

T h i s  system would be f u e l e d  w i t h  p l u t o n i u m  and would 

Thus, i n  mature form a s y m b i o t i c  system such 
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denatured r e a c t o r s  o r  by  energy-center  r e a c t o r s .  

p r o v i d e d  a source o f  2 3 3 U  f o r  i n i t i a l  l o a d i n g  and makeup requi rements,  as w e l l  as a means 

f o r  d i s p o s i n g  o f  t h e  non- recyc lab le  ( i n  t h e  d i spe rsed  r e a c t o r s )  p lu ton ium.  

p o i n t  o f  such a system i s  t h a t  no p lu ton ium-con ta in ing  f r e s h  f u e l  c i r c u l a t e s  o u t s i d e  t h e  

energy c e n t e r .  The p l u t o n i u m  con ta ined  i n  t h e  spent  f u e l  i s  r e t u r n e d  t o  t h e  c e n t e r  f o r  

The d i spe rsed  r e a c t o r s  i n  t u r n  a r e  
* 

The s i g n i f i c a n t  

u l t i m a t e  d e s t r u c t i o n .  

DENATURED FUEL ASSEMBLIES (NO Pu) 

f'lAl 
- TH. 

(U-233, U-238, T~-232)  OXIDE 

DISPERSED REACTORS 

n 
LWR IRRADIATED FUEL 

CONVERTER 

ORNL-MG 77-10071 

IP 
1-238 

ENERGY 

1 7 . SPENT FUEL - Pu TO U-233 
FABRICATION PU TRANSMUTER PROCESSING 

t - TH 

WASTE 

TERMINAL 
STORAGE 

IRRADIATED FUEL 

F ig .  2.2-1. Schematic Fuel Flow f o r  Symb io t i c  System C o n s i s t i n g  o f  an 
Energy Center  and Dispersed Reactors Opera t i ng  on Denatured 2 3 3 U  Fuel. 

One obv ious concern r e g a r d i n g  such a coupled system i s  t h e  amount o f  power produced 

by t h e  d i spe rsed  systems r e l a t i v e  t o  t h a t  produced i n  t h e  energy c e n t e r  r e a c t o r s .  

power r a t i o , "  d e f i n e d  as d i spe rsed  power generated r e l a t i v e  t o  c e n t r a l i z e d  power, can be 
viewed as a parameter c h a r a c t e r i z i n g  t h e  p r a c t i c a l i t y  o f  t h e  system. 

r a t i o  depends on t h e  c h a r a c t e r i s t i c s  o f  t h e  r e a c t o r s  a c t u a l l y  u t i l i z e d  f o r  t h e  v a r i o u s  
components and i s  cons idered i n  d e t a i l  l a t e r  i n  t h i s  r e p o r t ,  c e r t a i n  gener i c  s ta tements 

can be made. I n  a mature "safeguarded" p l u t o n i u m  c y c l e ,  t h e  r a t i o  would be ze ro  s i n c e  

a l l  r e a c t o r s  would, of necess i t y ,  be l o c a t e d  i n  energy centers .  

LEU cyc les ,  t h i s  r a t i o  i s  e s s e n t i a l l y  i n f i n i t e  s i n c e  c u r r e n t  n u c l e a r  g e n e r a t i n g  c a p a c i t y  

i s  d i spe rsed  v i a  " n a t u r a l l y  denatured"  thermal  systems. 

The 

While t h e  power 

I n  t h e  c u r r e n t  open-ended 

The denatured 233U c y c l e  w i l l  f a l l  

* 
A l s o  c a l l e d  "energy suppor t  r a t i o . "  
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between these two extremes, and thus the  proposed system's power r a t i o  wi l l  be a c ruc ia l  
evaluation parameter. 

The symbiotic system depicted by Fig. 2.2-1 can a l so  be characterized by the  type 
of reac tors  u t i l i zed  ins ide  and outs ide  the  center .  In genera l ,  systems cons is t ing  of 
thermal (conver te r )  reac tors  only,  systems cons is t ing  of both thermal converters and f a s t  
breeder r eac to r s ,  and systems cons is t ing  so le ly  of f a s t  breeder reac tors  can be en- 
visioned.* One important c h a r a c t e r i s t i c  of each system i s  t he  ex ten t  t o  which i t  must r e ly  
on an external fuel supply t o  meet the  demand f o r  nuclear-based generating capacity. The 
thermal-thermal system would be the  most resource-dependent. The breeder-thermal system 
could be fue l - se l f - su f f i c i en t  f o r  a given power level and possibly a l s o  provide f o r  moderate 
nuclear capacity growth. The breeder-breeder scenar io ,  i f  economically competitive w i t h  
a1 t e rna t ive  energy sources,  would permit the  maximum resource-independent nuclear cont r i  bu- 
t ion  t o  energy production. 

While such considerations serve t o  ca tegor ize  the  symbiotic systems themselves, the  
t r a n s i t i o n  from the  cur ren t  once-through LEU cycles t o  the symbiotic systems i s  o f  more 
immediate concern. 
deployment of such systems i s  uncertain.  
i n i t i a t e d  r e l a t i v e l y  soon, however, by using moderately enriched 2 3 5 U / 2  38U mixed with 
thorium (sometimes re fer red  t o  a s  the "denatured 23sU fuel cyc le")  in ex i s t ing  and pro- 
jec ted  thermal systems. 
over the  LEU cyc le)  would serve a dual purpose: 
be s ign i f i can t ly  reduced, and an i n i t i a l  s tockpi le  of 2 3 %  would be produced. I t  should 
be noted t h a t  t h i s  r a t iona le  holds even i f  commercial fuel reprocessing i s  deferred f o r  
some time. Use of denatured 2 3 5 U  fuel  would reduce the amount of plutonium contained in 
the s tored  spent f u e l .  In addi t ion ,  t he  spent fuel would represent  a readi ly  access ib le  
source of denatured 233U should the  need to  sh i f t  from 2 3 5 U  a r i s e .  

232Th f o r  some of t he  238U i n  the LEU cycle would requi re  higher f i s s i l e  loadings and t h u s  more 
235U would be committed i n  a sho r t e r  time frame than would be necessary w i t h  the LEU cycle. 
An a l t e r n a t i v e  would be t o  u t i l i z e  energy-center Pu-burning transmuters t o  provide the i n i t i a l  
source of 233U f o r  dispersed 233U-based reac tors .  
which employ thermal o r  f a s t  energy-center reac tors  coupled w i t h  denatured thermal o r  f a s t  
dispersed reac tors  can be developed. 

Although a l l -breeder  systems would be resource-independent, commercial 
The t r a n s i t i o n  t o  the denatured cycle could be 

The addition of thorium (and the  corresponding reduction of 2 3 8 U  
the quant i ty  of plutonium generated would 

However, subs t i t u t ing  

From these  s t a r t i n g  poin ts ,  various scenar ios  

On the bas is  of the  above, e igh t  general scenarios have been postulated f o r  t h i s  study, 
with two s e t s  of cons t r a in t s  on Pu  u t i l i z a t i o n  considered: 
lowed a s  a recycle fuel b u t  recycle of denatured 2 3 3 U  will  be permitted; o r  plutonium wiZZ 
be allowed within secure energy centers  with only denatured fue l s  being acceptable f o r  use a t  
dispersed s i te  reac tors .  

e i t h e r  plutonium wiZZ not be a l -  

The  e igh t  scenarios can be summarized as follows: 

* 
See Section 4.0 f o r  discussion of r eac to r  terminology a s  applied i n  this study. 
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1. 

2. 

3. 

4. 

5 

6. 

7. 

8. 

Nuc lea r  power i s  l i m i t e d  t o  l ow-en r i ched  u ran ium- fue led  (LEU) thermal r e a c t o r s  ope ra t -  

i n g  on a stowaway c y c l e  ( i n c l u d e d  t o  a l l o w  comparisons w i t h  c u r r e n t  p o l i c y ) .  

LEU r e a c t o r s  a r e  ope ra ted  o u t s i d e  secure energy c e n t e r s  and thermal  r e a c t o r s  w i t h  

p l u t o n i u m  r e c y c l e  a r e  operated i n s i d e  t h e  cen te rs .  

Same as Scenar io  2 p l u s  f a s t  breeder  r e a c t o r s  (FBRs) o p e r a t i n g  on t h e  Pu/U c y c l e  a r e  

deployed w i t h i n  t h e  cen te rs .  

LEU r e a c t o r s  and denatured 2 3 5 U  and denatured 2 3 3 U  r e a c t o r s  a r e  operated w i t h  uranium 
r e c y c l e ,  a l l  i n  d i spe rsed  areas; no p lu ton ium r e c y c l e  i s  pe rm i t ted .  

Same as Scenar io  4 p l u s  thermal  r e a c t o r s  o p e r a t i n g  on t h e  Pu/Th c y c l e  a r e  p e r m i t t e d  

w i t h i n  secure energy cen te rs .  

Same as Scenar io  5 p l u s  FBRs w i t h  Pu/U cores and t h o r i u m  b l a n k e t s  ( " l i g h t 1 '  t ransmuta-  

t i o n  r e a c t o r s )  a r e  p e r m i t t e d  w i t h i n  secure energy cen te rs .  

Same as Scenar io  6 p l u s  denatured FBRs w i t h  2 3 3 U / 2 3 8 U  cores and t h o r i u m  b l a n k e t s  a r e  

p e r m i t t e d  i n  d i spe rsed  areas. 

The " l i g h t "  t r a n s m u t a t i o n  FBRs o f  Scenar io  7 a r e  r e p l a c e d  w i t h  "heavy" t r a n s m u t a t i o n  
r e a c t o r s  w i t h  Pu/Th cores and t h o r i u m  b lanke ts .  

2.3. SOME INSTITUTIONAL CONSIDERATIONS OF THE DENATURED FUEL CYCLE 

As s t a t e d  above, t h e  implementat ion o f  t h e  denatured f u e l  c y c l e  w i l l  e n t a i l  t h e  

c r e a t i o n  o f  f u e l  cyc le /ene rgy  cen te rs ,  which w i l l  r e q u i r e  i n s t i t u t i o n a l  arrangements t o  

manage and c o n t r o l  such f a c i l i t i e s .  

whether t h e y  be r e g i o n a l ,  m u l t i n a t i o n a l ,  o r  i n t e r n a t i o n a l ,  as w e l l  as t h e  mechanisms r e -  

q u i r e d  f o r  t h e i r  implementat ion,  have been Al though a d e t a i l e d  enumeration o f  

t h e  conc lus ions  o f  such s t u d i e s  a r e  'beyond t h e  scope o f  t h i s  p a r t i c u l a r  d i scuss ion ,  c e r t a i n  

aspects  o f  t h e  energy-center  concept as i t  r e l a t e s  t o  t h e  denatured f u e l  c y c l e  a r e  r e l e v a n t  

The advantages and d isadvantages o f  such cen te rs ,  

S ince o n l y  a few thousand k i l og rams  o f  2 3 3 U  c u r r e n t l y  e x i s t ,  i t  i s  c l e a r  t h a t  

p r o d u c t i o n  o f  2 3 3 U  w i l l  be r e q u i r e d  p r i o r  t o  f u l l - s c a l e  deployment o f  t h e  denatured 2 3 3 U  

c y c l e .  

ex t reme ly  l i m i t e d  b e f o r e  t h e  denatured c y c l e  i s  implemented, most i f  n o t  a l l  power p ro -  

duced a t  t h a t  t i m e  would be f rom energy-center  t ransmuters.  

i n c o n s i s t e n t  w i t h  t h e  p r i n c i p l e  t h a t  t h e  number o f  such c e n t e r s  and t h e  percentage o f  

I f  t h e  rese rves  o f  economica l l y  r e c o v e r a b l e  n a t u r a l  uranium a r e  a l l owed  t o  become 

Such a s i t u a t i o n  i s  c l e a r l y  

t o t a l  power produced i n  them be min imized.  A gradual  t r a n s i t i o n  i n  which 235U-based 

d i spe rsed  r e a c t o r s  a r e  r e p l a c e d  w i t h  denatured 2 3  %-based d i spe rsed  r e a c t o r s  and t h e  

accompanying energy-center  t ransmute r  systems i s  thus d e s i r a b l e .  

The proposed denatured f u e l  c y c l e l e n e r g y  c e n t e r  s c e n a r i o  a l s o  p resen ts  an add 

dimension i n  t h e  f o r m u l a t i o n  o f  t h e  energy p o l i c i e s  o f  n a t i o n a l  s t a t e s  - t h a t  o f  nuc 

interdependence. By t h e  v e r y  n a t u r e  o f  t h e  proposed s y m b i o t i c  r e l a t i o n s h i p  i n h e r e n t  

r 

ti ona 

e a r  

i n  
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t h e  denatured c y c l e ,  a c o n d i t i o n  o f  mutual dependence between t h e  d i spe rsed  r e a c t o r s  and t h e  

energy-center  r e a c t o r s  i s  c rea ted .  

( i  .e., d i spe rsed )  r e a c t o r s  must o b t a i n  t h e i r  f u e l  f rom n a t i o n s  t h a t  have energy-center  t r a n s -  

muters, t h e  na. t ions o p e r a t i n g  t h e  t ransmuters w i l l  i n  t u r n  r e l y  on t h e  n a t i o n s  o p e r a t i n g  

d i spe rsed  r e a c t o r s  f o r  t h e i r  tvansmuter f u e l  requi rements (Pu) .  

p o s s i b l e  n o n p r o l i f e r a t i o n  advantages o f  t h e  denatured f u e l  c y c l e ,  t h e  concept  a l s o  i n t r o -  

duces a g r e a t e r  f l e x i b i l i t y  i n  n a t i o n a l  energy p o l i c i e s .  

Thus w h i l e  n a t i o n s  choosing t o  ope ra te  o n l y  denatured 

Hence, i n  a d d i t i o n  t o  t h e  

1. 

2. 

3. 

4. 
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3.0. INTRODUCTION 

T. J .  Burns and L. S. Abbot t  
Oak Ridge N a t i o n a l  Labora to ry  

An assessment o f  t h e  denatured 2 3 3 U  f u e l  c y c l e  - b o t h  f o r  meet ing t h e  requi rements 

f o r  e l e c t r i c a l  power growth and f o r  reduc ing  the  r i s k s  o f  n u c l e a r  weapons p r o l i f e r a t i o n  - 
i n v a r i a b l y  must i n c l u d e  an examinat ion o f  t h e  i s o t o p i c s  o f  t he  c y c l e .  

p o i n t e d  o u t  i n  Chapters 1 and 2 t h a t  t h e  concept o f  t h e  denatured 2 3 3 U  c y c l e  i s  an a t tempt  

t o  r e t a i n  the  i s o t o p i c  b a r r i e r  i n h e r e n t  i n  t h e  c u r r e n t l y  used LWR low-en r i ched  2 3 5 U  (LEU) 

c y c l e  b u t  a t  t h e  same t i m e  t o  a l l o w  the  p r o d u c t i o n  and r e c y c l i n g  o f  new f u e l .  I n  b o t h  t h e  

denatured and t h e  LEU c y c l e s  the  i s o t o p i c  b a r r i e r  i s  c r e a t e d  by  d i l u t i n g  t h e  f i s s i l e  

i s o t o p e  w i t h  2 3 8 U ,  so t h a t  t h e  c o n c e n t r a t i o n  o f  t h e  f i s s i l e  n u c l i d e  i n  any uranium chemical -  

l y  e x t r a c t e d  from f r e s h  f u e l  would be s u f f i c i e n t l y  low t h a t  t h e  m a t e r i a l  would n o t  be 

d i r e c t l y  usable f o r  weapons purposes. T h i s  i s  i n  c o n t r a s t  t o  t h e  two re fe rence  f u e l  cyc les ,  

t h e  Pu/U cyc le ,  and t h e  HEU/Th c y c l e .  I n  b o t h  o f  these cyc les ,  weapons-usable m a t e r i a l  

c o u l d  be e x t r a c t e d  f rom t h e  f r e s h  f u e l  v i a  chemical separa t i on .  O f  course, as shown i n  

Table 3.0-1, c h e m i c a l l y  e x t r a c t a b l e  f i s s i l e  m a t e r i a l  i s  p r e s e n t  i n  t h e  spen t  f u e l  elements 

o f  a l l  these cyc les ;  however, t h e  spent  elements a r e  n o t  cons idered t o  be p a r t i c u l a r l y  

v u l n e r a b l e  because o f  t he  h i g h  r a d i o a c t i v i t y  e m i t t e d  by t h e  f i s s i o n  p roduc ts  - a t  l e a s t  

i n i t i a l l y .  

It has been 

I n  t h i s  assessment o f  denatured 2 3 3 U  f u e l  , t h e  i m p l i c a t i o n s  o f  s u b s t i t u t i n g  t h e  

denatured f u e l  f o r  t h e  r e f e r e n c e  c y c l e s  o f  v a r i o u s  r e a c t o r s  a r e  examined. 

t h e  obv ious advantage o f  t h e  i s o t o p i c  b a r r i e r  i n  t h e  f resh  f u e l ,  denatured 233U fue l  has 

an a d d i t i o n a l  p r o t e c t i o n  f a c t o r  a g a i n s t  d i v e r s i o n  i n  t h a t  i t s  f r e s h  f u e l  i s  r a d i o a c t i v e  

t o  a much g r e a t e r  e x t e n t  t han  any of t h e  o t h e r  f u e l s  l i s t e d  i n  Table 3.0-1. 
c h a r a c t e r i s t i c  i s  due t o  t h e  presence o f  t h e  contaminant  232U, which i s  generated as a 

byp roduc t  o f  t he  2 3 3 U  p r o d u c t i o n  process and wh ich  spawns a h i g h l y  r a d i o a c t i v e  decay cha in .  

As shown i n  F i g .  3.0-1, 2 3 2 U  decays th rough  228Th t o  s t a b l e  208Pb, e m i t t i n g  numerous gamma 

rays  i n  t h e  process, t h e  most prominent  b e i n g  a 2.6-MeV g a m a  r a y  a s s o c i a t e d  w i t h  t h e  decay 

o f  208T1. 

I n  a d d i t i o n  t o  

T h i s  

Tab le  3.0-1. Comparison of P r i n c i p a l  F i s s i l e  and F e r t i l e  Nuc l i des  i n  Some Reactor  Fuels  

Fuel Fresh Fuel Nuc l i desa  Spent Fuel Nuc l i des  

Denatured 2 3 3 U  f u e l  2 3 3 ~ ~  238u ,  2 3 2 ~ h  233U, Puf, 238U, 232Th 
( w i t h  r e c y c l e )  

LEU (no recyc1e)b  23511, 23811 23511, Puf, 23% 

LEU ( w i t h  r e c y c l e )  23511, Puf, 2381) 23511, Puf, 23811 

Pu/U (wi th  r e c y c l e )  Puf, 2381) puf, 2 3 8 ~  (+ 2 3 5 ~ ) ~  

HEU/Th (no r e c y c l e )  23511, 2 3 2 ~ h  233u ,  23511, 2 3 2 ~ h  

a f  pu = 239pu + 241Pu. 

bOnce- through system. 

U n t i l  t h e  c y c l e  becomes s e l f - s u s t a i n i n g ,  235U w i l l  be i nc luded .  C 
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1 B 6.q3h 

2327h Z Z ~ A ~  

.I3¶11O'oy B 5 7 5 Y  

.54 5 t 

ZZeRa *I 

The r ad ioac t iv i ty  associated with the  
ORNL-D#G 65-550R3 

2 3 3 U  s i g n i f i c a n t l y  impacts the associated fuel 23211 
I 

have t o  be employed throughout. 
necessary f a c i l i t i e s  wi l l  requi re  a knowledge 
of the concentrations of 2 3 2 U  (and i t s  daughter 
products) in the fuel a s  a function of time. 
To da te ,  i n su f f i c i en t  data a r e  ava i l ab le  on 
this subjec t ,  b u t  on the  bas i s  of some pre- 
liminary inves t iga t ions  some estimates a re  

t h a t  could be expected in  the  recycled fuel of 
LWRs, HTGRs,and FBRs operating on denatured 

To design the  

- 1 9 1  

224Ra 

- 3 6 4 6  

Z20Rn ZIZPO given i n  Section 3.1 on the 2 3 2 U  concentrations 

0 6 1  304 110"S 23311. 

* 
The radiological hazards associated with 

the  use of denatured 2 3 3 U  fuel represent  another 
aspec t  of t he  cycle demanding a t t en t ion .  Again 

. O l 5 8 s l  r f l m  

I /  11 l i t t l e  information i s  ava i l ab le ,  b u t  Section 3.2 
ZlZpb ZoeTl (2.6-MeV Y) 

discusses the  t o x i c i t y  of the  various isotopes 
present i n  the  fuel and a l so  i n  thorium o re ,  
a s  well a s  the  e f f e c t s  of exposure t o  the  gamma 
rays emitted from the  f resh  f u e l .  

Fig. 3.0-1. Decay of 232U. 

In  assessing the  safeguard fea tures  of denatured 2 3 3 U  f u e l ,  the i so topics  of the cycle 
must be examined from several viewpoints. 
an inherent  property of the denatured fuel cyc le ,  the concentration of the i so top ic  denaturant I 

238U, i s  cont ro l lab le .  
the denatured fuel cycle.  
venting the  i n t r i n s i c  i so top ic  b a r r i e r  i s  increased. 
a l s o  increases the  2 3 9 P u  concentration i n  the  spent fuel so t h a t  an obvious trade-off of 
p ro l i f e ra t ion  concerns e x i s t s  between the  f r o n t  and back ends of t he  denatured fuel cycle.  
As pointed o u t  in Section 3.3.1, the enrichment c r i t e r i a  f o r  denatured 2 3 3 U  fuel a r e  s t i l l  
being formulated. 

While the 232U contamination wi l l  be e s s e n t i a l l y  

The presente of both isotopes a f f e c t s  the p ro l i f e ra t ion  poten t ia l  of 
As the 2 3 8 U  concentration i s  increased, the d i f f i c u l t y  o f  circum- 

However, increasing the  238U f r ac t ion  

The requirement f o r  remote operations throughout the fuel cyc le  wi l l  i n  i t s e l f  
c o n s t i t u t e  a safeguard f ea tu re  in  t h a t  access t o  f i s s i l e  material  w i l l  be d i f f i c u l t  a t  a l l  
s tages  of the  cycle.  
of the fuel recycling s teps  and operations.  
Chapter 5,  b u t  Section 3.3.2 of this chapter points ou t  t h a t  t he  remote operation requiremefit 
could d i c t a t e  the se l ec t ion  of techniques, a s ,  for example, f o r  the  fuel f ab r i ca t ion  process, 

B u t  t h i s  requirement wi l l  a l so  be a complicating f a c t o r  i n  t he  desigr: 
This subjec t  i s  t r ea t ed  in  more d e t a i l  i n  



3- 5 

The r a d i o a c t i v i t y  o f  t h e  2 3 2 U  c h a i n  would a l s o  make i t  e a s i e r  t o  d e t e c t  d i v e r t e d  de- 

na tu red  f u e l  and would comp l i ca te  b o t h  t h e  p r o d u c t i o n  o f  weapons-grade 2 3 3 U  f rom f r e s h  

denatured f u e l  and i t s  subsequent use i n  an e x p l o s i v e  dev i ce .  On t h e  o t h e r  hand, as 

d iscussed i n  S e c t i o n  3.3.3, t h e  r a d i o a c t i v i t y  w i l l  i n h i b i t  pass ive,  n o n d e s t r u c t i v e  assays 

f o r  f i s s i l e  a c c o u n t a b i l i t y .  

F i n a l l y ,  t h e  p o s s i b l e  c i r cumven t ion  o f  t h e  i s o t o p i c  b a r r i e r  must be addressed. I n  

S e c t i o n  3.3.4 i t  i s  p o s t u l a t e d  t h a t  a gas c e n t r i f u g e  i s o t o p e  s e p a r a t i o n  f a c i l i t y  i s  a v a i l -  

a b l e  f o r  i s o t o p i c a l l y  e n r i c h i n g  d i v e r t e d  f r e s h  denatured 2 3 3 U  f u e l ,  and es t ima tes  a r e  made 

o f  t h e  amounts o f  weapons-grade m a t e r i a l  t h a t  c o u l d  be so ob ta ined .  

drawn as t o  t h e  r e l a t i v e  a t t r a c t i v e n e s s  of denatured 2 3 3 U  f u e l  and o t h e r  f u e l s  t o  would-be 

d i  v e r t e r s  . 

Conclus ions a r e  then  
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3.1. ESTIMATED 3 2  U CONCENTRATIONS IN D E N A T U R E D  U FUELS 

D .  T .  Ingersoll  
Oak Ridge National Laboratory 

Although i t  i s  mandatory t h a t  the concentrations of 2 3 2 U  a t  each s tage  of the  fuel 
cycle be predictable f o r  the various reac tors  operating on thorium-based fue l s ,  l i t t l e  
information on  the subjec t  i s  ava i lab le  a t  t h i s  time. This i s  a t t r i b u t a b l e  to  the f a c t  
t h a t  the  i n t e r e s t  in thorium fuel cycles i s  r e l a t i v e l y  recent a n d  therefore  the nuclear 
data required f o r  ca lcu la t ing  the production of 2 3 2 U  have not been adequately developed. 
Of primary importance a re  the (n ,y)  cross sec t ions  of 231Pa, 2 3 0 T h ,  a n d  2 3 2 T h  and the 
( n , 2 n )  cross sec t ions  of 2 3 3 U  and 2 3 2 T h ,  a l l  of which a r e  intermediate in t e rac t ions  t h a t  
can lead to  the  formation o f  2 3 2 U  as i s  i l l u s t r a t e d  by the  reaction chain given in  Fig. 
3.1-1. 
V re lease  of the Evaluated I;uclear Data F i le  (ENDFJB-V). 

These cross sec t ions  a re  under cur ren t  evaluation'  and should appear i n  the Version 

ORNL-DWG 77-15745 

(RYI I 
Fig. 3.1-1. Important Reaction Chains 

Leading t o  the  Production of 2 3 2 U .  

In s p i t e  of the  nuclear data deficien- 
c i e s ,  some r e s u l t s  f o r  232U concentrations 
a r e  ava i lab le  from ca lcu la t ions  f o r  denatured 
fue l s  in l ight-water reac tors  (LWRs) and i n  
f a s t  breeder reac tors  (FBRs) . 
r e s u l t s  f o r  denatured hi gh-temperature gas- 
cooled reac tors  (HTGRs) a r e  cur ren t ly  avai 1 ab le ,  
2 3 2 U  concentrations can be roughly in fe r r ed  
from ex i s t ing  H T G R  fuel da ta .  Moreover, the  
ana lys i s  of 2 3 2 U  concentrations in  standard 
H T G R  designs ( H E U / T h )  serves a s  an upper 
bound f o r  the denatured systems. 
t i on  of the ava i lab le  r e s u l t s  i s  given below. 
The cur ren t  s t a t e  of the re la ted  2 3 2 U  nuclear 
data i s  amply r e f l ec t ed  in  the  la rge  variances 
of the  ca lcu la ted  concentrations.  

A1 though no 

A compila- 

3.1 . I ,  Light-Water Reactor Fuels 

Existing data on 23211 concentrations i n  denatured LWR fue l s  a r e  primarily from ca l -  
cu la t ions  based on the  Combustion Engineering System 80TM reac tor  design.2 
C E 3  f o r  a denatured 235U cycle (20% 23%-enriched uranium in 78% thorium) show the  2 3 2 U  
concentration a f t e r  t he  zeroth generation t o  be 146 ppm 2 3 2 U  in uranium, while a f t e r  
f i v e  generations of recycle uranium, the concentration i s  increased t o  251 ppm. 
l eve ls  a r e  i n  good agreement with O R N L   calculation^,^ which ind ica t e  130 ppm 2 3 2 U  i n  
uranium f o r  t he  zeroth generation. 
Table 3.1-1. 

Results from 

These 

The discharge uranium iso topics  a re  summarized i n  

Also shown a r e  the r e s u l t s  from an ORNL ca lcu la t ion  f o r  a denatured 233U cycle 
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(73% 2 3 3 U - e n r i c h e d  uranium i n  78% Th). 

creases t h e  2 3 2 U  c o n t e n t  t o  157 ppm a f t e r  t h e  z e r o t h  genera t i on .  

The s l i g h t  c o n t r i b u t i o n  f rom 2 3 3 U  r e a c t i o n s  i n -  

Tab le  3.1-1. Discharge I s o t o p l c s  f o r  LWRs Opera t i ng  on Denatured Fuels  

2321) i n  U I s o t o p i c  F r a c t i o n  

23211 2331)  2 3 4 ~  2351)  2361)  23811 232Th (ppm) Cyc le  

20% 235U/Th Fuela 

CE ( O ) b  0.0029 1.07 0.11 1.56 0.50 16.81 76.21 146 

ORNL(0) 0.0026 1.00 0.09 1.59 0.49 16.85 76.23 130 

CE(5) 0.0061 1.60 0.69 1.27 1.86 18.78 75.79 251 

13% 233U/Th Fuel' 

ORNL(0) 0.0031 1.16 0.29 0.056 0.0052 18.32 75.99 157 

I n i t i a l  i s o t o p i c s :  4.4% 2 3 5 U ,  17.6% 238U, 78% 232Th.  a 

bThe number i n  parentheses rep resen ts  t h e  f u e l  g w e r a t i o n  number. 

I n i t i a l  i s o t o p i c s :  2.8% 233U, 19.2% 238U, 78% 232Th. C 

3.1.2. 5 k T e m p e r a t u r e  Gas-Cooled Reactor  Fuels  

Al though c a l c u l a t i o n s  f o r  232U c o n c e n t r a t i o n s  i n  denatured HTGR f u e l s  a r e  n o t  a v a i l -  
ab le ,  i t  i s  p o s s i b l e  t o  r o u g h l y  i n f e r  t h i s  i n f o r m a t i o n  f rom e x i s t i n g  HTGR c a l c u l a t i o n s  i f  
t h e  expected changes i n  t h e  t h o r i u m  c o n t e n t  a r e  known. 

w i t h  93% 235U-enr iched uranium f u e l  and t h o r i u m  f e r t i l e  m a t e r i a l .  
t h e  2 3 3 U  produced i n  t h e  t h o r i u m  i s  recyc led ,  t hus  reduc ing  t h e  r e q u i r e d  amount o f  2 3 5 1 )  

makeup. The 232U c o n t e n t  o f  t h e  r e c y c l e d  f u e l  becomes a p p r e c i a b l e  a f t e r  o n l y  a few genera- 

t i o n s .  Table 3.1-2 g i v e s  t h e  uranium i s o t o p i c s  of t h e  r e c y c l e  f u e l  batches a t  t h e  beg inn ing  
o f  r e c y c l e  and a t  e q u i l i b r i u m  r e c y c l e Y 5  t h e  l a t t e r  showing a maximum 2 3 2 U  c o n c e n t r a t i o n  
o f  362 ppm i n  uranium. 

The conven t iona l  HTGR c y c l e  beg ins  

On success ive cyc les ,  

Table 3.1-2. Uranium I s o t o p i c s  f o r  Commercial HTGR Recycled Fuel [HEU(235)/Th] 

2321) i n  u 
(ppm) 

I s o t o p i c  F r a c t i o n  
2321) 2331) 2341) 2351) 2361) 

Beginning 0.0001 26 0.921 0.0735 0.00568 0.000245 126 

Equi 1 i b r i  um 0.000362 0.61 4 0.243 0.0802 0.0630 362 
o f  r e c y c l e  

r e c y c l e  
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The va lues i n  Table 3.1-2 a r e  a r e s u l t  o f  a s tandard  HTGR f u e l  composi t ion which 

has an average Th/233U r a t i o  o f  about  20. 

t u r e d  HTGR f u e l s  which assume a 20% denatured 235U,  l e a d i n g  t o  a 15% denatured 233U.6 

Because o f  t h e  added 2 3 8 U  f e r t i l e  m a t e r i a l ,  t h e  amount o f  t h o r i u m  i s  co r respond ing ly  r e -  

duced by about  30%, r e s u l t i n g  i n  a s i m i l a r  r e d u c t i o n  i n  t h e  232U p roduc t i on .  

c e n t r a t i o n  o f  232U i n  t o t a l  uranium would a l s o  be reduced by t h e  mere presence o f  t h e  

d i l u t i n g  238U, so t h a t  i t  can be es t ima ted  t h a t  a 15% denatured 233U HTGR would c o n t a i n  

app rox ima te l y  40 ppm 2 3 2 U  i n  uranium a f t e r  e q u i l i b r i u m  r e c y c l e .  

i n  t h e  HTGR a r e  p r i m a r i l y  due t o  a s o f t e n i n g  o f  t h e  neu t ron  energy spectrum compared w i t h  

t h a t  o f  t h e  LWR. 
which i s  a p r ime  source o f  232U. 

P r e l i m i n a r y  es t ima tes  have been made o f  dena- 

The con- 

The lower  2 3 2 U  l e v e l s  

T h i s  r e s u l t s  i n  a marked r e d u c t i o n  i n  t h e  232Th(n,2n') r e a c t i o n  r a t e ,  

3.1.3. F a s t  Breeder Reactor  Fue ls  

232u c o n c e n t r a t i o n s  c a l c u l a t e d  by Mann and Schentet-7 and by Burns8 f o r  v a r i o u s  
Except  f o r  Case 2, t nese  commerc ia l -s ized FBR f u e l  c y c l e s  a r e  g i v e n  i n  Table 3.1-3. 

va lues were determined f rom r e a c t i o n - r a t e  c a l c u l a t i o n s  u s i n g  42 energy groups and one- 

d imensional  geometry; t h e  Case 2 r e s u l t s  were determined f rom a coarse n ine-group two- 

d imensional  d e p l e t i o n  c a l  c u l  a t i  on. 

It i s  i m p o r t a n t  t o  n o t e  t h a t  Cases 1 and 2 r e p r e s e n t  t h e  " t ransmute r "  concept. A l l  
t h e  d i scha rged  uranium ( 2 3 2 U y  233U, 234U,  and 2 3 5 U )  i s  b red  f rom t h e  232Th i n i t i a l l y  
charged and c o n s i s t s  p r i n c i p a l l y  o f  233U.  

w i l l  be reduced by a f a c t o r  o f  5 t o  8 i n  t h e  denatured f u e l  manufactured f rom t h i s  mate- 
r i a l .  
app rox ima te l y  150-750 ppm 2 3 2 U  i n  uranium. 

Th is  accounts f o r  t h e  h i g h  232U/U r a t i o ,  which 

Thus, denatured f u e l  generated v i a  t h e  f a s t  Pu/Th t ransmute r  i s  expected t o  have 

Tab le  3.1-3. FBR Core Region 232U Discharge Concentrat ionsa 

Case 
No. Fuel 

23% i n  u (ppm) 

t = 1 yrb t = 2 y r  t = 3 y r  t = 5 y r  
~ 

No r e c y c l e  

1 10% 239Pu i n  Th 982 1710 2380 3270 

2 11% 239Pu i n  Th 1106 2376 3670 

3 10% 233U i n  Th 2 88 830 1330 221 0 

4 10% 2 3 3 U  i n  2 3 8 ~  6.6 10.7 12.5 13.3 
Wi th  r e c y c l e  

5 10% 233U i n  Th 1820 2760 3260 

6 10% 2 3 3 ~  i n  23% 35 35 35 

'Cases 1, 3-6 a r e  from r e f .  7; Case 2 i s  from r e f .  8. 
*t = f u e l  res idence  t i m e  f o r  no r e c y c l e  cases; t = b u r n i n g  t i m e  b e f o r e  r e c y c l e  f o r  

r e c y c l e  cases. 
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The l a s t  two cases in Table 3.1-3 give the  equilibrium 232U concentrations assum- 
i n g  recycle of the  233U and the  associated 2 3 2 U .  
represent t he  extremes regarding allowable enrichment ( 233U/U). 
i n  which approximately half  the  heavy metal i s  2 3 2 T h ,  t he  expected 232U equilibrium con- 
cent ra t ion  would be % 1600 ppm ( 2 3 2 U / U )  f o r  a 3-yr cycle residence time. 

I t  should be noted t h a t  these  two cases 
For a 20% denatured fuel 

3.1.4. Conclusions 

The r e s u l t s  presented in  t h i s  sec t ion  a r e ,  f o r  the most p a r t ,  preliminary and/or 
approximate. This i s  l a rge ly  a consequence of the  uncer ta in t ies  in the  an t ic ipa ted  fuel 
compositions, denaturing l i m i t s ,  recycle modes, e t c . ,  as well as the basic nuclear da ta .  
Also, the  r e s u l t s  assumed zero o r  near-zero 2 3 0 T h  concentrations,  which can approach s i g n i -  
f i c a n t  l eve l s  depending an the  source of the thorium stock, pa r t i cu la r ly  i n  thermal sys- 
tems. Because of the  relevant cross sec t ions ,  the  presence of even small amounts of 2 3 0 T h  
can r e s u l t  i n  considerably higher 2 3 2 U  concentrations.  I t  i s  possible t o  conclude, how- 
ever,  t h a t  232U concentrations wi l l  be highest f o r  233U-producing FBRs. increase w i t h  
fuel  recycle,  and decrease w i t h  f i s s i l e  denaturing. 
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3.2. RADIOLOGICAL HAZARDS OF DENATURED FUEL ISOTOPES 

H .  R.  Meyer and J .  E .  T i l l  
Oak Ridge National Laboratory 

Consideration o f  the denatured 2 3 3 U  cycle has created the need to  determine the  
radiological hazards associated w i t h  extensive use of 2 3 3 U  a s  a nuclear fue l .  
hazards will  be determined by the tox ic i ty  of the  various isotopes present in the fuel 
and in thorium ore ,  which in  turn i s  influenced by the path through which the  isotopes 
en te r  the body--that i s ,  by inha la t ion  o r  inges t ion .  
from the denatured fuel present a po ten t ia l  hazard. 

These 

In addi t ion ,  the  gamma rays emitted 

3.2.1.  Toxicity of 2 3 3 U  and 2 3 2 U  

Only l imited experimental data a re  ava i lab le  on the  t o x i c i t y  of h i g h  spec i f i c  ac t iv -  
i t y  uranium isotopes such a s  2 3 3 U  and 2 3 2 U .  
hazard, i s  the  l imi t ing  c r i t e r i o n  f o r  the long-lived isotopes of uranium ( 2 3 5 U  and 2 3 8 U )  
which a r e  of primary concern in  the  l ight-water reac tor  uranium fuel cycle.’  
t o  e s t ab l i sh  the  r e l a t i v e  rad io toxic i ty  of denatured 2 3 3 U  f u e l ,  i t  i s  helpful t o  consider 
spec i f i c  metabolic and ciosimetric parameters of uranium and plutonium isotopes.  
3.2-1 l i s t s  several  important parameters used in  radiological dose ca lcu la t ions .  
e f f e c t i v e  half  l i f e  f o r  2 3 9 P u  i n  bone i s  approximately 240 times t h a t  of uranium. 
ever ,  the  e f f ec t ive  energy per d i s in tegra t ion*  f o r  2 3 2 U  i s  about th ree  times g rea t e r  than 
t h a t  f o r  any of the  plutonium isotopes.  
plutonium isotopes would be s ign i f i can t ly  grea te r  than the  dose from uranium isotopes 
f o r  the  inha la t ion  pathway, assuming inha la t ion  of equal a c t i v i t i e s  of each radionuclide. 
Doses via the  ingestion pathway, again on a per pCi bas i s ,  a r e  much lower than those e s t i -  
mated f o r  the  inha la t ion  pathway. 

Chemical t o x i c i t y ,  as opposed t o  radiological 

In order  

Table 
The 
How- 

In general ,  the time-integrated dose from 

I t  i s  cur ren t ly  assumed t h a t  a l l  bone-seeking radionuclides a r e  f i v e  times more 
e f f e c t i v e  i n  inducing bone tumors than 226Ra. 
have been conducted w i t h  2 3 3 U  ( r e f .  2 )  and 2 3 2 U  ( r e f s .  3-5) suggest a reduced ef fec t iveness  
i n  inducing bone tumors f o r  these  isotopes and may r e s u l t  i n  use of exposure limits t h a t  
a r e  less r e s t r i c t i v e  t h a n  cur ren t  l imi t s .  

However, the l imited number of s tud ie s  t h a t  

The l a s t  two columns i n  Table 3.2-1 represent dose conversion f ac to r s  (DCFs) f o r  
uranium and plutonium isotopes ca lcu la ted  on the bas is  of mass r a the r  than a c t i v i t y .  
may be seen t h a t  t he  2 3 2 U  “Mass DCFs” a r e  more than four orders of magnitude grea te r  than 
those f o r  f i s s ionab le  2 3 3 U ,  due la rge ly  t o  the high spec i f i c  a c t i v i t y  of 2 3 2 U .  This f a c t o r  
cont r ibu tes  t o  the  overriding importance of 2 3 2 U  content when considering the r ad io tox ic i ty  
of denatured uranium fue l s .  

I t  

Figure 3.2-1 i l l u s t r a t e s  the importance of 2 3 2 U  content w i t h  respect t o  po ten t ia l  
t o x i c i t y  of 2 3 3 U  f ue l .  

*3,70 x 1O1O dis in tegra t ions  per second = 1 C i  (see Table 3.2-1). 

This f igu re  presents the estimated dose commitment t o  bone calcu- 
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Tab le  3.2-1. Me tabo l i c  Data and Dose Conversion Fac to rs  (DCFS) f o r  Bone 
f o r  Se lec ted  Uranium and P lu ton ium Iso topes  

A c t i v i t y  Dose Convers ion 
E f f e c t i v e  H a l f  F a c t o r  f a c t o r  

I n h a l a t i o n b  I n g e s t i o n b  I n h a l a t i o n c  I n g e s t i o w  
I s o t o p e  S p e c i f i c  A c t i v i t y  Life in BOnea 

Mass Dose Conversion 

(C i /g )  (Days) (rems/pCi) (rems/vCi) (rems/pg) (rems/pg) 

21.42 3.00 x l o 2  1.1 x 102 4.1 x l o o  2.4 x l o 3  8.8 x 11.31 23 2u 

2 3 3 ~  

23511 

2 3 8 ~  

9.48 x 10-3 3.00 x l o 2  2.2 x 101 8.6 x 10-1 2.1 x 10-1 8.2 x 10-3 

2.14 x 3.00 x l o 2  2.0 x 101 8.0 x 10-1 4.3 x 1.7 x 10-6  

3.33 x 10-7 3.00 x l o 2  1.9 x 101 7.6 x 10-1 6.3 x 2.5 x 

238Pu 17.4 2.3 x 1 0 4  5.7  x 103 6.8 x 10-1 9.9 x l o 4  1.2 x 101 

23 9Pu 6.13 x 7.2 x 104 6.6 x l o 3  7.9 x lo-'  4.0 x l o 2  4.8 x 

240Pu 2.27 x 10-1 7.1 x 104 6.6 x l o 3  7.9 x l o - '  1.5 x l o 3  1.8 x 10-1 

a I n t e r n a t i o n a l  Commission on R a d i o l o g i c a l  P r o t e c t i o n ,  "Report o f  Committee I1 on P e r m i s s i b l e  

b K i l l o u g h ,  G. G., and L .  R. McKay, "A Methodology f o r  C a l c u l a t i n g  R a d i a t i o n  Doses from 

Dose f o r  I n t e r n a l  Rad ia t i on , "  ICRP P u b l i c a t i o n  2, Pergamon Press, New York, 1959. 

R a d i o a c t i v i t y  Released t o  t h e  Environment , I t  ORNL-4992, 1976. 

Product  o f  s p e c i f i c  a c t i v i t y  and a c t i v i t y  dose convers ion  f a c t o r ,  C 

l a t e d  f o r  i n h a l a t i o n  o f  lo-' ' g o f  u n i r r a d i a t e d  2 3 3 U  HTGR f u e l  ( ~ 9 3 %  2 3 3 U / U )  as a f u n c t i o n  

o f  t he  2 3 2 U  i m p u r i t y  c o n t e n t  f o r  two d i f f e r e n t  t imes  f o l l o w i n g  s e p a r a t i o n  a t  a rep rocess ing  

f a c i l i t y .  The upper cu rve  i s  t h e  dose commitment a t  10 yea rs  a f t e r  separa t i on .  Two b a s i c  

conc lus ions  can be drawn f r o m  these  data.  F i r s t  as r e c y c l e  progresses and c o n c e n t r a t i o n s  

o f  2 3 2 U  become g r e a t e r ,  t h e  o v e r a l l  r a d i o t o x i c i t y  o f  2 3 3 U  f u e l  w i l l  i nc rease  s i g n i f i c a n t l y .  

Second, t h e  i n g r o w t h  o f  2 3 2 U  daughters  i n  2 3 3 U  f u e l  i nc reases  f u e l  r a d i o t o x i c i t y  s i g n i f i -  

c a n t l y  f o r  a g i v e n  c o n c e n t r a t i o n  o f  232U. 
F i g .  3.2-1 were n o t  s p e c i f i c a l l y  c a l c u l a t e d  f o r  denatured 2 3 3 U  f u e l ,  t h e  r e q u i r e d  d a t a  n o t  
b e i n g  a v a i l a b l e ,  t h e  r e l a t i v e  shape o f  t h e  curves would remain t h e  same. A l l  e l s e  b e i n g  

equal ,  t h e  es t ima ted  r a d i o t o x i c i t y  of denatured f u e l  would be reduced due t o  d i l u t i o n  o f  
2 3 3 U  and 2 3 2 U  w i t h  2 3 8 U ,  which has a low r a d i o l o g i c a l  hazard. 

A l though t h e  da ta  g r a p h i c a l l y  i l l u s t r a t e d  i n  

A comparison of t he  dose commitment t o  bone r e s u l t i n g  f rom i n h a l a t i o n  o f  g 

o f  t h r e e  types o f  f u e l ,  HTGR 2 3 3 U  f u e l ,  LWR 2 3 5 U  fue l ,  and FBR p l u t o n i u m  f u e l ,  i s  g i v e n  

i n  F i g .  3.2-2. 

does n o t  c o n s i d e r  f i s s i o n  products ,  a c t i v a t i o n  products ,  t r a n s p l u t o n i u m  r a d i o n u c l i d e s ,  o r  

env i ronmenta l  t r a n s p o r t .  
f a r  t h e  most s i g n i f i c a n t  f o r  e n v i r o n m e n t a l l y  d i spe rsed  f u e l s .  Therefore,  o t h e r  p o t e n t i a l  

pathways o f  exposure a r e  n o t  cons ide red  i n  t h i s  b r i e f  a n a l y s i s .  

T h i s  a n a l y s i s  eva lua tes  u n i r r a d i a t e d  HTGR f u e l  c o n t a i n i n g  1000 ppm 232U and 

As shown i n  Table 3.2-1, t h e  i n h a l a t i o n  pathway would be by  
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RECYCLED F U E L  WITH NO ( 0  ppm) 232 

I I I l l  
1 O2 1 O5 40' 1 O0 10' 

2 3 2 U  IN  RECYCLED HTGR F U E L  (PPm) 

Fig. 3.2-1. Effect of 232U Concentrations in HTGR Fuel (93% 233U/U)  on Dose 
Commitment to Bone. 
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Fig. 3.2-2. Relative Radiotoxicity of FBR Plutonium Fuel, HTGR Fuel (93% 233U/U) 
and LWR Uranium Fuel as a Function of the Time after Separation at Reprocessing Plant. 

It is noted that Fig. 3.2-2 applies to fresh fuel as a function o f  time after separation, 
presuming it has been released to the environment. Inhalation long after release could result 
from the resuspension of radioactive materials deposited on terrestrial surfaces. A dose 
commitment curve for denatured 233U fuel would be expected to lie slightly below the given 
curves for HTGR fuel ; however, the denatured fuel would remain significantly more hazardous 
from a radiological standpoint than LWR uranium fuel. 
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3.2.2 Toxicity of 2 3 2 T h  

Given the  poten t ia l  f o r  radiological hazard via the  mining of western U.S.  thorium 
deposits as a r e s u l t  of implementation of 232Th-based fuel cyc les ,  cur ren t  d i f f i c u l t i e s  in 
estimation of 2 3 2 T h  DCFs must a l so  be considered here. 

As i s  evident in Fig. 3.0-1 ( see  Section 3 . 0 ) ,  both 2 3 2 U  and 2 3 2 T h  decay t o  2 2 8 T h ,  
and then through the  remainder of the  decay chain t o  s t a b l e  20 'Pb .  
via a s ing le  5.3-MeV alpha emission; 2 3 2 T h  decays via th ree  s t eps ,  a 4.01-MeV alpha 
emission to  '"Ra, followed by s e r i a l  beta decays t o  2 2 ' T h .  
in t he  convergent decay chains i s  obviously nearly equal. 

2 3 2 U  decays t o  228Th 

The t o t a l  energy released 

The ICRP7 l i s t s  e f f e c t i v e  energies ( t o  bone, per d i s in t eg ra t ion )  as 270 MeV f o r  
2 3 2 T h  a n d  1200 MeV f o r  2 3 2 U ;  these e f f ec t ive  energies a re  c r i t i c a l  in the determination 
o f  dose conversion f ac to r s  t o  be used in  estimation of long-term dose commitments. The 
l a rge  d i f fe rence  between the  e f f ec t ive  energies ca lcu la ted  f o r  the two radionuclides i s  

based on the  ICRP assumption ( r e f .  7 )  t h a t  radium atoms produced by decay in bone o f  a 
thorium parent should be assumed t o  be released from bone to  blood, and then r ed i s t r ibu ted  
a s  t h o u g h  the  radium were in jec ted  intravenously. As a r e s u l t ,  the presence of 228Ra in  
the  2 3 2 T h  decay chain implies,  under t h i s  ICRP assumption, t h a t  90% of the 22eRa created 
within bone i s  eliminated from the body. Therefore, most of the  poten t ia l  dose from the 
remaining chain alpha decay events i s  not accrued w i t h i n  the body, and the to t a l  e f f e c t i v e  
energy f o r  the  2 3 2 T h  chain i s  a f ac to r  of 4.4 lower than t h a t  f o r  2 3 2 U ,  as  noted. 

Continuation and reevaluation of the  ea r ly  r e sea rchey9  leading t o  the  above d i s -  
s i m i l a r i t y  indicated t h a t  the  presumption of a major t rans loca t ion  of 228Ra out of  bone 
was suspect ( r e f s .  10-14) , and t h a t  s u f f i c i e n t  evidence ex is ted  t o  subs t an t i a t e  re ten t ion  
of 97% of nP8Ra i n  bone. Recalculation of e f f ec t ive  energies f o r  the 232Th chain on t h i s  
bas i s  r e s u l t s  in a value of 1681 MeV as  l is ted in  ERDA 1451 ( r e f .  1 5 ) ¶  a subs tan t ia l  increase 
implying the  need f o r  more r e s t r i c t i v e  l imi t s  with respect t o  2 3 2 T h  exposures. 
t r a s t  t o  t h i s  argument, the  1972 repor t  of an ICRP Task Group of Committee 2 ( r e f .  16) 
presents a newly developed whole-body re ten t ion  function f o r  elements including radium 
which e f f e c t i v e l y  relaxes 232Th  exposure limits. 

In con- 

3.2.3 Hazards Related t o  Gamma-Ray Emissions 

While fuel fabr ica ted  from f r e sh ly  separated 2 3 3 U  emits no s i g n i f i c a n t  gamma radia- 
t i o n ¶  ingrowth of 2 3 2 U  daughters leads t o  buildup o f  2 0 e T 1  2.6-MeV gamma rad ia t ion ,  a s  
well as o ther  gamma and x-ray emissions. As discussed elsewhere i n  this r epor t ,  i t  i s  
an t ic ipa ted  t h a t  occupational gamma exposures during fuel fabr ica t ion  can be minimized by 
such techniques a s  remote handling and increased sh ie ld ing .  



3-1 5 

Gama exposure r e s u l t i n g  f rom t h e  t r a n s p o r t a t i o n  o f  i r r a d i a t e d  f u e l  elements con- 

Sh ie lded  t a i n i n g  232U w i l l  n o t  be s i g n i f i c a n t l y  d i f f e r e n t  f rom t h a t  due t o  o t h e r  f u e l s .  

casks would be used i n  shipment t o  c o n t r o l  exposures t o  t h e  p u b l i c  a long  t r a n s p o r t a t i o n  

r o u t e s .  Gamma exposure f rom 2 3 2 U  daughters  would be i n s i g n i f i c a n t  compared t o  exposure 

f rom f i s s i o n  p roduc ts  i n  t h e  spen t  f u e l .  

R e f a b r i c a t e d  f u e l  assembl i e s  c o n t a i n i n g  2 3 2 U  would r e q u i r e  g r e a t e r  r a d i a t i o n  

s h i e l d i n g  than  LWR f u e l .  However, t h i s  problem can be min imized by s h i p p i n g  f r e s h  assem- 

b l i e s  i n  a c o n t a i n e r  s i m i l a r  i n  des ign t o  a spent  f u e l  cask. 

t o  t h e  genera l  p u b l i c  due t o  t r a n s p o r t  o f  f u e l  m a t e r i a l s  between f a c i l i t i e s  a r e  t h e r e f o r e  

expected t o  be e a s i l y  c o n t r o l l e d ,  and have been es t ima ted  t o  be low, perhaps one man-rem 

p e r  1000 MW(e) r e a c t o r - p l a n t - y e a r .  l 5  

Gamma doses t o  workers and 

The es t ima ted  gamna hazard o f  e n v i r o n m e n t a l l y  d i spe rsed  2 3 2 U ,  w h i l e  a s i g n i f i c a n t  

c o n t r i b u t o r  t o  e x t e r n a l l y  d e r i v e d  doses, i s  overshadowed as a hazard by t h e  e f f i c i e n c i e s  
o f  i n t e r n a l l y  depos i ted  a lpha  e m i t t e r s  i n  d e l i v e r i n g  r a d i o l o g i c a l  doses t o  s e n s i t i v e  

t i s s u e s  . 

3.2.4. Conclusions 

Severa l  conc lus ions  can be made f rom t h i s  assessment. It appears t h a t  a d d i t i o n a l  
me tabo l i c  and t o x i c o l o g i c a l  data,  b o t h  human and animal-der ived,  f o c u s i n g  on h i g h  s p e c i f i c  

a c t i v i t y  uranium, would be h e l p f u l  i n  assess ing t h e  r a d i o l o g i c a l  hazards assoc ia ted  w i t h  
denatured 2 3 3 U  f u e l .  

c o u l d  mod i f y  exposure s tandards f o r  these r a d i o n u c l i d e s .  

S p e c i f i c a l l y ,  da ta  on t h e  b i o l o g i c a l  e f f e c t i v e n e s s  o f  2 3 2 U  and 2 3 3 U  

I n  terms o f  r e l a t i v e  t o x i c i t i e s  based on t h e  dose commitment r e s u l t i n g  f rom i n h a l a -  

t i o n  o f  equal  masses o f  f u e l ,  p l u t o n i u m  f u e l  i s  s i g n i f i c a n t l y  more hazardous than  HTGR 

2 3 3 U  f u e l  o r  denatured 2 3 3 U  f u e l .  However, denatured 2 3 3 U  f u e l  would be s i g n i f i c a n t l y  more 
hazardous than LWR uranium f u e l .  As t h e  range o f  f u e l  c y c l e  o p t i o n s  i s  narrowed, more 
comprehensive research  shou ld  be d i r e c t e d  a t  d e r i v a t i o n  o f  t o x i c i t y  da ta  s p e c i f i c  t o  f a c i l -  

i t i e s  and f u e l  composi t ions of choice.  

Research i n v e s t i g a t i n g  p o t e n t i a l  env i ronmenta l  hazards r e s u l t i n g  f rom d e l i b e r a t e  

i n t r o d u c t i o n  ( f o r  safeguards purposes) o f  gamna e m i t t e r s  i n t o  f u e l s  p r i o r  t o  r e f a b r i c a t i o n  

i s  necessary, as i s  a thorough i n v e s t i g a t i o n  o f  t h e  hazards r e l a t e d  t o  repeated i r r a d i a t i o n  

of r e c y c l e  m a t e r i a l s ,  w i t h  consequent b u i l d u p  o f  l ow  c r o s s - s e c t i o n  t r a n s m u t a t i o n  p roduc ts .  
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3 .3 .  ISOTOPICS IMPACTING FUEL SAFEGUARDS CONSIDERATIONS 

3.3.1. Enrichment C r i t e r i a  o f  Denatured Fuel  

C. M. Newstead 
Brookhaven N a t i o n a l  Labora to ry  

A v e r y  i m p o r t a n t  problem i n  t h e  d e t e r m i n a t i o n  o f  t h e  c h a r a c t e r i s t i c s  o f  denatured 
f u e l  i s  t h e  i s o t o p i c  compos i t i on  o f  t h e  uranium, t h a t  i s  t o  say, t h e  pe rcen t  o f  2 3 3 U  

p resen t  i n  t h e  m i x t u r e  o f  2 3 3 U  p l u s  238U.  

concern ing t h e  d i s t i n c t i o n  between low-enr iched uranium (LEU) and h igh -en r i ched  uranium 
(HEU) a r e  a p p l i c a b l e  t o  235U, t h e  l i m i t  be ing  s e t  a t  20% 2 3 5 U  i n  238U.  

t h a t  c o n s t i t u t e s  HEU and a n y t h i n g  below t h a t  c o n s t i t u t e s  LEU. 

The g u i d e l i n e s  p rov ided  by c u r r e n t  r e g u l a t i o n s  

Any th ing  above 

LEU i s  cons ide red  t o  be u n s u i t a b l e  f o r  c o n s t r u c t i n g  a n u c l e a r  e x p l o s i v e  dev i ce .  

The r a t i o n a l e  f o r  making t h i s  s ta tement  i s  based upon t h e  f a c t  t h a t  t h e  c r i t i c a l  mass of  
20% 235U-enr iched uranium i s  850 kg, and i n  a weapon t h i s  amount o f  m a t e r i a l  must be 

b rough t  t o g e t h e r  s u f f i c i e n t l y  r a p i d l y  t o  achieve an e x p l o s i v e  e f f e c t .  T h e o r e t i c a l l y  t h e  

enr ichment  c o u l d  be l ower  and s t i l l  ach ieve prompt c r i t i c a l i t y .  

m a t e r i a l  becomes so enormous and t h e  d i f f i c u l t y  o f  b r i n g i n g  i t  t o g e t h e r  so g r e a t  t h a t  i t  

would be i m p r a c t i c a l  t o  a t t e m p t  t o  produce an e x p l o s i v e  dev i ce  w i t h  l e s s  than  20% e n r i c h -  

ment. I t  i s  c l e a r  t h a t  t h e  d i s t i n c t i o n  i s  somewhat o f  a g ray  area and t h e  enr ichment  

c o u l d  be changed a few pe rcen t ,  b u t  t h i s  shou ld  be done ex t reme ly  c a u t i o u s l y  s i n c e  t h e  

235U enr ichment  vs. c r i t i c a l  mass cu rve  i s  r a t h e r  s teep and i n c r e a s i n g  t h e  enr ichment  

o n l y  s l i g h t l y  c o u l d  reduce t h e  c r i t i c a l  mass s u b s t a n t i a l l y .  A lso,  i t  i s  necessary t o  

cons ide r  i n s t i t u t i o n a l  arrangements. A number o f  domestic and i n t e r n a t i o n a l  r e g u l a t i o n s  

r e v o l v e  about  t h e  20% f i g u r e  and i t  would be no easy m a t t e r  t o  change a l l  t hese  s t i p u l a -  

t i o n s .  

f u e l  must be addressed. 

However, t h e  amount o f  

Th i s  s e t s  t h e  background a g a i n s t  which t h e  enr ichment  c o n s i d e r a t i o n s  f o r  denatured 

The m a t t e r  o f  a r r i v i n g  a t  a p r a c t i c a l  c r i t e r i o n  i s  comp l i ca ted  and i s  c u r r e n t l y  

under s tudy  by  t h e  Spec ia l  P r o j e c t s  D i v i s i o n  of Lawrence L ivermore Labora to ry ,  where an 
i n - d e p t h  a n a l y s i s  o f  t h e  weapons u t i l i t y  o f  f i s s i l e  m a t e r i a l  ( i n c l u d i n g  2 3 3 U  w i t h  v a r i o u s  

enr ichments)  f o r  t h e  Non-Pro1 i f e r a t i o n  A l t e r n a t e  Systems Assessment Program (NASAP) i s  
be ing  conducted i n  accordance w i t h  a work scope developed by t h e  I n t e r n a t i o n a l  S e c u r i t y  

A f f a i r s  D i v i s i o n  ( I S A )  and t h e  management o f  t h e  NASAP Program. 

o f  t h e  LLL s tudy  a r e  n o t  y e t  a v a i l a b l e .  Because of t h e  cons ide rab le  impact o f  enr ichment  

c o n s i d e r a t i o n s  on t h e  u t i l i t y  o f  p a r t i c u l a r  r e a c t o r s  and p a r t i c u l a r  s y m b i o t i c  systems, i t  

seems b e s t  a t  t h i s  p o i n t  t o  d i scuss  t h e  seve ra l  approaches f o r  d e t e r m i n i n g  t h e  guide-  

l i n e s  f o r  t h e  enr ichment  o f  233U-238U m i x t u r e s  and t o  make a d e t e r m i n a t i o n  based on t h e  

LLL s tudy  a t  a l a t e r  t ime .  

U n f o r t u n a t e l y ,  t h e  r e s u l t s  
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There a r e  three  approaches which can be employed t o  estimate allowable enrichment 
c r i t e r i a  f o r  2331) i n  2 3 %  corresponding t o  the  s t a tu to ry  20% l i m i t  s e t  f o r  2 3 5 U  i n  238U. 
These three  c r i t e r i a  a re :  
( 3 )  y i e ld .  

( 1 )  c r i t i c a l  mass, ( 2 )  i n f i n i t e  mul t ip l ica t ion  f a c t o r ,  and 
These can be employed s ingular ly  o r  in combination as discussed below. 

Cr i t i ca l  Mass 

As s t a t e d  above, the  bare-sphere c r i t i c a l  mass of me ta l l i c  20% 235U and 80% 2 3 8 U  i s  
about 850 kg. This amount can be reduced by a f ac to r  of two t o  three  by the  use of  a 
neutron r e f l ec to r .  However, the  s i z e  and weight o f  the combination of r e f l e c t o r  and 
f i s s i l e  material will  not be subs t an t i a l ly  l e s s  than t h a t  of the bare sphere,  and may 
even be grea te r .  In addi t ion ,  f o r  a nuclear explosive,  an assembly scheme must be added 
which wi l l  increase the s i z e  and weight subs t an t i a l ly .  Concentrations of 2 3 5 U ,  2 3 3 U ,  o r  
plutonium i n  mixtures w i t h  2 3 8 U  such tha t  they have bare-sphere meta l l ic  c r i t i c a l  masses 
of about 850 kg represent one possible reasonably conservative c r i t e r i o n  f o r  a r r iv ing  a t  
concentrations below which the  material i s  not usable i n  p rac t ica l  nuclear weapons. This 
850 k g  bare-sphere c r i t i c a l  mass c r i t e r i o n  can a l so  be used f o r  o ther  materials which a re  
o r  might be in nuclear fuel cycles.  Although t h i s  c r i t e r i o n  provides a bas i s  f o r  con- 
s i s t e n t  safeguards requirements f o r  2 3 3 U  o r  2 3 5 U  embedded in 238U, i t  leans to  r a the r  
low l i m i t s .  

I n f i n i t e  Multiplication Factor 

Another possible c r i t e r i o n  i s  the one associated with the i n f i n i t e  mul t ip l ica t ion  
For a weapon t o  be successfu l ,  a ce r t a in  degree of s u p e r c r i t i c a l i t y  must be 

D .  P .  Smith of Los Alamos S c i e n t i f i c  Laboratory has adopted t h i s  approach. 
f ac to r  km. 
a t t a ined .  
takes km = 1.658 f o r  20% 235U-enriched uranium, which implies km = 1.5346 f o r  t he  oxide. 
He then performs a search ca lcu la t ion  on enrichment f o r  the  o ther  systems so a s  t o  obtain 
the same km value. 
a r e  11.65% 2 3 3 U  f o r  the  oxide and 11 .12% 2 3 3 U  f o r  the  metal. 

He 

His r e s u l t s  a r e  shown i n  Table 3.3-1. We note t h a t  f o r  2 3 3 U  the  l i m i t s  

Table 3.3-1 Equivalent Enrichment Limits 

Fuel Materi a1 k- 

Fletal 20% 235U, 80% 2 3 8 U  

11.12% 233U, 88.88% 238LJ 
11.11% 2 3 9 P u ,  88.89% 2 3 8 U  

1.658 
1.658 
1.658 

Oxide (20% 235U, 80% 238U)02 1.5346 
(11.65% 233U, 88.35% 238U)02 1.5346 
(13.76% 2 3 9 P ~ y  86.24% 238U)02 1.5346 
(14.5% 2 3 9 P u ,  1.5% 2 4 0 P u ,  85% 238U)02 1.5344 

These numbers were obtained by D. P. Smith of Los Alamos 
S c i e n t i f i c  Laboratory from DTF IV ca lcu la t ions  u s i n g  
Hansen-Roach cross  sections.  

4 
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Yield 

I t  may a l so  be possible t o  s e t  a minimum y ie ld  f o r  a prac t ica l  nuclear explosive 
device. 
w i t h  increasing amounts of f i s s i l e  material of decreasing enrichment, a point i s  
reached where the  y i e ld  o f  an equivalent mass of chemical high explosive exceeds the  
nuclear explosive y i e ld .  

the p o s s i b i l i t y  of es tab l i sh ing  such a l i m i t .  

An  obvious consideration here i s  t h a t  in attempting t o  achieve s u p e r c r i t i c a l i t y  

The LLL Special Projects Division i s  cur ren t ly  inves t iga t ing  

Y 
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3.3.2. F a b r i c a t i o n  and Hand l i ng  o f  Denatured Fuel 

J .  D. Jenk ins R. E .  Brooksbank 
Oak Ridge N a t i o n a l  Labora to ry  

The techniques r e q u i r e d  f o r  f a b r i c a t i n g  and hand1 i n g  2 3 3 U - c o n t a i n i n g  f u e l s  encount- 

ered i n  t h e  denatured f u e l  c y c l e  d i f f e r  f rom those  employed f o r  235U f u e l s  because o f  t h e  

h i g h  gamma-ray and a l p h a - p a r t i c l e  a c t i v i t i e s  p r e s e n t  i n  t h e  233U f u e l s .  Some i d e a  o f  t h e  
r a d i a t i o n  l e v e l s  t h a t  w i l l  be encountered can be deduced f rom r e c e n t  r a d i a t i o n  measure- 

ments f o r  a can t h a t  c o n t a i n s  500 g o f  

aged 12 yea rs  s i n c e  p u r i f i c a t i o n .  The 

D is tance  

Contact  
1 f t  
3 f t  

2 3 3 U  w i t h  a 232U c o n t e n t  o f  250 ppm and has been 

r e s u l t s  were as f o l l o w s :  

Radi a t  i on (mr/ h r  ) 

250,000 
20,000 

2,000 

These r a d i a t i o n  l e v e l s  a r e  e q u i v a l e n t  t o  those  t h a t  c o u l d  be expected a t  t h e  same d i s t a n c e s  

f rom 500 g o f  2 3 3 U  c o n t a i n i n g  Q, 1250 ppm 2 3 2 U  and aged s i x  months, which i s  comparable w i t h  

2 3 3 U  t h a t  has undergone seve ra l  c y c l e s  i n  a f a s t  breeder  r e a c t o r .  

complete a lpha  conta inment  o f  t h e  f u e l  w i l l  be r e q u i r e d ,  and a l l  personnel  must be p r o t e c t e d  

f rom t h e  f u e l  w i t h  t h i c k  b i o l o g i c a l  s h i e l d i n g  ( s e v e r a l  f e e t  o f  c o n c r e t e  o r  t h e  e q u i v a l e n t ) .  

Th i s ,  o f  course,  n e c e s s i t a t e s  remote-handl ing o p e r a t i o n s ,  which c o n s t i t u t e s  an i n h e r e n t  

safeguard a g a i n s t  t h e  d i v e r s i o n  o f  t h e  f u e l  w h i l e  i t  i s  be ing  f a b r i c a t e d  and/or  handled. 

W i th  such h i g h  a c t i v i t i e s ,  

The requ i remen t  f o r  remote o p e r a t i o n  i s  f u r t h e r  borne o u t  by exper ience  gained i n  

two e a r l i e r  programs i n  which 233U-con ta in ing  f u e l s  were f a b r i c a t e d .  

grams , t h e  " K i  l o r o d "  program1 and t h e  L i g h t  Water Breeder Reactor  (LWBR) programY2 
(233U,Th)0, p e l l e t s  c o u l d  be f a b r i c a t e d  i n  g l o v e  boxes, b u t  o n l y  because t h e  2 3 3 U  used 

con ta ined  ex t reme ly  low ( < l o  ppm) amounts o f  232U. Even so, t h e  t i m e  frame f o r  f u e l  f ab -  
r i c a t i o n  was s e v e r e l y  r e s t r i c t e d  and e x t r a o r d i n a r y  e f f o r t s  were r e q u i r e d  t o  keep t h e  con- 

t a m i n a t i o n  l e v e l  o f  aged 2 3 3 U  s u f f i c i e n t l y  l ow  t o  p e r m i t  con t i nued  g l o v e  box opera t i on .  

Based on exper ience  a t  ORNL i n  t h e  p r e p a r a t i o n  o f  n e a r l y  two tons  o f  233U02 f o r  t h e  LWBR 

program, i t  was determined t h a t  t h e  h a n d l i n g  o f  k i l o g r a m  q u a n t i t i e s  o f  2 3 3 U  c o n t a i n i n g  
10 ppm o f  2 3 2 U  and processed i n  unsh ie lded  g l o v e  boxes 25 days a f t e r  p u r i f i c a t i o n  (complete 

daughter  removal )  t o  produce 233U02 powder r e s u l t e d  i n  personnel  r a d i a t i o n  exposures o f  

50 mr/man-week. The techniques used i n  p r e p a r i n g  K i l o r o d  and LWBR f u e l  would n o t  be f e a s i -  
b l e  i n  a l a r g e - s c a l e  f a b r i c a t i o n  p l a n t  u s i n g  2 3 3 U  c o n t a i n i n g  t h e  100 t o  2000 ppm 232U 

expected i n  r e c y c l e d  233U. 

I n  these  two p ro -  

Therefore,  one must conc lude t h a t  remote f a b r i c a t i o n ,  beh ind  

seve ra l  f e e t  o f  conc re te  s h i e l d i n g ,  w i l l  be r e q u i r e d  f o r  233U-bear ing LWR and FBR f u e l s .  rc 

Remote o p e r a t i o n  w i l l  impact  t h e  f a b r i c a t i o n  process and t h e  f u e l  form. Fo r  ex- 

The many powder-handling o p e r a t i o n s  r e q u i r e d  i n  f a b r i c a t i n g  p e l l e t s  w i t h  

- 
ample, LWR and LMFBR f u e l s  can be manufactured e i t h e r  as o x i d e  p e l l e t s  o r  as s o l - g e l  

microspheres. 
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t h e i r  inherent dusting problems and the  many mechanical operations required in blending powder, 
pressing, s in t e r ing ,  and g r i n d i n g  p e l l e t s  make remotely operating and maintaining a 2 3 3 U -  

bearing p e l l e t  f ab r i ca t ion  l i n e  d i f f i c u l t .  Al te rna t ive ly ,  t he  r e l a t i v e  ease of handling l iqu ids  
and microspheres remotely makes the  sol-gel spherepac process 
operation and maintenance than powder preparation and p e l l e t i z  
i s  l e s s  f u l l y  developed. 

Detailed analyses of spec i f i c  flow shee ts  and process 

appear more amenable t o  remote 
ng processes, although the  process 

ayouts f o r  a pa r t i cu la r  
fuel form would be required t o  quan t i t a t ive ly  determine the  r e l a t i v e  safeguards merits of 
one process versus another. 
nuclear mater ia l s  can be e f fec ted  by item accountabi l i ty  a re  eas i e r  than continuous pro- 
cesses in which the  material  i s  contained in l iqu id  form. Thus, in our example above, an 
assessment might conclude t h a t  some s a c r i f i c e s  must be made in material  accountabi l i ty  i n  
order t o  achieve remote fuel fabr ica t ion .  

In general ,  however, batch processes where control of special  

The  overriding safeguards consideration in denatured fuel fabr ica t ion  however i s  
the  remote nature of the  process i t s e l f ,  which l imi t s  personnel access t o  the  f i s s i l e  
mater ia l .  F i r s t ,  f o r  material  and 
equipment t r a n s f e r ,  the processing c e l l s  will  be linked t o  o ther  c e l l s  o r  t o  out-of-cell  
mechanisms. 
who en te r  the  c e l l s  a f t e r  appropriate source shielding or source removal. 
may be designed f o r  personnel access,  b u t  a l l  access points will  be cont ro l led  because of 
the  requirement f o r  a lpha-ac t iv i ty  containment. 
provide an ind ica t ion  of breach of containment and of possible diversion. 
ingress points from the  c e l l s  wi l l  be l imi ted ,  portal  monitors may a l s o  provide additional 
safeguards assurance. 

Access i s  not impossible, however, f o r  two reasons. 

Second, some portions of the  processing equipment may be maintained by persons 
Thus, some c e l l s  

Health physics rad ia t ion  monitors would 
Because the  

I t  should be noted t h a t  although kilogram quan t i t i e s  of material  represent high- 
rad ia t ion  l eve l s  from the  standpoint of occupational exposures, t he  l eve l s  of recent ly  
pur i f ied  2 3 3 U  a r e  low enough t h a t  d i r e c t  handling of the  material f o r  several days would 
not r e s u l t  in noticeable health e f f e c t s .  

The remote nature of the  re fabr ica t ion  process requires highly automated machinery 
f o r  most of the fabr ica t ion .  Elaborate control and monitoring instrumentation wi l l  be 
required f o r  automatic operation and process control and can provide additional data f o r  
material  accountabi l i ty  and material  balance consistency checks. The remote nature of the  
process has the  poten t ia l  of subs t an t i a l ly  improving the  safeguarding of the  recycle fuel 
during re fabr ica t ion .  The ex ten t  of this improvement will  depend on the  s p e c i f i c  f a c i l i t y  
design and on the degree t o  which the  additional real-t ime process information can enhance 
the safeguards system. 
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3.3.3 D e t e c t i o n  and Assay o f  Denatured Fuel 

D .  T. I n g e r s o l l  
Oak Ridge N a t i o n a l  Labora to ry  

The r e l a t i v e l y  h i g h  gamma-ray a c t i v i t y  o f  2 3 3 U  f u e l s ,  e n r i c h e d  o r  denatured, has 
i t  inc reases  t h e  d e t e c t a b i l i t y  o f  t h e  f u e l s  oppos i te  e f f e c t s  on d e t e c t i o n  and assay: 

b u t  i t  a l s o  i nc reases  t h e  d i f f i c u l t y  o f  pass i ve  gamma assay. Tha t  t h i s  s i t u a t i o n  e x i s t s  

i s  apparent  f rom F i g .  3.3-2, which p resen ts  a Ge(Li)-measured gamma-ray spectrum3 f rom a 

2 3 3 U  sample c o n t a i n i n g  250 ppm 2 3 2 U .  A l l  ma jo r  peaks i n  t h e  spectrum a r e  f rom t h e  decay 

p roduc ts  o f  2 3 2 U ,  which i s  near  secu la r  e q u i l i b r i u m  w i t h  t h e  p roduc ts .  

o f  t h e  2.6-MeV gamma r a y  e m i t t e d  by 2 0 8 T 1  prov ides  a u s e f u l  handle f o r  t h e  d e t e c t i o n  of 

m a t e r i a l s  t h a t  c o n t a i n  even smal l  q u a n t i t i e s  o f  2 3 2 U ,  t h u s  p r o v i d i n g  a b a s i s  f o r  p r e v e n t i n g  

f u e l  d i v e r s i o n  and/or  f o r  r e c o v e r i n g  d i v e r t e d  f u e l .  On t h e  o t h e r  hand, t h e  presence o f  

numerous gamma rays  i n  t h e  spectrum e l i m i n a t e s  t h e  p o s s i b i l i t y  o f  d i r e c t  gamma-ray assay 

o f  t h e  f i s s i l e  i s o t o p e .  I n d i r e c t  assay u s i n g  t h e  2 3 2 U  gamma rays  would be i m p r a c t i c a l ,  

s i n c e  i t  would r e q u i r e  a d e t a i l e d  knowledge o f  t h e  h i s t o r y  o f  t h e  sample. 

The presence 

D e t e c t i o n  systems a r e  a l r e a d y  a v a i l a b l e .  A Los Alamos S c i e n t i f i c  Labora to ry  (LASL) 

r e p o r t  desc r ibes  a doorway m o n i t o r  system4 t h a t  employs a 12.7- x 2.5-cm NaI(T1)  d e t e c t o r  

and has been used t o  measure a dose r a t e  o f  about  2.5 mr /h r  a t  a d i s t a n c e  o f  30 cm f rom a 

20-9 sample of PuO,. 
sample o f  2 3 3 U  c o n t a i n i n g  100 ppm of 232U o n l y  12 days f o l l o w i n g  t h e  s e p a r a t i o n  o f  daugh- 

t e r  products .  The dose r a t e  would i nc rease  by a f a c t o r  o f  10 a f t e r  90 days and by an 

a d d i t i o n a l  f a c t o r  o f  4 a f t e r  one yea r .5  Also,  t h e  gamma-ray dose r a t e  sca les  l i n e a r l y  

w i t h  232U c o n t e n t  and i s  n e a r l y  independent of t h e  t y p e  o f  b u l k  m a t e r i a l ,  i . e . ,  233U, 
2 3 5 ~ ,  o r  23%. 

Approx imate ly  t h e  same dose r a t e  would be measured f o r  a s i m i l a r  

The n e t  c o u n t i n g  r a t e  f o r  t h e  PuO, sample ( s h i e l d e d  w i t h  0.635 cm o f  l e a d )  was 
1000 cps. The observed background was 1800 cps, r e s u l t i n g  i n  a s i g n a l - t o - n o i s e  r a t i o  o f  

o n l y  0.6. S i m i l a r  samples o f  232U-contaminated uranium n o t  o n l y  would y i e l d  h i g h e r  coun t -  
i n g  r a t e s ,  b u t  cou ld  a l s o  y i e l d  c o n s i d e r a b l y  b e t t e r  s i g n a l - t o - n o i s e  r a t i o s  i f  t h e  d e t e c t o r  

window were s e t  t o  cover  o n l y  t h e  2.6-MeV gamma r a y  p resen t  i n  t h e  spectrum. Al though 
t h e  d e n a t u r i n g  o f  uranium f u e l s  tends t o  d i l u t e  t h e  232U con ten t ,  t h e  a n t i c i p a t e d  2 3 2 U  
l e v e l s  i n  most denatured f u e l s  i s  s t i l l  s u f f i c i e n t l y  h i g h  f o r  r e l a t i v e l y  easy d e t e c t i o n ,  

except  immed ia te l y  a f t e r  complete daughter  removal. 

The d i f f i c u l t y  i n  pe r fo rm ing  n o n d e s t r u c t i v e  assays (NDA) o f  denatured f u e l s  r e l a t i v e  

t o  h i g h l y  e n r i c h e d  f u e l s  i s  a t t r i b u t a b l e  t o  two e f f e c t s :  
neu t rons  o r  gamma rays ,  hea t  generat ion,  e t c . )  i s  reduced because o f  t h e  m a t e r i a l  d i l u -  

t i o n ,  and ( b )  t h e  s i g n a l  i s  m o s t l y  obscured by t h e  presence o f  232U. The l a t t e r  problem 

e x i s t s  because a l though  d e n a t u r i n g  reduces t h e  t o t a l  c o n c e n t r a t i o n  o f  232U, t h e  r e l a t i v e  

p r o p o r t i o n  o f  2 3 2 U  t o  f i s s i l e  m a t e r i a l  remains t h e  same. T h i s  i s  an e s p e c i a l l y  s i g n i f i -  

can t  problem w i t h  pass i ve  NDA techniques.  

( a )  t h e  d e s i r e d  s i g n a l  ( e m i t t e d  

As i s  shown i n  Fig. 3.3-2, t h e  gamma-ray 
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spectrum from a 2331) sample containing 250 ppm of 232U i s  t o t a l l y  dominated by the  232U 
decay gamma rays ,  thus eliminating the  p o s s i b i l i t y  of d i r e c t  gamma-ray assay. 
techniques employing calorimetry a re  a l so  complicated s ince  2 3 2 U  decay p a r t i c l e s  can con- 
t r i b u t e  s i g n i f i c a n t l y  to  the  heat generation i n  a fuel sample. 
t h a t  f o r  a f resh  sample of 233U containing 400 ppm 2 3 2 U ,  nearly 50% of the  thermal heat 
generation can be a t t r i b u t e d  to  2 3 2 U  decay, which increases t o  75% a f t e r  only one year.  

I t  i s ,  therefore ,  apparent t ha t  f i s s i l e  content assay f o r  denatured uranium f u e l s  will  
requi re  more sophis t ica ted  ac t ive  NDA techniques which must overcome the  obs tac les  of 
material  d i l u t i o n  and 2 3 2 U - a ~ t i v i t y  contamination. 

Passive 

I t  has been ~ a l c u l a t e d , ~ , ~  

6 

CHANNEL NUMBER 

F i g .  3.3-2.  Gama-Ray Spectrum from a 233U Sample Containing 250 ppm 232U. All 
major peaks a r e  a t t r i b u t e d  t o  232U decay products. 
(From re f .  3 . )  

Gamma-ray energies indicated i n  MeV. 
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3.3.4. Potential  Circumvention of the  I so topic  Barr ie r  o f  Denatured Fuel 
E. H.  G i f t  and W. B. Arthur 

O a k  Ridae Gaseous Diffusion Plant 

I f  a la rge-sca le  denatured-uranium recycle program i s  f u l l y  implemented ( w i t h  secure 
energy cen te r s ) ,  many types of both f resh  (un i r r ad ia t ed )  and spent fuel may be i n  t r a n s i t  
throughout the  world. 
must meet the basic c r i t e r i o n  t h a t  a s u f f i c i e n t  quant i ty  of f i s s i l e  material cannot be 
chemically extracted from seized elements f o r  d i r e c t  use i n  the  f ab r i ca t ion  of a nuclear 
weapon. 
2 3 8 U  t o  the f i s s i l e  isotope 2 3 3 U  wi l l  prevent t he  d i r e c t  use of t he  uranium in weapons 
manufacture providing the  2 3 3 U  content of the  uranium remains below a spec i f ied  l i m i t ,  which 
f o r  t h i s  study has been s e t  a t  12% (see  Section 3.3.1).  Thus, even i f  the  uranium were 
chemically separated from the  thorium f e r t i l e  material  included in  the elements, i t  could not 
be used f o r  a weapon. S imi la r ly ,  i f  t he  2 3 5 U  content of uranium i s  kept below 20%, the  
uranium would not be d i r e c t l y  usable. For the  discussion presented here, i t  i s  fu r the r  
assumed t h a t  f ue l s  containing both 2 3 3 U  and 2 3 5 U  will  meet t h i s  c r i t e r i o n  i f  t h e i r  weighted 
average 1 i e s  between these 1 imi t s .  

In order t o  ensure t h a t  these f u e l s  a r e  p ro l i f e ra t ion  r e s i s t a n t ,  they 

As pointed out in previous sec t ions  of t h i s  repor t ,  the  addition of t he  denaturant 

W i t h  the  chemical i so l a t ion  of the  primary f i s s i l e  isotopes thus precluded, two potem- 
t i a l  means e x i s t  f o r  ex t rac t ing  f i s s ionab le  material  f o r  the  denatured fue l :  ( 1 )  i s o t o o i -  
separation of t he  f resh  fuel i n t o  i t s  2 3 3 U  ( o r  2 3 5 U )  and 238U components; and ( 2 )  chemical 
ex t rac t ion  from t h e  spent fuel of the  2 3 9 P u  bred i n  t h e  238U denaturant o r  chemical -ex t rac t ;  
of t he  intermediate isotope 233Pa t h a t  would subsequently decay t o  233U. 

of the poten t ia l  circumvention of the i so topic  ba r r i e r  of denatured fue l  both these  poss ib i i* -  
t i e s  a r e  discussed; however, t h e  probabi l i ty  of the second one a c t u a l l y  being ca r r i ed  out  i s  

e s s e n t i a l l y  discounted. 
would opt f o r  producing weapons-grade uranium through the  c landes t ine  operation of an isotope 
separation f a c i l i t y .  For the  purposes of this study i t  i s  assumed t h a t  the  seized fuel is  i n  
t he  fonn of  fresh LWR elements o f  one of t he  following fuel types: 

In this examinaticr 

T h u s  the  emphasis here is on the p o s s i b i l i t y  t h a t  would-be pro l i fe ra t - -  

A. 

B. 

Approximately 3% 235benr i ched  uranium (same as cur ren t ly  used LWR f u e l ) .  

Recycle uranium from a thorium breeder blanket,  denatured t o  %12% 233U w i t h  depleted 
uranium. 

Fifth-generation recycle of fuel type B with 2 3 3 U  f i s s i l e  makeup from a thorium 
breeder blanket. 

F i r s t  cycle of 235U-238U-Th fuel assuming no 2 3 3 U  i s  ava i l ab le  from an external 
source. 

C. 

D. 
In this fuel scheme the 235U concentration in uranium can be as high as 20% 

( see  above). c 

E. F i r s t  recycle of fuel type D with 93% 235U i n  uranium makeup. 
not a l l  of t h e  fuel i n  a reload batch wi l l  contain recycle uranium. 
the reload batch will  contain fuel type D. 

t i ona l "  concept envisioned f o r  plutonium recycle fue l s .  

In this fue l ing  option, 
Some portion o f  - 

This option i s  analogous t o  the " t r a d i -  
I t  allows some o f  the  fuel 
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. 

t o  be f a b r i c a t e d  i n  n o n r a d i o a c t i v e  f a c i l i t i e s .  

t o  i n  t h e  remainder  o f  t h e  t e x t  as f u e l  r e c y c l e  Op t ion  1. 

F i f t h - g e n e r a t i o n  r e c y c l e  o f  f u e l  t ypes  D and E w i t h  93% 2 3 5 U  makeup (Opt ion 1) .  

T h i s  f u e l i n g  o p t i o n  w i l l  be r e f e r r e d  

F. 

G. F i r s t  r e c y c l e  o f  f u e l  t y p e  D, w i t h  r e c y c l e  uranium i n  a l l  f u e l  assemblies o f  a r e l o a d  

I n  t h i s  batch. Makeup uranium i s  20% and 93% 2 3 5 U  as needed t o  m a i n t a i n  r e a c t i v i t y .  

o p t i o n  a l l  f u e l  would p robab ly  r e q u i r e  remote f a b r i c a t i o n  f a c i l i t i e s .  T h i s  f u e l i n g  

o p t i o n  w i l l  be r e f e r r e d  t o  i n  t h e  remainder of t h e  t e x t  as f u e l  r e c y c l e  Op t ion  2. 

F i f t h  r e c y c l e  o f  f u e l  t y p e  G w i t h  2 3 5 U  makeup (Op t ion  2) .  H. 

The uranium composi t ions o f  these f u e l s  a r e  shown i n  Table 3.3-2. 

should be assumed t h a t  n a t u r a l  uranium i s  a l s o  a v a i l a b l e .  

I n  a d d i t i o n  t o  these, i t  

Table 3.3-2. Uranium Fuel M i x t u r e s  That May Be A v a i l a b l e  
(Weight F r a c t i o n  i n  Uranium) 

Iso tope A B C D E F G H 

2 3 2 u  0 5.02 x 6.565 x 0 1.2363 x 2.445 x 1.134 x 2.331 x 

23311 0 0.11861 1 0.11498 0 0.047004 0.05914 0.0431 0 0.05638 

2 3 4 U  1.2 x l o - "  0.008523 0.035108 0.001754 0.005430 0.021 15 0.005125 0.020245 

2 3 5 U  0.032 0.002317 0.01255 0.2000 0.13201 0.1 13457 0.13765 0.1 1749 

2 3 %  0 0.000036 0.005327 0 0.02303 0.056496 0.021119 0.05386 

2 3 8 U  0.96788 0.870011 0.831228 0.798246 0.792389 0.749522 0.793021 0.75188 

D e s c r i p t i o n  o f  Fuel Type: 
A - 3.2 w t  % 2 3 5 U  f rom n a t u r a l  uranium. 
B - Thorium breeder b lanket  f u e l  denatured w i t h  dep le ted  uranium. 
C - F i f t h  aenera t ion  r e c y c l e  o f  B w i t h  thor ium breeder b l a n k e t  makeup. 
D - 20 w t  % 2 3 s U  i n  U p lus  Th. 
E - F i r s t  r e c y c l e  o f  D w i t h  93 w t  % 235U i n  uranium makeup (Opt ion 1, see no te) .  
F - F i f t h  genera t ion  r e c y c l e  o f  D w i t h  93 w t  % 2 3 5 U  i n  uranium makeup (Opt ion 1, see no te) .  
G - F i r s t  r e c y c l e  o f  D w i t h  93 w t  % 2 3 5 U  makeup (Opt ion  2, see no te) .  
H - F i f t h  r e c y c l e  o f  D w i t h  93 w t  % 2 3 5 U  makeup (Opt ion 2, see note) .  

NOTE: 
~ r e l o a d  batch w i l l  con ta in  f u e l  type D. Th is  s i t u a t i o n  i s  analogous t o  the  " t r a d i t i o n a l  concept env is ioned 

Fuel types E and F a r e  designed so t h a t  n o t  a l l  o f  t h e  f u e l  i n  a r e l o a d  batch i s  recycl: f u e l ;  some of  t h e  

f o r  p lu ton ium r e c y c l e  f u e l s .  
f a c i l i t i e s ,  and i s  r e f e r r e d  t o  i n  the  t e x t  as fue l  r e c y c l e  Opt ion 1. 
Fuel types G and H r e s u l t  i f  every assembly i n  t h e  r e l o a d  batch conta ins  r e c y c l e  f u e l .  
r e f e r r e d  t o  as Opt ion 2. 

Th is  concept a l lows some o f  the  f u e l  t o  be f a b r i c a t e d  i n  non- rad ioac t ive  

The f u e l i n g  mode i s  

I s o t o p i c  Separa t i on  o f  Fresh Fuel 

S e l e c t i o n  o f  Separa t i on  F a c i l i t y .  O f  t h e  v a r i o u s  uranium i s o t o p e  s e p a r a t i o n  processes 

which have been conceived, o n l y  t h e  c u r r e n t  technology processes ( i .e .  , gaseous d i f f u s i o n ,  

gas c e n t r i f u g e ,  t h e  Becker n o z z l e  and t h e  South A f r i c a n  f i x e d  w a l l  c e n t r i f u g e )  and p o s s i b l y  

t h e  c a l u t r o n  process c o u l d  be considered as near- term candidates f o r  a c l a n d e s t i n e  f a c i l i t y  

capable o f  e n r i c h i n g  d i v e r e d  r e a c t o r  f u e l .  

technology. 

which i n c l u d e  a h i g h  s e p a r a t i o n  f a c t o r  p e r  machine, low e l e c t r i c a l  power needs, and t h e  

a d a p t a b i l i t y  t o  smal l  l ow-capac i t y  b u t  h igh-enr ichment  p l a n t s .  

( i .e .  , t h e  U.S., England, Hol land,  Germany, Japan, A u s t r a l i a ,  and France)  have operated 

O f  these, t h e  gas c e n t r i f u g e  may be t h e  p r e f e r r e d  

Th is  conc lus ion  i s  d i r e c t l y  r e l a t e d  t o  t h e  proven advantages o f  t h e  process, 

F u r t h e r ,  more n a t i o n a l  groups 
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e i t h e r  l a r g e  c e n t r i f u g e  p i l o t  p l a n t s  o r  smal l  commerc ia l -s ized p l a n t s ,  more so than  f o r  any 

o t h e r  enr ichment  process, so i t  i s  apparent  t h a t  t h i s  technology i s  w i d e l y  understood and 

app l i ed .  A b r i e f  d e s c r i p t i o n  o f  t h e  c e n t r i f u g e  process, as w e l l  as d e s c r i p t i o n s  o f  o t h e r  

c u r r e n t  and f u t u r e  s e p a r a t i o n  techno log ies ,  i s  g i v e n  i n  Appendix A. 

The a p p l i c a t i o n  o f  c e n t r i f u g e  technology t o  a sma l l  p l a n t  capable o f  p roduc ing  a 

couple o f  hundred k i l og rams  o f  uranium en r i ched  t o  90% 2 3 5 U  has n o t  proved t o  be i n o r d i n a t e l y  

expensive. Two examples can be prov ided.  An a r t i c l e  appear ing i n  two p resen ts  

i n f o r m a t i o n  on a proposed Japanese c e n t r i f u g e  p l a n t .  

i n  1980, i s  designed t o  produce 50 MT SWU/yr i n  a 7000-machine f a c i l i t y .  The t o t a l  c o s t  o f  

t h e  f a c i l i t y  was es t ima ted  by t h e  Japanese t o  be $166.7 m i l l i o n .  

t h e  i n d i v i d u a l  c e n t r i f u g e  s e p a r a t i o n  c a p a c i t y  o f  7 kg SWU/yr and a c e n t r i f u g e  c o s t  o f  ap- 

p r o x i m a t e l y  $24,000 (which i n c l u d e s  i t s  share o f  a l l  p l a n t  f a c i l i t i e s ) .  

T h i s  p l a n t ,  which cou ld  be o p e r a t i o n a l  

Simple a r i t h m e t i c  y i e l d s  

An upper l i m i t  f o r  t h e  c o s t  o f  deve lop ing  a smal l  gas c e n t r i f u g e  enr ichment  f a c i l i t y  

can be es t ima ted  f rom p u b l i s h e d  c o s t s  f rom t h e  U n i t e d  S ta tes  uranium gas c e n t r i f u g e  program. 

A paper by K i s e r g  p rov ides  a conven ien t  summary o f  t h e  s t a t u s  and cumu la t i ve  cos ts  f o r  t h e  

U.S. program. The Component Tes t  F a c i l i t y ,  a p l a n t  which i s  expected t o  have a s e p a r a t i v e  
c a p a c i t y  o f  50 MT SWU/yr (see Appendix A), was o p e r a t i o n a l  i n  January o f  1977. 

date,  t h e  cumu la t i ve  c o s t  o f  t h e  e n t i r e  U.S. gas c e n t r i f u g e  program was g i v e n  as about  $310 

To t h a t  

m i l l i o n .  O f  t h i s  t o t a l ,  about  $190 m i l l i o n  was i d e n t i f i e d  as development cos ts .  The remain- 

i n g  $120 m i l l i o n  was i d e n t i f i e d  as equipment and f a c i l i t y  expense. 

m i l l i o n  was i d e n t i f i e d  as be ing  techno logy  i n v e s t i g a t i o n .  

w i t h i n  t h e  i n i t i a l  3-year  development program (beg inn ing  i n  1960 and budgeted a t  $6 m i l l i o n ) ,  

t h e  f o l l o w i n g  accomplishments were recorded.  

F u r t h e r ,  o n l y  about  $30 

Even more i n t r i g u i n g  i s  t h a t  

a. 

b. 

The o p e r a t i n g  performance o f  t h e  gas c e n t r i f u g e  was g r e a t l y  improved. 

Small machines were s u c c e s s f u l l y  cascaded i n  1961 (one y e a r  a f t e r  i n i t i a t i o n  o f  t h e  

c o n t r a c t ) .  

When t h e  l a s t  of these u n i t s  was shu t  down i n  1972, some machines had r u n  c o n t i n u -  
o u s l y  f o r  about e i g h t  years.  

c. 

That  these c e n t r i f u g e s  were n o t  commerc ia l ly  c o m p e t i t i v e  w i t h  gaseous d i f f u s i o n  may be ir- 
r e l e v a n t  when t h e y  a r e  considered as a cand ida te  f o r  a c l a n d e s t i n e  enr ichment  f a c i l i t y .  

as s t a t e d  above, o f  t h e  c u r r e n t  t echno log ies ,  t h e  c e n t r i f u g e  process would p robab ly  be 

se lec ted .  

c l a n d e s t i n e  enr ichment  f a c i l i t y  i s  n o t  c u r r e n t l y  f eas ib le .  Successfu l  development o f  t hese  
techno log ies  by any o f  t h e  numerous n a t i o n a l  research  groups would make them cand ida tes  

f o r  such a f a c i l i t y ,  however, and t h e y  would o f f e r  t h e  dec ided advantages o f  a h i g h  separa- 

t i o n  f a c t o r ,  low-power requi rement  and modular c o n s t r u c t i o n .  

Thus, 

The u t i l i z a t i o n  o f  t h e  deve lop ing  techno log ies  ( l a s e r ,  plasma, etc . )  for a 

* 

Ef fect  o f  2 3 2 U  on t h e  Enrichment Process and Product. A l l  f u e l s  c o n t a i n i n g  2 3 3 U  a l s o  

As mentioned e a r l i e r  i n  t h i s  r e p o r t ,  t h e  daughter  p ro -  c o n t a i n  s u b s t a n t i a l  amounts o f  232U. 

duc ts  f rom 232U (t% = 72 y r )  r e l e a s e  h i g h l y  e n e r g e t i c  gamma r a y s  and a lpha  p a r t i c l e s  t h a t  can 

comp l i ca te  b o t h  t h e  enr ichment  process and t h e  subsequent weapon f a b r i c a t i o n .  
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As a f i r s t  s t e p  i n  e v a l u a t i n g  t h e  e f f e c t  o f  2 3 2 U  on t h e  enr ichment  process and t h e  en- 

r i c h e d  p roduc t ,  cons ide r  f u e l  t ypes  B and C f rom Table 3.3-2 as feed t o  an enr ichment  p l a n t .  
For making an accep tab le  weapon a f i s s i l e  c o n t e n t  o f  90% 2 3 3 U  f 2 3 5 U  i n  t h e  p roduc t  should be 

s a t i s f a c t o r y .  An accep tab le  p roduc t  f l o w  r a t e  from such a p l a n t  m igh t  be 100 kg U/yr. 

Based on these assumptions, t h e  p roduc t  concen t ra t i ons  shown i n  Table 3.3-3 were ob- 
t a i n e d  f rom mul t icomponent  enr ichment  c a l c u l a t i o n a l  methods.1° T h i s  t a b l e  i l l u s t r a t e s  t h a t  

w h i l e  a s u f f i c i e n t l y  f i s s i l e  uranium i s  produced, a t  a r e l a t i v e l y  low feed  r a t e ,  t h e  p r o d u c t  

has a l s o  concen t ra ted  t h e  h i g h l y  gamma a c t i v e  ( th rough  i t s  decay daughters)  2 3 2 U  by about 
a f a c t o r  o f  10. 

i n  t h e  product .  
Grea te r  t han  99% o f  t h e  2 3 2 U  i n  t h e  enr ichment  p l a n t  f eed  w i l l  be p resen t  

I n  t h e  enr ichment  p l a n t  t h e  232U c o n c e n t r a t i o n  g r a d i e n t  f rom t h e  feed  p o i n t  w i l l  
d rop r a p i d l y  i n  t h e  s t r i p p i n g  s e c t i o n .  

reduced by about  a f a c t o r  o f  150 f rom t h e  feed  c o n c e n t r a t i o n .  

r a d i a t i o n  l e v e l s  i n  t h e  enr ichment  p l a n t  can be expected t o  v a r y  by a f a c t o r  o f  g r e a t e r  
t han  1000 f rom t h e  t a i l s  t o  t h e  p roduc t .  

I n  t h e  t a i l s  t h e  232U c o n c e n t r a t i o n  w i l l  be 

As a r e s u l t ,  t h e  gamma 

C a l c u l a t i o n s  have been made f o r  a t y p i c a l  c e n t r i f u g e  enr ichment  p l a n t  t o  i l l u s t r a t e  
t h e  gamma r a d i a t i o n  l e v e l  t h a t  c o u l d  be expected a t  

2 3 2 U  c o n c e n t r a t i o n . l l  

i s  t h e  assumption t h a t  t h e  daughter  p roduc ts  o f  2 3 2 U  a r e  a l l  depos i ted  w i t h i n  t h e  e n r i c h -  
ment f a c i l i t y .  

daughter  p roduc t ,  228Th (tb = 1.9 yea rs ) ,  i s  n o n v o l a t i l e .  

( t ,  = 3.6 d) ,  a l l  o f  t h e  o t h e r  daughters  have ve ry  s h o r t  l i v e s .  

e q u i l i b r i u m  as a f u n c t i o n  of t h e  

These r e s u l t s  a r e  shown i n  Table 3.3-4. I m p l i c i t  i n  t hese  es t ima tes  

T h i s  assumption seems j u s t i f i e d  s i n c e  t h e  f l u o r i d e  compound o f  t h e  f i r s t  
Wl th  t h e  excep t ion  o f  224Ra 

2 

4 

Exper imen ta l l y ,  l i t t l e  ev idence e x i s t s  t o  determine t h e  t r u e  f r a c t i o n a l  d e p o s i t i o n  

of 2 3 2 U  daughters .  

u F 6  f e e d  t o  t h e  gaseous d i f f u s i o n  p l a n t s . 1 2  These s p e c i f i c a t i o n s  c a l l  f o r  a maximum 232U 

c o n c e n t r a t i o n  o f  110 p a r t s  o f  232U p e r  b i l l i o n  p a r t s  o f  235’U i n  %he feed. 

t i o n ,  t h e  r a d i a t i o n  l e v e l s  would be s i g n i f i c a n t  i n  a h i g h l y  e n r i c h e d  p roduc t  ( ~ 2 7 0  mr /h r  
a t  1 f t  and 3 mr /h r  on t h e  p l a n t  equipment). 

Cur ren t  ev idence i s  i n c o r p o r a t e d  i n  t h e  e x i s t i n g  s p e c i f i c a t i o n s  f o r  

A t  t h i s  concentra-  

Based on Tables 3.3-3 and 3.3-4, t h e  maximum gamma r a d i a t i o n  l e v e l  i n  a p l a n t  
e n r i c h i n g  2 3 3 U  t o  90% would be about  2 r / h r  a t  e q u i l i b r i u m .  

l i t t l e  decomposi t ion o f  e i t h e r  l u b r i c a t i o n  o i l s  o r  t h e  UF6 gas would occur .  

e x i s t s  t o  show t h a t  a t  t h i s  r a d i a t i o n  l e v e l  t h e  v i s c o s i t y  o f  t h e  l u b r i c a t i n g  o i l s  would be 
u n a f f e c t e d  over  a 20-year p l a n t  l i f e .  

expected t h a t  t h e  U F 6  would be f a i r l y  s t a b l e  t o  t h e  combined a lpha  and gamma r a d i a t i o n  

l e v e l s .  A t  t he  2 - r / h r  l e v e l ,  l e s s  than  one- ten th  o f  t h e  mean i n v e n t o r y  o f  t h e  machine would 

be decomposed p e r  yea r .  

t h roughou t  t h e  machine w i t h  perhaps s l i g h t l y  h i g h e r  accumulat ion on t h e  w i thd rawa l  scoops. 
S ince t h e  i n d i v i d u a l  machine i n v e n t o r y  would be v e r y  low, t h i s  shou ld  n o t  be a s i g n i f i c a n t  

l o s s  o f  m a t e r i a l .  

A t  t h i s  r a d i a t i o n  l e v e l ,  

Some e v i d e n c e l l  

Thus, t h e r e  shou ld  be no b e a r i n g  problem. It i s  a l s o  

T h i s  m a t e r i a l  would be expected t o  be d i s t r i b u t e d  f a i r l y  u n i f o r m l y  
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Table 3.3-3. En r i ched  Produc t  Composit ions 
(Weight F r a c t i o n  i n  Uranium) 

_- - __ .- 

Fuel Type B Fuel Type c 
I s o t o p e  Feed Product  Feed Produc t  

23211 5.02 x 4.1545 x 6.565 x 5.626 x 

2331) 0.11 861 1 0.90 0.11498 0.90 

2 3 4 ~  0.008523 0.03757 0.035108 0.0901 

23511 0.00231 7 0.00376 0.01 255 0.00379 

2361) 3.6 10-5 1.98 10-5 0.005327 1.73 10-4 

23811 0.87001 1 0.05450 0.831 228 3.124 x 

2 3 3 U  i n  T a i l s  0.01 0.01 

Feed Flow, 832 
kg U/yr 

kg U/yr 
Product  F1 ow, 

859 

100 100 

When removed f rom t h e  p l a n t ,  t h e  UF, p roduc t  would be condensed and p robab ly  s t o r e d  i n  

monel c y l i n d e r s .  

gamma dose r a t e s  t h a t  c o u l d  be expected f rom t h e  unsh ie lded  c y l i n d e r s  a r e  as shown i n  
Table 3.3-5. 

t i a l  s h i e l d i n g .  

r a t e  a t  1 f t  t o  1.0 and 50 mr/hr .  

I f  i t  i s  assumed t h a t  t h e  c y l i n d e r s  were s i z e d  t o  h o l d  16 kg o f  UF,, t h e  

To reduce these p roduc t  dose r a t e s  t o  accep tab le  l e v e l s  would r e q u i r e  substan- 

As an example, Table 3.3-6 shows t h e  s h i e l d i n g  r e q u i r e d  t o  reduce t h e  dose 

Table 3.3-4. Gamma R a d i a t i o n  Leve l  i n  an Enrichment P l a n t  
as a Func t i on  o f  2 3 2 U  Concen t ra t i on  

2 3 2 u  Concen t ra t i on  R a d i a t i o n  Leve l  ( r / h r )  
( w t  %) a t  E q u i l i b r i u m *  

2.0 6 .8  

1 .o  3.4 

0.5 1.7 

0.1 .34 

____ 

0.001 .0034 

0.0001 .00034 
____ * 

W i t h i n  an i n f i n i t e  a r r a y  o f  c e n t r i f u g e s .  
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Table 3.3-5. 232U-Induced Gamma-Ray Dose Rates from Enshielded 
Monel Cylinders Containing 16 kg of UF, 

Dose Rate ( r / h r )  
Distance from Decay Time* 

Cy1 i nder (days 1 0.1 w t  % 232U 0.6 w t  % 232U 

Contact 10 40.2 242 

1 Foot 

1 Meter 

30 194 1,166 

90 654 3,922 

E q u i  1 . 7,046 42 , 300 

10 4.2 25.4 

30 

90 

20.4 122 

68.6 41 2 

E q u i  1 .  740 4,440 

10 0.85 5.1 

30 4.1 24.6 

90 13.8 82.9 

Equi 1 .  149 894 

*Time measured from chemical separa t ion  from thorium. 

Table 3.3-6. Shielding Required t o  Reduce 232U-Induced Gamma-Ray 
Dose Rates from Monel Cylinders Containing 16 kg of UF,* 

Concrete Thickness (cm) 
Design Dose Rate 

(mr/hr) 
Decay Time** 

(days 1 0.1 w t  % L J 2 U -  0.6 w t  % z 3 2 U  

1 .o 30 101 120 

90 114 132 

50 

Equi 1 .  138 

30 62 

90 74 

157 

80 

92 

Equil . 98 116 
_- 

*Distance from source t o  s h i e l d  = 1 f t .  

**Time measured from chemical separa t ion  from thorium. 
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The h i g h  a lpha  a c t i v i t y  of uranium c o n t a i n i n g  23211 w i l l  p r e s e n t  two problems: 

1. I n  t h e  UF, t h e r e  w i l l  be a s t r o n g  (a ,n)  r e a c t i o n .  

emiss ion f rom a 16-kg UF6 p roduc t  c y l i n d e r  c o n t a i n i n g  0.6 w t %  2 3 2 U  i s  5.7 x l o 7  
neutrons/sec a t  10 days decay, 2 . 5  x l o 8  a t  30 days decay, and 8.7 x l o 8  a t  90 days 
decay. 

The 2 3 2 U  w i l l  p r o v i d e  a s t r o n g  heat  source i n  t h e  UF, and t h e  meta l  products .  

crude e s t i m a t e  o f  t h e  hea t  genera t i on  r a t e  f rom pure 232U as a f u n c t i o n  o f  t i m e  a f t e r  

p u r i f i c a t i o n  i s :  

A crude e s t i m a t e  o f  t h e  neu t ron  

2 .  A 

0.03 W/g a t  10 days, 0.13 W/g a t  30 days, and 0.46 W/g a t  90 days. 

The degree t o  which these p r o p e r t i e s  w i l l  a f f e c t  weapon manufacture o r  d e l i v e r y  i s  

unknown. 

A l t e r n a t i v e  Enrichment Arrangements t o  Reduce 232U Content  i n  t h e  Product. I n  con- 

s i d e r i n g  t h e  comp l i ca t i ons  i n t r o d u c e d  t o  t h e  f i n a l  uranium meta l  p roduc t ,  i .e. , t h e  r a d i a -  

t i o n  l e v e l  and hea t  genera t i on  r e s u l t i n g  f rom 232U, i t  i s  apparent  t h a t  removal o f  t h e  232U 
may be b e n e f i c i a l .  

arrangement would be t o  f i r s t  s t r i p  most o f  t h e  2 3 8 U  f rom t h e  uranium i s o t o p i c  m i x t u r e  and 

then  f e e d  t h e  low mass i s o t o p e s  t o  a second cascade where t h e  232U can be removed. 
arrangement i s  i l l u s t r a t e d  i n  F ig .  3.3-2 .  

Enrichment cascades can be designed t o  accompl ish t h i s .  An e f f e c t i v e  

T h i s  

P r o d u c t  c o n t a i n i n  
n e a r l y  a l l  t h e  ,3?U 

P r o d u c t  c o n t a i n i n g  30% 
f i s s i l e  c o n t e n t  and low 
2 3 2 U  c o n c e n t r a t i o n  

L Waste,  p r i m a r i l y  2 3 ~  

F ig .  3 - 3 - 2 .  I l l u s t r a t i o n  o f  Enrichment 
Arrangement t o  Produce Low 232U Content  
U ran i  um 

Such enr ichment  cascades can be i nde -  

pendent o f  t h e  s p e c i f i c  e n r i c h i n g  device. 

Based on t h e  d i s c u s s i o n  o f  t h e  gas c e n t r i f u g e  

process i n  Appendix A and a t  t h e  b e g i n n i n g  of 
t h i s  s e c t i o n ,  a sma l l ,  low s e p a r a t i v e  work 

c a p a c i t y  machine may be w i t h i n  t h e  t e c h n i c a l  

c a p a b i l i t i e s  o f  a would-be d i v e r t e r  (see 
Appendix A). 

A l though  no i n f o r m a t i o n  e x i s t s  on t h e  

s e p a r a t i v e  work c a p a c i t y  o f  a Z ippe machine i n  

a cascade, a reasonable e s t i m a t e  o f  i t s  

s e p a r a t i v e  c a p a c i t y  i s  about  0.3 kg SWU/yr 
when s e p a r a t i n g  235U f rom 238U. 

To f u r t h e r  s p e c i f y  t h e  p l a n t ,  i t  can be assumed t h a t  t h e  d i v e r t e r  would l i k e  t o :  

1. M in im ize  t h e  feed and waste stream f l o w s  i n  t h e  f i r s t  and second cascades c o n s i s t e n t  
w i t h  l i m i t i n g  t h e  number o f  c e n t r i f u g e s  requ i red .  

Achieve a s i g n i f i c a n t  weapons-grade p roduc t  f l o w  r a t e .  

hav ing  a f i s s i l e  c o n t e n t  o f  90% 233U + 235U was chosen.) 

Reduce t h e  232U c o n t e n t  i n  t h e  me ta l  p roduc t  so t h a t  c o n t a c t  manufacture can be 

achieved w i t h o u t  s e r i o u s  r a d i a t i o n  hazard. 

2. (A f l o w  r a t e  o f  100 kg  U/yr 

3. 
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A 90% f i s s i l e  c o n t e n t  was a r b i t r a r i l y  chosen f o r  t h i s  a n a l y s i s .  I t  i s  recogn ized  
t h a t  o t h e r  l ower  enr ichments,  down t o  and i n c l u d i n g  t h e  feed enr ichments of 12% 2 3 3 U ,  w i l l  

a l l o w  t h e  c o n s t r u c t i o n  of a much l a r g e r ,  cumbersome, b u t  p robab ly  s t i l l  workable dev ice.  

There i s ,  o f  course, a d i s t i n c t  t radeo f f  i n  t h e  weapon enr ichment  cho ice  between c e n t r i f u g e  
requi rements and uranium feed requirements. A f u r t h e r  c o n s i d e r a t i o n  i s  t h e  r o l e  e n v i s i o n e d  

f o r  t h e  weapon. 

Based on these assumptions and c o n s i d e r i n g  t h e  f u e l  types l i s t e d  i n  Table 3.3-2, 

a s e r i e s  o f  enr ichment  cascades, f l o w s  and s e l e c t e d  i s o t o p i c  parameters a r e  presented 

i n  Table 3.3-7. The b a s i c  c r i t e r i o n  chosen f o r  t h e  f i n a l  uranium p roduc t  was t h a t  t h e  

232U c o n c e n t r a t i o n  was about  1 ppm 2 3 2 U  i n  t o t a l  uranium. 

emiss ion r a t e  f rom t h e  f i n a l  me ta l  p r o d u c t  i s  s u f f i c i e n t l y  low t h a t  most f a b r i c a t i o n  and 
subsequent h a n d l i n g  o p e r a t i o n s  can be c a r r i e d  o u t  i n  unsh ie lded  f a c i l i t i e s  u s i n g  c o n t a c t  

methods. 

a r e  reduced. 
c a p a c i t y  than  t h e  0.3 kg  SWUlyr machine on which Table 3.3-7 i s  based can be determined 

w i t h  reasonable accuracy by  a s imp le  r a t i o  o f  t h e  c e n t r i f u g e  c a p a c i t i e s .  

c e n t r i f u g e s  o f  0.3 kg SWU/yr may be r e p l a c e d  w i t h  1000 x 5.0 O e 3  = 60 c e n t r i f u g e s  o f  5 kg 
SWUlyr capac i t y .  ) 

A t  t h i s  l e v e l  t h e  gamma 

As h i g h e r  232U p r o d u c t  c o n c e n t r a t i o n s  a r e  pe rm i t ted ,  t h e  enr ichment  requi rements 

(Note: The r e l a t i o n s h i p  between t h e  number o f  c e n t r i f u g e s  a t  a h i g h e r  

Thus, 1000 

The t o p  o f  t h e  second enr ichment  cascade w i l l  be v e r y  r a d i o a c t i v e .  Bu t  i t  w i l l  be 

o n l y  s l i g h t l y  more r a d i o a c t i v e  than  a s i n g l e  cascade used 

w i t h o u t  s t r i p p i n g  t h e  232U. 

t o  e n r i c h  t h e  uranium feed  

The data p resen ted  i n  Tab le  3.3-7 have been analyzed w i t h  r e s p e c t  t o  t h e  number o f  

c e n t r i f u g e s  needed and t h e  amount of uranium feed r e q u i r e d  t o  produce enough 90% f i s s i l e  

uranium f o r  one weapon p e r  year, t h e  assumed weapon masses be ing  c o n s i s t e n t  w i t h  those  
r e p o r t e d  i n  t h e  open l i t e r a t u r e  ( i .e.,  10 k g  of 90 w t %  233U,  25 kg  o f  90 w t %  235U, o r  a 

l i n e a r  combinat ion o f  t h e  two). 

drawn w i t h  r e s p e c t  t o  d e s i r a b i l i t y  o f  f u e l s  f o r  d i v e r s i o n :  

Based on t h i s  a n a l y s i s ,  t h e  f o l l o w i n g  conc lus ions  can be 

1. 

2.  

I f  a h i g h l y  decontaminated 90 w t %  f i s s i l e  p roduc t  i s  needed (i .e., 232U a t  app rox i -  

ma te l y  1 ppm i n  t h e  weapon), t h e  denatured f u e l s  w i l l  r e q u i r e  app rox ima te l y  10 t o  20% 

o f  t h e  number o f  c e n t r i f u g e s  r e q u i r e d  f o r  n a t u r a l  uranium, app rox ima te l y  50 t o  90% o f  
t h e  number of  c e n t r i f u g e s  as 3.2 w t %  2 3 5 U  f u e l  and 3 t o  5 t imes  t h e  number f o r  20 wt% 

2 3 5 U  f u e l .  

A t  h i g h e r  a l l o w a b l e  232U l e v e l s  i n  t h e  product ,  t h e  c e n t r i f u g e  requi rements f o r  t h e  

denatured uranium f u e l s  reduce to ,  and a t  t h e  h i g h e s t  232U l e v e l s  may be s i g n i f i c a n t l y  

l ower  than, those f o r  20 w t %  235U f u e l .  The 232U l e v e l s  a t  which t h e  s e l e c t e d  f u e l  

types r e q u i r e  t h e  same s e p a r a t i v e  c a p a c i t y  f o r  a weapon's w o r t h  o f  90% f i s s i l e  p roduc t  

as 20 w t %  235U f u e l  a r e :  

4 0 0  ppm; and f o r  t y p e  G, 1~380 ppm. 

f o r  t ype  B, $570 ppm; f o r  t ype  C, ~ 3 0 0 0  ppm; f o r  t ype  E, 
Fuel  types H and F r e q u t r e  more s e p a r a t i v e  
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capacity even with no 232U removal. 

I f  no 232U decontamination i s  acceptable in  the f i n a l  product the denatured fue l s  wil l  
require between 3% and 20% of the number of centr i fuges as 3.2 wt% 235U fuel and 
between 20% and 120% of the number needed f o r  20 w t %  2 3 5 U  fue l .  Thus, the ranking of 
the denatured uranium-thorium fue l s  with respect t o  235U f u e l s  i s  obscured b o t h  by the 
type of feed t o  which the p ro l i f e ra to r  has access and by the 232U content t h a t  he wil l  
accept in his  weapon design. 
weapon. 

This in turn i s  a function of h i s  requirements f o r  the 

3 .  There are two apparent c lasses  of fue l s  t h a t  r e s u l t  from consideration of the number 
of standard Westinghouse PWR fuel assemblies t h a t  must be diverted t o  produce a given 
number of 90% f i s s i l e  weapons. 
and C require diversion of one assembly per year .  
20 w t %  235U-thori~m cycle and the 3.2 w t %  235U would require two t o  three assemblies 
per weapon per year.  While these r a t i o s  a r e  not as exact f o r  g rea t e r  weapon production 
r a t e s ,  they a re  s t i l l  suggestive of a c l a s s i f i c a t i o n .  

For example, f o r  one weapon per year ,  fuel types B 
The remaining denatured cycles ,  the 

4 .  For a l l  cases considered and a t  equal f i s s i l e  recovery f r a c t i o n s ,  the denatured 
uranium-thorium fue l s  require l e s s  enrichment ( i  . e . ,  fewer numbers of centr i fuges)  and 
l e s s  feed t o  produce a nominal 90% f i s s i l e  weapon mass t h a n  does LWR fuel of 3.2 w t %  
2351j. 

Rel i ab i l i t y  of Centrifuge Enrichment Plants.  As a f i n a l  item, the average centr i fuge 
f a i l u r e  r a t e  and i t s  impact on t he  main ta inabi l i ty  and production r a t e  of a centr i fuge en- 
richment plant must be considered. 
centr i fuges i s  scarce.  
long average operating l i f e  and  correspondingly low f a i l u r e  r a t e s .  
these claims can be f o u n d  in some of t h e i r  s a l e s  b r 0 ~ h u r e s . l ~  
operating l i f e  and a f a i l u r e  r a t e  of less  t h a n  0.5%/year. 
maintenance (e.g. ,  o i l  changes and bearing inspect ion)  i s  required t o  achieve these low 
f a i l u r e  r a t e s .  

Information on the r e l i a b i l i t y  and operating l i f e  of 
The URENCO-CENTEC organization has over the years made claims of very 

Typical examples o f  

These claim an average 10-year. 
I t  i s  n o t  c l e a r  how much periodic 

I f  these claims a r e  accepted as a gdal of a long-term development p ro jec t ,  then 
i t  can be assumed t h a t  in the ea r ly  pa r t  of the development somewhat higher f a i l u r e  
r a t e s  would occur, perhaps g rea t e r  by a f ac to r  of 10. This f a c t o r  might be fu r the r  
j u s t i f i e d  in a highly radioact ive plant  s ince periodic maintenance would not be p rac t i ca l .  

The e f f e c t  of centr i fuge f a i l u r e s  on the production r a t e  in  a radioact ive plant  
has not been determined; however, some q u a l i t a t i v e  statements can be made. All c e n t r i -  
fuge plants  must be designed so t h a t  f a i l e d  un i t s  or  groups of un i t s  can be immediately 
i so l a t ed  from the r e s t  of the plant .  
layout ,  an assumed f a i l u r e  r a t e ,  and a specif ied plant operating l i f e ,  t o  provide 

I t  should a l s o  be possible ,  f o r  a s p e c i f i c  cascade 
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Table 3.3-7. Summary of Results of Centrifuge Enrichment Survey 
o f  Potent ia l  Fuel Mixtures 

Overall F i s s t l e  For 100 kg U/yr o f  90% F i s s i l e  Product Number o f  
232u Content Recovery Annual No. of Zippes Fuel Assemblies 

Fuel I n  Feed In Product Fraction feed (each a t  0.3 t o  Supply 
Type' (ppm) (ppm) 2 3 3 1 ~  2351) (kg Ulyr) kg SWUlyr)b Needed Feed 

A 

8 

C 

0 

E 

F 

G 

H 

Natu- 
r a l  U 

0 
0 
0 
0 

502 
502 
502 
502 
502 
502 
502 
502 
502 

656.4 
656.4 
656.4 
656.4 
656.4 
656.4 
656.4 
656.4 

0 
0 
0 
0 

123.6 
123.6 
123.6 
123.6 
123.6 
123.6 
123.6 
123.6 

244.5 
244.5 
244.5 
244.5 
244.5 
244.5 
244.5 
244.5 
244.5 

113.4 
113.4 
113.4 
113.4 
113.4 
113.4 
113.4 
113.4 

233.1 
233.1 
233.1 
233.1 
233.1 
233.1 
233.1 
233.1 
233.1 

0 
0 
0 
0 

0 
0 
0 
0 

1 
1 
1 
1 

50 
100 
500 

4,403 
4,023 

1 
1 
1 

50 
100 
500 

6,723 
5,661 

0 
0 
0 
0 

1 
1 
1 

50 
100 
500 
933 

1,146 

1 
1 
1 

50 
100 
500 

4,026 
0,704 
0.33 

1 
1 
1 

50 
100 
500 
850 

1,048 

1 
1 
1 

50 
100 
500 

4,020 
4,687 

0.85 

0 
0 
0 
0 

-- -_ 
-_ 
-- 

0.913 
0.800 
0.722 
0.626 
0.722 
0.722 
0.722 
0.706 
0.906 

0.813 
0.720 
0.626 
0.720 
0.720 
0.728 
0.704 
0.907 

-- 
-- 
-- 
-- 

0.647 
0.598 
0.518 
0.612 
0.625 
0.687 
0.878 
0.739 

0.858 
0.709 
0.616 
0.709 
0.713 
0.713 
0.899 
0.702 
0 

0.706 
0.583 
0.499 
0.588 
0.602 
0.689 
0.894 
0.700 

0.798 
0,705 
0.609 
0.705 
0.705 
0.708 
0.903 
0.697 
0 

-- -- -- -- 

0.94 
0.9 
0.8 
0.7 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0.9615 
0.9 
0.8 
0.7 

0.553 
0.422 
0.338 
0.421 
0.419 
0.426 
0.558 
0.340 

0.008 
0.011 
0.014 
0.011 
0.01 1 
0.011 
0.008 
0.016 
0.927 

0.578 
0.426 
0.345 
0.430 
0.428 
0.428 
0.555 
0.345 

0.012 
0.017 
0.018 
0.017 
0.017 
0.017 
0.010 
0.017 
0.656 

0.72 
0.9 
0.8 
0.7 

2,993 
3,124 
3,516 
4,016 

825 
925 

1,050 
1,213 
1,050 
1,050 
1,038 
1,075 

838 

963 
1,088 
1,250 
1,088 
1,088 
1,075 
1,113 

863 

468 
500 
564 
644 

870 
1,073 
1,305 
1,068 
1,063 
1,016 

783 
1,157 

1,843 
2,082 
2,368 
2,082 
2,071 
2,071 
1,663 
2,080 

856 

818 
1,075 
1,305 
1,065 
1,061 
1,016 

783 
1,158 

1,941 
2,159 
2.467 
2.159 
2,159 
2.148 
1,726 
2,182 
1.168 

17,575 
14,248 
15,824 
18,084 

29.220 
24,984 
19.924 
17,220 

25,938 
25,150 
24,762 
24,600 
13,938 
12,025 
7,600 
1,863 
2,562 

32,063 
30,575 
29,838 
19,512 
17,538 
12,988 
5,025 
7,462 

4,991 
3,976 
3,288 
2,916 

10,980 
11,150 
11,284 
6,198 
5,356 
3.452 
2,989 
2,438 

38.771 
35,141 
33,057 
24.329 
22,424 
18,000 
14,735 
9,437 

26,572 

10,340 
10,407 
10,467 
5.779 
5,005 
3,290 
2,984 
2.435 

39,459 
35,409 
33,289 
24,659 
22.739 
18,364 
15,202 
9,784 

29,732 

77,918 
110.688 
87,420 
74,984 

6.7 
7.0 
7.9 
9.0 

7.0 
7.9 
9.0 

10.4 
9.0 
9.0 
9.0 
9 .2  
7.2 

7.8 
8.8 

10.1 
8.8 
8.8 
8.8 
9.0 
7.0 

4.8 
5.1 
5.8 
6.6 

8.4 
10.4 
12.6 
10.3 
10.3 
9.8 
7.6 

11.2 

15.9 
17.9 
20.4 
17.9 

17.8 
14.3 
17.9 

7.4 

8.1 
10.7 
13.0 
10.7 
10.6 
10.1 

7.8 
11.5 

16.7 
18.8 
21.5 
18.8 
18.8 
18.7 
15.0 
19.0 
10.2 

N A ~  

17.8 

NA 
NA 
NA 

'See Table 3.3-2 f o r  descr ipt ion o f  fuel  types. 
bThe number of machines a t  other  capac i t i e s  can be estimated by r a t i o  of the capac i t i e s ;  t h a t  is. f o r  

5-kg-SWWyr machines, the number can be reduced by a f a c t o r  o f  0.315 = 0.06. 
CNA = not applicable. 
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statistical redundancy throughout the plant, so that as units fail a new unit is avail- 
able to be started. 
period within the assumed statistical reliability. 
greater numbers of centrifuges than listed in Table 3.3-9 would be required. 
number would be determinable when the above parameters are specified. 

Thus, the production rate could be maintained for the chosen time 

I n  order to achieve this reliability, 
The exact 

Chemical Extractions from Spent Fuel 

As pointed out in the introduction to this section, another possibility for obtaining 
fissionable material from diverted denatured 2 3 3 U  fuel is through the chemical extraction 
of protactinium or plutonium from spent fuel elements. 
the decay chain leading from 232Th to 233U that would be chemically separable from the 
uranium prior to its decay. 
produced in the 238U denaturant of the fuel elements. 

233Pa is an intermediate isotope in 

The plutonium available in the fuel elements would be that 

The technical possibility of producing pure 2 3 3 U  via chemical extraction of 233Pa 

While such a process is technically feasible, 
(t, = 27.4 days) from spent denatured fuel was sugqested by Wymer.14 
the protactinium would produce pure 233U. 

certain practical constraints must be considered. 
cycle discharge of a denatured LWR would contain %34 kg of 233Pa [approximately 1 kg/metric 
ton of heavy metal]. 
ability could recover only $23 kg of 233Pa (beginning immediately upon discharge with a 
100% 233Pa efficiency). 

Subsequent decay of 

It is estimated15 that the equilibrium 

/2 

However, due to its 27.4-day half-life, a 1-MT/day reprocessing cap- 

Presumably a diverter group/nation choosing this route would have access to a re- 
spent fuel elements are usually allowed processing facility. 

a cool-down period of at least 120 days to permit the decay of short-lived fission products, 
but in order to obtain the maximum quantity of 233Pa from the denatured fuels it would be 
necessary to process the fuel shortly after its discharge from the reactor. 
involve handling materials giving off intense radiations and would probably involve an 
upgrading of the reprocessing facility, especially its shielding. 
ventional reprocessing plants in general already have high-performance shields and incre- 
mental increases in the dose rates would not be unmangeable, especially for dedicated groups 
who were not averse to receiving relatively high exposures. Other problems requiring 
attention but nevertheless solvable would be associated with upgrading the system for 
controlling radioactive off-gases, making allowances for some degradation of the organic 
solvent due to the high radiation level, and obtaining shipping casks with provisions for 
recirculation of the coolant to a radiator. 

Under routine operations, 

This would 

On the other hand, con- 

While from the above it would appear that extraction of 233Pa would be possible, - 
considerably more fissile material could be obtained by extracting plutonium from the spent 
denatured elements. Moreover, the usual cool-down period probably could be allowed, which 
would require less upgrading of the reprocessing facility. 
plutonium obtained from the denatured elements would be considerably less (approximately a 
factor of 3 less) than the amount that could be obtained by seizing and reprocessing spent LEU 

elements which are already stored in numerous countries. 
group would choose t o  extract either 233Pa or Pu from seized spent denatured fuel elements. 

On the other hand, the amount o f  

Thus it seems unlikely that a nation; 
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3.3.5. Deterrence Value o f  2 3 2 U  Contaminat ion i n  Denatured Fuel 

C. M. Newstead 
Brookhaven N a t i o n a l  Labora to ry  

The p reced ing  s e c t i o n s  have emphasized t h a t  un less 2 3 2 U  i s  i s o t o p i c a l l y  separated 
f rom 2 3 3 U ,  b o t h  i t  and i t s  daughter  p roduc ts  w i l l  always e x i s t  as a contaminant  o f  t h e  

f i s s i l e  f u e l .  And s i n c e  as 2 3 2 U  decays t o  s t a b l e  208Pb t h e  daughter  p roduc ts  e m i t  seve ra l  
h i g h - i n t e n s i t y  gamma rays  (see F ig .  3 .0 - l ) ,  a l l  2 3 3 U  f u e l ,  except  t h a t  which has undergone 

r e c e n t  p u r i f i c a t i o n ,  w i l l  be h i g h l y  r a d i o a c t i v e .  Whi le  t h e  gamma rays ,  and t o  a l e s s e r  

e x t e n t  t h e  decay a lpha  and be ta  p a r t i c l e s  and t h e  neutrons f rom a,n r e a c t i o n s ,  w i l l  i n t r o -  

duce c o m p l i c a t i o n s  i n t o  t h e  f u e l  cyc le ,  t hey  w i l l  a l s o  serve as a d e t e r r e n t  t o  t h e  s e i z u r e  
of t h e  f u e l  and i t s  subsequent use i n  t h e  f a b r i c a t i o n  o f  a c l a n d e s t i n e  n u c l e a r  e x p l o s i v e .  

Consider, f o r  example, t h e  s teps t h a t  would have t o  be f o l l o w e d  i n  p roduc ing  and u s i n g  such 

a dev i ce :  

1. D i v e r t i n g  o r  s e i z i n g  t h e  f i s s i l e  m a t e r i a l  (as r e a c t o r  f ue l  elements o r  as b u l k  

m a t e r i a l  ). 

2. a. Chemical ly  rep rocess ing  t h e  spent f u e l  t o  separate o u t  t h e  bred f i s s i l e  p l u -  

ton ium ( o r  233Pa) o r  

b. I s o t o p i c a l l y  e n r i c h i n g  t h e  f r e s h  f u e l  o r  b u l k  m a t e r i a l  t o  i nc rease  t h e  2 3 3 U  con- 

c e n t r a t i o n  i n  uranium s u f f i c i e n t l y  f o r  i t s  use i n  a weapon. 

3. F a b r i c a t i n g  t h e  f i s s i l e  m a t e r i a l  i n t o  a c o n f i g u r a t i o n  s u i t a b l e  f o r  an e x p l o s i v e  

dev ice.  

Arming and d e l i v e r i n g  t h e  dev ice.  4. 

As i n d i c a t e d ,  a t  Step 2 a d e c i s i o n  must be made as t o  which f i s s i l e  m a t e r i a l  i s  t o  be 

employed, 239Pu o r  233U.  

r e q u i r e  a chemical separa t i on  c a p a b i l i t y  analogous t o  t h a t  r e q u i r e d  f o r  c u r r e n t  LEU spent  

f u e l ;  however, t h e  quant i ty  o f  spent  denatured f u e l  ( i .e.,  k i l og rams  o f  heavy m e t a l )  t h a t  

would have t o  be processed t o  o b t a i n  a s u f f i c i e n t  amount o f  239Pu would be i nc reased  by a 
f a c t o r  o f  2 t o  3 ove r  t h e  amount o f  LEU f u e l  t h a t  would have t o  be processed. 

f o r  some r e a c t o r  systems, t h e  q u a l i t y  ( i .e . ,  t h e  f r a c t i o n  o f  t h e  m a t e r i a l  which i s  f i s s i l e )  

o f  t h e  p lu ton ium recovered f rom denatured f u e l  would be somewhat degraded r e l a t i v e  t o  t h e  

LEU cyc le .  

E x t r a c t i n g  t h e  p l u t o n i u m  p resen t  i n  spent  denatured f u e l  would 

Moreover, 

The s e l e c t i o n  o f  2 3 3 U  as t h e  weapons f i s s i l e  m a t e r i a l  means, o f  course, t h a t  t h e  

m a t e r i a l  be ing  processed th rough  a l l  t h e  o p e r a t i o n s  l i s t e d  above would be r a d i o a c t i v e .  While 

b o t h  n a t i o n a l  and subna t iona l  groups would be i n h i b i t e d  t o  some degree by t h e  r a d i a t i o n  

f i e l d ,  i t  i s  c l e a r  t h a t  a n a t i o n a l  group would be more l i k e l y  t o  have t h e  resources and 

t e c h n o l o g i c a l  base necessary t o  overcome t h e  r a d i a t i o n  hazard v i a  remote hand1 i n g ,  s h i e l d i n g ,  

and v a r i o u s  cleanup techniques.  

would be e f f e c t i v e  i n  l i m i t i n g  p r o l i f e r a t i o n  by a n a t i o n  t o  t h e  e x t e n t  t h a t  i t  would com- 

p l i c a t e  t h e  procedures which t h e  n a t i o n  would have t o  f o l l o w  i n  employing t h i s  p a t h  and 

Thus, t h e  r a d i a t i o n  f i e l d  due t o  t h e  232U con tamina t ion  



3-36 

i n t r o d u c e  t ime,  c o s t  and v i s i b i l i t y  cons ide ra t i ons .  These f a c t o r s  would f o r c e  a 

t r a d e - o f f  between t h e  d e s i r a b i l i t y  o f  u t i l i z i n g  m a t e r i a l  f rom t h e  denatured f u e l  c y c l e  and 

n i n g  f i s s i l e  m a t e r i a l  by some o t h e r  means, such as i s o t o p i c a l l y  e n r i c h i n g  n a t u r a l  

um o r  p roduc ing  p l u t o n i u m  i n  a research  r e a c t o r .  

o b t a  

uran 

A subna t iona l  group, on t h e  o t h e r  hand, would n o t  i n  genera l  possess t h e  r e q u i s i t e  

t e c h n o l o g i c a l  c a p a b i l i t y .  I n  a d d i t i o n ,  w h i l e  a n a t i o n  could,  i f  t h e y  chose to ,  c a r r y  o u t  

t hese  processes o v e r t l y ,  a subna t iona l  group would have t o  f u n c t i o n  c o v e r t l y .  

r a d i a t i o n  b a r r i e r  i n t e r p o s e d  by t h e  s e l f - s p i k i n g  e f f e c t  o f  t h e  232U contaminant  i n  t h e  de- 

n a t u r e d  f u e l  would c o n t r i b u t e  i n  some measure t o  t h e  s a f e g u a r d a b i l i t y  o f  t h e  denatured 

f u e l  c y c l e  i n s o f a r  as t h e  subna t iona l  t h r e a t  i s  concerned. 

Thus t h e  

The degree o f  p r o t e c t i o n  p rov ided  by t h e  s e l f - s p i k i n g  o f  denatured f u e l  v a r i e s  accord- 

i n g  t o  t h e  r a d i a t i o n  l e v e l .  

t i o n  and t h e  t i m e  e lapsed a f t e r  t h e  decay daughters  have been c h e m i c a l l y  separated. 

i n d i c a t e d  i n  o t h e r  s e c t i o n s  o f  t h i s  chapter ,  i n  denatured f u e l  t h e  expected c o n c e n t r a t i o n s  

o f  232U i n  uranium a r e  expected t o  range f rom % l o 0  t o  300 ppm f o r  thermal  systems up t o  

~ 1 6 0 0  ppm f o r  r e c y c l e d  f a s t  r e a c t o r  f u e l .  I t  shou ld  be no ted  t h a t  i f  t h e  l a t t e r  denatured 

f u e l  ( t y p i c a l l y  10-20% 2 3 3 U  i n  238U)  i s  processed i n  an enr ichment  f a c i l i t y  t o  o b t a i n  high!., 

e n r i c h e d  ( ~ 9 0 % )  uranium, t h e  r e s u l t i n g  m a t e r i a l  would have a 232U c o n t e n t  t h a t  i s  p ropor -  

t i o n a l l y  h ighe r ,  i n  t h i s  case ~7000 t o  8000 ppm maximum. 

The r a d i a t i o n  l e v e l  i n  t u r n  depends on b o t h  t h e  232U concentra-  

As 

Table 3.3-9 shows t h e  r a d i a t i o n  l e v e l s  t o  be expected f rom v a r i o u s  c o n c e n t r a t i o n s  

o f  232U a t  a number o f  t imes  a f t e r  t h e  uranium has been separated f rom o t h e r  elements i n  

a chemical p rocess ing  p l a n t .  For  a 5-kg sphere o f  2 3 3 U  w i t h  5000 ppm o f  232U t h e  r a d i a -  

t i o n  l e v e l  232 days a f t e r  chemical s e p a r a t i o n  i s  67  r p e r  hou r  a t  l m. 
l e v e l  o f  de te r rence ,  o f  course, i s  p r o v i d e d  when t h e  r a d i a t i o n  l e v e l  i s  i n c a p a c i t a t i n g .  

Table 3.3-10 desc r ibes  t h e  e f f e c t s  on i n d i v i d u a l s  o f  v a r i o u s  t o t a l  body doses o f  gamma 

rays.  
t h e  dose i s  s u f f i c i e n t  t o  cause death w i t h i n  about  48 h r .  I n  t h e  1000-rem range, death 
i s  p r a c t i c a l l y  c e r t a i n  w i t h i n  a week o r  two. 

w i t h i n  seve ra l  weeks (an LD-50) i s  around 500 rem. Below 100 rem i t  i s  u n l i k e l y  t h a t  any 
s i d e  e f f e c t s  w i l l  appear i n  t h e  s h o r t  t e rm b u t  de layed e f f e c t s  may occu r  i n  t h e  l o n g  t e r n .  

I n  genera l ,  t h e  gamma-ray t o t a l  dose l e v e l s  r e q u i r e d  t o  ensure t h a t  an i n d i v i d u a l  i s  d i s -  

ab led  w i t h i n  an hour  o r  so a r e  a t  l e a s t  on t h e  o r d e r  o f  a magnitude h i g h e r  t h a n  those  

l i k e l y  t o  cause euentud death. There may be i n d i v i d u a l s  who a r e  w i l l i n g  t o  accep t  doses 

i n  excess o f  seve ra l  hundred rem and t h u s  e v e n t u a l l y  s a c r i f i c e  t h e i r  l i v e s .  As i n d i c a t e d  

above, t o  s t o p  persons o f  s u i c i d a l  d e d i c a t i o n  f rom comp le t i ng  t h e  o p e r a t i o n s  would r e q u i r e  

doses i n  t h e  10,000-rem range. Apar t  f rom t h e  ded ica ted  few, however, most i n d i v i d u a l s  
would be d e t e r r e d  by t h e  p rospec t  o f  l ong - te rm e f f e c t s  from 100-rem l e v e l s .  

i s  a l s o  i m p o r t a n t  t o  n o t e  t h a t  t h e  i n d i v i d u a l s  i n v o l v e d  i n  t h e  a c t u a l  p h y s i c a l  o p e r a t i o n s  

may n o t  be i n fo rmed  as t o  t h e  presence o f  o r  t h e  e f f e c t s  o f  t h e  r a d i a t i o n  f i e l d .  

The h i g h e s t  

Complete i n c a p a c i t a t i o n  r e q u i r e s  a t  l e a s t  10,000 rem. Beginning a t  about  5000 rem 

A dose causing 50% o f  t hose  exposed t o  d i e  

However, i t  
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Table 3.3-9. Gamma-Ray Dose Rates a t  a Distance of 1 m from a 5-kg Sphere 
of 2 3 3 U  Containing Various Concentrations of 2nUa 

Dose Rate a t  1 m (mr/hr) 
Timeb (days) 100 ppmC 500 ppm 1000 ppm 5000 ppm 

0 
0.116 
3.5 

10 
23 
46 
93 

232 

0 
1 . 6 ~ 1 0 - ~  
4 .3~10 '  
3. 5x101 
1. 1x102 

2 2 . 6 ~ 1 0  
5 . 5 ~ 1 0 '  
1. 3x103 

0 
8x1Ou4 

2 1 . 8 ~ 1 0  
5 .7~10 '  
1. 3x103 

3 2.8x10 

6.  7x103 

2. l X l O 1  

0 
1 . 6 ~ 1 0 - ~  
4 . 3 ~ 1 0 '  
3 . 5 ~ 1 0 '  

3 l . l x l 0  
2 . 6 ~ 1 0 ~  

3 5 . 5 ~ 1 0  
4 1 . 3 ~ 1 0  

0 
8 ~ 1 0 - ~  2 
2.lxlO 
1. 8x103 

3 5 . 7 ~ 1 0  
4 1 . 3 ~ 1 0  
4 2 . 8 ~ 1 0  

6 .  7x104 

From Ref. 16. a 

bTime a f t e r  separation. 
Concentration of 237-11. 

C 

Table 3.3-10. Effects of Various Total Body Doses of Gamma Rays on Individualsa 

Total Body Dose 
(rem) Effects 

25 
25-100 

No l i k e l y  acute health e f f e c t s .  
No acute e f f e c t s  o ther  than temporary blood changes. 

100-200 

200-600 

600- 1,000 

1,000-5,000 

5,000-10,000 

10,000-50,000 

Some discomfort and f a t igue ,  b u t  no  major d i sab l ing  e f f e c t s ;  
chances o f  recovery excel 1 en t .  
Entering l e tha l  range (LD-50 500 r ads ) ;  death may occur 
within several weeks; some sporadic,  perhaps temporary d i s -  
ab l ing  e f f e c t s  will  occur (nausea, vomiting, d ia r rhea)  with- 
in hour o r  two a f t e r  exposure; however, e f f e c t s  a r e  unlikely 
t o  be completely disabling i n  f i r s t  few hours. 
Same as  above, except t ha t  death within 4-6 weeks i s  highly 
probable. 
Death within week o r  two i s  p rac t i ca l ly  c e r t a i n ;  disabling 
e f f e c t s  w i t h i n  few hours of exposure will  be more severe 
than above, b u t  only sporadically d isab l ing .  
Death will  occur w i t h i n  about 48 hr; even i f  delivered i n  
l e s s  t h a n  one hour, dose will  not cause high d i s a b i l i t y  f o r  
several hours, except f o r  sporadic intense vomiting and 
d ia r rhea ;  convulsing and a tax ia  wi l l  be l i k e l y  a f t e r  
several hours. 
Death wi l l  occur w i t h i n  a few hours or  l e s s ,  w i t h  complete 
incapac i ta t ion  within minutes i f  dose i s  delivered within 
t h a t  shor t  period. 

From Ref. 17. a 
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An additional f ac to r  r e l a t i v e  t o  the  de t e r r en t  e f f e c t  i s  the  time required t o  car ry  
out the necessary operations.  This i s  i l l u s t r a t e d  by Table 3.3-11, which gives the  dose 
r a t e s  ( i n  rem/hr) required t o  acquire each of th ree  t o t a l  doses w i t h i n  various times, 

varying from a t o t a l l y  incapac i ta t ing  20,000 rem t o  a prudent i nd iv idua l ' s  dose of 100 
rem. Thus, t o  d ive r t  a small amount of f i s s i l e  material  t o  a por tab le ,  shielded container 
m i g h t  take l e s s  than 10 seconds, i n  which case a dose r a t e  of l o 7  rem/hr would be required 
t o  prevent completion o f  t he  t r ans fe r .  
h a n d ,  t o  de l ive r  a l e tha l  dose t o  someone who spends f i v e  hours c lose  t o  unshielded 2 3 3 U  
while performing the  complex operations required t o  f ab r i ca t e  components f o r  an explosive 
device. The maximum ant ic ipa ted  concentration of 2 3 2 U  as projected f o r  denatured fuel 
does not provide s u f f i c i e n t  i n t ens i ty  t o  reach t o t a l l y  d isab l ing  l eve l s .  Fast-reactor 
bred material  (depending on time a f t e r  separation and  quant i ty  as well as 232U concentra- 
t i o n )  can come within the  lOO-rem/hr range. 

Only 200 rem/hr would be required,  on the  o ther  

Table 3.3-11. Gamma-Ray Dose Rates f o r  Three Levels o f  Total Dose vs. Exposure Timea 

Time of Exposure 

10 sec 
1 min 
5 min 

30 min 
1 hr 
5 hr 

12 hr 

Dose Rate (rem/hr) Required t o  Deliver Total Dose o f  

100 rem 1000 rem 20,000 rem 

36,000 360,000 7,400,000 
6,000 60 , 000 1,200,000 
1,200 12,000 240,000 
200 2,000 40,000 
100 1,000 20,000 
20 200 4 , 000 

8.3  83 1,660 

aFrom Ref. 18. 

The f a c t  t h a t  the  leve l  of rad ia t ion  of 232U-contaminated 2 3 3 U  increases with time 
i s  a major disadvantage for  a 233U-based nuclear explosive device. 
10 to 20 days immediately following chemical separation when the material i s  comparatively 
inac t ive  due t o  the removal of 228Th and i t s  daughters. 
than ten days a f t e r  fabr ica t ing  i t  would be undesirable. 
some sh ie ld ing ,  t h i s  sho r t  time schedule would complicate the s i t u a t i o n  considerably. 

There i s  a window of  

Having t o  de l ive r  a device l e s s  
While the  tamper would provide 

For a national program i t  i s  l i k e l y  t h a t  the  mi l i t a ry  would want a clean 2 3 3 U  
weapon. 
2 3 3 U  using gas cent r i fuga t ion .  
requires several thousand cent r i fuges  t o  make 100 kg of clean material  per .year ( see  Sec- 
t i on  3.4.4). A nation possessing t h i s  i so topic  separation capab i l i t y  would therefore  prob- 
ably choose t o  enrich natural  uranium ra the r  t h a n  t o  u t i l i z e  denatured f u e l ,  t h u s  e l imina t -  
ing the  232U-induced compl i cations.  

This could be accomplished t o  a la rge  degree by separating the 232U from t h e  
However, because the  masses a re  only 1 amu apa r t  t h i s  

.. 
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I n  summary, f o r  t h e  case o f  n a t i o n a l  p r o l i f e r a t i o n ,  t h e  i n t e n s e  gamma-ray f i e l d  as- 
s o c i a t e d  w i th  t h e  2 3 2 U  i m p u r i t y  would n o t  p r o v i d e  any abso lu te  p r o t e c t i o n .  
presence o f  2 3 3 U  and i t s  decay daughters  would comp l i ca te  weapons p r o d u c t i o n  s u f f i c i e n t l y  

so t h a t  t h e  n a t i o n  m i g h t  w e l l  p r e f e r  an a l t e r n a t e  source o f  f i s s i l e  m a t e r i a l .  

o f  subna t iona l  p r o l i f e r a t i o n ,  t h e  i n t e n s e  gamma-ray f i e l d  i s  expected t o  be a major  d e t e r -  
r e n t .  

However, t h e  

For  t h e  case 
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4.0. INTRODUCTION 

L. S. Abbot t ,  T. J .  Burns, and J .  C .  C leveland 
Oak Ridge N a t i o n a l  Labora to ry  

The t h r e e  p reced ing  chap te rs  have i n t r o d u c e d  t h e  concept o f  2 3 3 U  f u e l  and i t s  use i n  

n u c l e a r  power systems t h a t  i n c l u d e  secure (guarded) energy c e n t e r s  s u p p o r t i n g  d i spe rsed  power 

r e a c t o r s ,  t h e  r a t i o n a l e  f o r  such systems b e i n g  t h a t  t h e y  would a l l o w  f o r  t h e  p r o d u c t i o n  and 

use o f  f i s s i l e  m a t e r i a l  i n  a manner t h a t  would reduce weapons p r o l i f e r a t i o n  r i s k s  r e l a t i v e  

t o  power systems t h a t  a r e  i n c r e a s i n g l y  based on p l u t o n i u m - f u e l e d  r e a c t o r s .  Throughout t h e  

d i s c u s s i o n  i t  has been assumed t h a t  t h e  use of denatured 2 3 3 U  f u e l  i n  power r e a c t o r s  i s  

f e a s i b l e ;  however, up t o  t h i s  p o i n t  t h e  v a l i d i t y  o f  t h a t  assumption has n o t  been addressed. 

A number o f  c a l c u l a t i o n s  have been performed by v a r i o u s  o r g a n i z a t i o n s  t o  e s t i m a t e  t h e  

impac t  t h a t  conve rs ion  t o  t h e  denatured c y c l e  (and a l s o  t o  o t h e r  " a l t e r n a t e "  f u e l  c y c l e s )  

would have on power r e a c t o r s ,  us ing  as models b o t h  e x i s t i n g  r e a c t o r s  and r e a c t o r s  whose 

des igns have progressed t o  t h e  e x t e n t  t h a t  t hey  c o u l d  be deployed b e f o r e  o r  s h o r t l y  a f t e r  

t h e  t u r n  o f  t h e  cen tu ry .  T h i s  chap te r  p resen ts  p e r t i n e n t  r e s u l t s  f rom these c a l c u l a t i o n s  

which, t o g e t h e r  w i t h  t h e  p r e d i c t i o n s  g i v e n  i n  Chapter 5 on t h e  a v a i l a b i l i t y  o f  t h e  v a r i o u s  

r e a c t o r s  and t h e i r  assoc ia ted  f u e l  cyc les ,  have been used t o  p o s t u l a t e  s p e c i f i c  s y m b i o t i c  

n u c l e a r  power systems u t i l i z i n g  denatured f u e l .  The adequacy o f  such systems f o r  meet ing 

p r o j e c t e d  e l e c t r i c a l  energy demands i s  t hen  t h e  s u b j e c t  o f  Chapter 6. 

The impac t  o f  an a l t e r n a t e  f u e l  c y c l e  on t h e  performance o f  a r e a c t o r  w i l l ,  o f  

course, be r e a c t o r  s p e c i f i c  and w i l l  l a r g e l y  be determined by  t h e  d i f f e r e n c e s  between t h e  

n e u t r o n i c  p r o p e r t i e s  o f  t h e  f i s s i l e  and f e r t i l e  n u c l i d e s  i n c l u d e d  i n  t h e  a l t e r n a t e  c y c l e  
and those i n c l u d e d  i n  t h e  r e a c t o r ' s  re ference c y c l e .  

f u e l ,  t h e  f i s s i l e  n u c l i d e  i s  2 3 3 U  and t h e  p r imary  f e r t i l e  n u c l i d e  i s  232Th, w i t h  f e r t i l e  

2 3 8 U  i n c l u d e d  as t h e  233U dena tu ran t .  I f  LWRs such as those c u r r e n t l y  p r o v i d i n g  n u c l e a r  

power i n  t h e  U n i t e d  S t a t e s  were t o  be t h e  r e a c t o r s  i n  wh ich  t h e  denatured f u e l  i s  deployed, 

t hen  t h e  performance of t h e  r e a c t o r s  u s i n g  t h e  denatured f u e l  must be compared w i t h  t h e i r  

performance u s i n g  a f u e l  comprised o f  t h e  f i s s i l e  n u c l i d e  2 3 5 U  and t h e  f e r t i l e  i s o t o p e  

238U. 
denatured f u e l  must a l s o  be compared w i t h  LWRs i n  which Pu i s  recyc led .  S i m i l a r l y ,  i f  
FBRs were t o  be t h e  r e a c t o r s  i n  which t h e  denatured f u e l  i s  deployed, t hen  t h e  performance 

of FBRS o p e r a t i n g  on 2 3 3 U / 2 3 8 U  o r  233U/238U/232Th and i n c l u d i n g  232Th i n  t h e i r  b l a n k e t s  

must be compared w i t h  t h e  performance o f  FBRs o p e r a t i n g  on surrounded by a 2 3 8 U  

b l a n k e t .  

I n  t h e  case o f  t h e  proposed denatured 

And s i n c e  t h e  use of 2 3 3 U  assumes recyc le ,  t hen  t h e  performance o f  t h e  LWRs u s i n g  

A s i g n i f i c a n t  p o i n t  i n  these two examples i s  t h a t  t h e y  r e p r e s e n t  t h e  two g e n e r i c  

t ypes  o f  power r e a c t o r s  -- thema2 and f a s t  -- and t h a t  t h e  n e u t r o n i c  p r o p e r t i e s  o f  t h e  

f i s s i l e  and f e r t i l e  n u c l i d e s  i n  a thermal-neutron environment d i f f e r  f rom t h e i r  p r o p e r t i e s  

i n  a f a s t - n e u t r o n  environment. Thus w h i l e  one f i s s i l e  m a t e r i a l  may be t h e  optimum f u e l  i n  

a r e a c t o r  o p e r a t i n g  on thermal  neu t rons  (e.g., LWRs) i t  may be t h e  l e a s t  d e s i r a b l e  f u e l  

f o r  a r e a c t o r  o p e r a t i n g  on f a s t  neutrons (e.g. , FBRs). 
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Table 4.0-1 gives some of the  per t inent  neutronic proper t ies  of the  d i f f e r e n t  f i s -  
In discussing these  proper t ies ,*  i t  s i l e  nuclides f o r  a spec i f i c  thermal-neutron energy. 

i s  necessary t o  d is t inguish  between the two functions of a f i s s i l e  mater ia l :  the  production 
of energy ( i . e . ,  power) and the production of excess neutrons which when absorbed by f e r t i l e  
material  will  produce additional f i s s i l e  f u e l .  

Table 4.0-1. Nuclear Parameters of t he  Principal F i s s i l e  Nuclides 
233U,  235U,  2 3 9 P u ,  and 2 4 1 P ~ a j b  a t  Thermal Energy 

(Neutron Energy = 0.0252 eV, ve loc i ty  = 2200 m/sec) 

Cross Section (barns) 

a V rl 

0.089 t 0.002 2.487 + 0.007 2.284 2 0.006 2 3 3 ~  578 2 2 531 t 2 47 5 1 
0.169 + 0.002 2.423 + 0.007 2.072 + 0.006 2351) 678 rfi 2 580 5 2 98 5 1 

2 3 9 P u  1013 2 4 742 2 3 271 2 3 0.366 f 0.004 2.880 - + 0.009 2.109 2 0.007 
2 4 1 P u  1375 - + 9 1007 7 368 2 8 0.365 5 0.009 2.934 2 0.012 2.149 t 0.014 

a Of OC 
Nuclide U 

- 
- - - 

~ ~ 

a G. C.  Hanna e t  a l . ,  A t o m i c  Energ, Rev. 7, 3-92 (1969); f igures  i n  the  referenced a r t i c l e  
were a l l  given t o  one additional s ign i f i can t  f igure.  

destroyed = v / ( 1  + a ) .  

= of + u * a = a / a f ;  v = neutrons produced per f i s s i o n ;  rl = neutrons produced per atom 
C ’  C 

The energy-production e f f ic iency  of a f i s s i l e  material i s  d i r e c t l y  r e l a t ed  t o  i t s  
neutron capture- to- f i ss ion  r a t i o  (a), t he  smaller the  r a t i o  the  g rea t e r  the  f r ac t ion  of 
neutron-nuclide in t e rac t ions  t h a t  a r e  energy-producing f i s s ions .  As indicated by Table 
4.0-1, a t  thermal energy the value of a i s  s ign i f i can t ly  smaller f o r  2 3 3 U  than f o r  the  
o ther  isotopes,  and thus 2 3 3 U  has a grea te r  energy-production e f f ic iency  than the  o ther  
isotopes. ( l he  energy released per f i s s i o n  d i f f e r s  only s l i g h t l y  f o r  the  above isotopes.)  

The neutron-production e f f ic iency  of a f i s s i l e  material  i s  determined by the number 
of neutrons produced per atom of f i s s i l e  material  destroyed ( n ) ,  the  higher the  number the  
more the  neutrons t h a t  will  be ava i lab le  f o r  absorption i n  f e r t i l e  mater ia l .  
shows t h a t  t he  r) value f o r  2 3 3 U  i s  higher than t h a t  f o r  any of the  o ther  nuclides,  although 
plutonium would a t  f i r s t  appear t o  be super ior  s ince  i t  produces more neutrons per f i s s i o n  

( v ) .  
T h u s  a t  thermal energies 2 3 3 U  both y i e lds  more energy and produces more neutrons per atom 
destroyed than any of the other f i s s i l e  nuclides.  

Table 4.0-1 

The supe r io r i ty  of 233U r e s u l t s  from the  f a c t  t h a t  CY i s  lower f o r  2 3 3 U  and rl = v / ( l  + a). 

In the  energy range of i n t e r e s t  f o r  f a s t  reac tors  ( ~ 0 . 0 5  - 1.0  MeV), t he  s i t u a t i o n  
i s  not q u i t e  so straightforward. Here again, the  a value for 233U i s  s i g n i f i c a n t l y  lower 
than the  values f o r  the  o ther  f i s s i l e  nuclides,  and, moreover, the  microscopic c ross  sec- 
t i on  f o r  f i s s i o n  i s  higher (see Fig. 4.0-1). 
somewhat l e s s  than t h a t  of the plutonium nuclides,  b u t  the energy r e l ease  per atom of 2 3 3 U  
destroyed i s  s ign i f i can t ly  higher than f o r  the  o thcr  nuclides.  

The energy re lease  per f i s s i o n  of 2 3 3 U  i s  

T h u s ,  from the  standpoint 

*Much of t h i s  discussion on the neutronic proper t ies  of nuclides i s  based on r e f s .  1 - 3. 
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o f  ene rgy -p roduc t i on  e f f i c i e n c y ,  2 3 3 U  i s  c l e a r l y  s u p e r i o r  f o r  f a s t  systems as w e l l  as f o r  

thermal  systems. 

t h e  o v e r r i d i n g  c o n s i d e r a t i o n  i s  t h e  neu t ron -p roduc t i on  e f f i c i e n c y  o f  t h e  system, and f o r  

n e u t r o n  p r o d u c t i o n  239Pu i s  s u p e r i o r .  

F i g .  4.0-1. 

p e c i a l l y  a t  t h e  h i g h e r  neu t ron  energ ies,  owing t o  t h e  f a c t  t h a t  239Pu produces more neutrons 

p e r  f i s s i o n  than  t h e  o t h e r  i so topes ;  t h a t  i s ,  i t  has a h i g h e r  v value,  and t h a t  va lue  i s  es- 

s e n t i a l l y  energy-independent. 

f e r t i l e  m a t e r i a l s  and 239Pu was o r i g i n a l l y  chosen as t h e  f i s s i l e  f u e l  f o r  f a s t  breeder  

r e a c t o r s .  

However, w i t h  t h e  h i s t o r i c a l  emphasis on f i s s i l e  p r o d u c t i o n  i n  f a s t  systems, 

T h i s  can be deduced f r o m  t h e  va lues f o r  n g i v e n  i n  

The n va lue  f o r  239Pu i s  much h i g h e r  than  t h a t  f o r  t h e  o t h e r  n u c l i d e s ,  es- 

As a r e s u l t ,  more neutrons a r e  a v a i l a b l e  f o r  a b s o r p t i o n  i n  

The f i s s i o n  p r o p e r t i e s  o f  t h e  f e r t i l e  n u c l i d e s  a r e  a l s o  i m p o r t a n t  s i n c e  f i s s i o n s  i n  

t h e  f e r t i l e  elements i nc rease  b o t h  t h e  energy p r o d u c t i o n  and t h e  excess n e u t r o n  p r o d u c t i o n  

and the reby  reduce fue l  demands. A t  h i g h e r  energ ies,  f e r t i l e  f i s s i o n s  c o n t r i b u t e  s i g n i f i -  
c d n t l y ,  t h e  degree o f  t h e  c o n t r i b u t i o n  depending g r e a t l y  on t h e  n u c l i d e  b e i n g  used. 

shown i n  F i g .  4.0-1, t h e  f i s s i o n  c ross  s e c t i o n  f o r  232Th i s  s i g n i f i c a n t l y  l ower  (by a f a c t o r  

o f  app rox ima te l y  4) t han  t h e  f i s s i o n  cross s e c t i o n  o f  238U.  I n  a f a s t  r e a c t o r ,  t h i s  means 

t h a t  w h i l e  15 t o  20% o f  t h e  f i s s i o n s  i n  t h e  system would occu r  i n  238U, o n l y  4 t o  5% would 

occu r  i n  232Th. 

p e n a l t y  w i t h  r e s p e c t  t o  i t s  b reed ing  performance. I t  shou ld  be noted, however, t h a t  s i n c e  

denatured 2 3 3 U  f u e l  would a l s o  c o n t a i n  2 3 8 U  (and e v e n t u a l l y  239Pu), t h e  p e n a l t y  would be 

somewhat m i t i g a t e d  as compared w i t h  a system o p e r a t i n g  on a nondenatured 233U/232Th f u e l .  

I n  a thermal  system, t h e  f a s t  f i s s i o n  e f f e c t  i s  l e s s  s i g n i f i c a n t  due t o  t h e  s m a l l e r  f r a c t i o n  

o f  neu t rons  above t h e  f e r t i l e  f a s t  f i s s i o n  t h r e s h o l d .  

AS 

Thus t h e  p a i r e d  use o f  2 3 3 U  and 232Th i n  a f a s t  system would i n c u r  a double 

In c o n s i d e r i n g  t h e  impact  o f  t he  f e r t i l e  n u c l i d e s  on r e a c t o r  performance, i t  i s  a l s o  

necessary t o  compare t h e i r  n u c l i d e  p r o d u c t i o n  cha ins .  
a r e  v e r y  s i m i l a r  i n  s t r u c t u r e .  

co r respond ing  t o  2 3 8 U  and 240Pu i n  t h e  uranium c5ain,  w h i l e  t h e  f i s s i l e  components 2 3 3 U  and 

235U a r e  p a i r e d  w i t h  239Pu and 241Pu, and f i n a l l y ,  t h e  p a r a s i t i c  n u c l i d e s  2 3 6 U  and 242Pu 
complete t h e  r e s p e c t i v e  chains.  A s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  two cha ins  l i e s  i n  t h e  

n u c l e a r  c h a r a c t e r i s t i c s  o f  t h e  i n t e r m e d i a t e  n u c l i d e s  233Pa and 237Np. Because 233Pa has 

a l o n g e r  h a l f - l i f e  (i .e., a s m a l l e r  decay c o n s t a n t ) ,  i n t e r m e d i a t e - n u c l i d e  cap tu res  a r e  more 

p robab le  i n  t h e  t h o r i u m  cyc le .  Such cap tu res  a r e  doub ly  s i g n i f i c a n t  s i n c e  t h e y  n o t  o n l y  

u t i l i z e  a n e u t r o n  t h a t  c o u l d  be used f o r  breeding,  b u t  i n  a d d i t i o n  e l i m i n a t e  a p o t e n t i a l  

f i s s i l e  atom. A f u r t h e r  c o n s i d e r a t i o n  a s s o c i a t e d  w i t h  t h e  d i f f e r e n t  i n t e r m e d i a t e  n u c l i d e s  

i s  t h e  r e a c t i v i t y  a d d i t i o n  a s s o c i a t e d  w i t h  t h e i r  decay t o  f i s s i l e  i s o t o p e s  f o l l o w i n g  r e a c t o r  

shutdown. Owing t o  t h e  l o n g e r  h a l f - l i f e  (and c o r r e s p o n d i n g l y  h i g h e r  e q u i l i b r i u m  i s o t o p i c  

c o n c e n t r a t i o n )  o f  233Pa, t h e  r e a c t i v i t y  a d d i t i o n  f o l l o w i n g  r e a c t o r  shutdown i s  h i g h e r  f o r  

thor iumzbased fue l s .  
r e a c t i v i t y  c o n t r o l  and shutdown systems. The a c t u a l  e f f e c t  o f  a l l  t hese  f a c t o r s ,  o f  course, 

depends on t h e  neu t ron  energy spectrum o f  t h e  p a r t i c u l a r  r e a c t o r  t y p e  and must be addressed 

on an i n d i v i d u a l  r e a c t o r  bas is .  
y i e l d s  o f  233U versus 235U, and these, too, must be addressed on an i n d i v i d u a l  r e a c t o r  bas i s .  

F i g u r e  4.0-2 shows t h a t  t h e  cha ins  
The f e r t i l e  spec ies  232Th and 2 3 4 U  i n  t h e  t h o r i u m  c h a i n  

P roper  c o n s i d e r a t i o n  o f  t h i s  e f f e c t  i s  r e q u i r e d  i n  t h e  des ign  o f  t h e  

S i g n i f i c a n t  d i f f e rences  a l s o  e x i s t  i n  t h e  f i s s i o n - p r o d u c t  



4- 7 

233pa(n,~)-+-~~'+pa 

B- f 22m 
232 23 3 

Th(n,y)+ Th 

F i g .  4.0-2a. Nuclide Production C h a i n  f o r  232Th. 

243Am 

F i g .  4.0-2b. Nuclide Production Chain f o r  23*U. 

Consideration of many of the above f ac to r s  i s  inherent i n  the  "mass balance" ca lcu la-  
t i ons  presented in this chapter f o r  t he  various reac tors  operating on a l t e r n a t e  fuel cycles.  
I t  i s  emphasized, however, t h a t  i f  a d e f i n i t e  decision were made t o  employ a spec i f i c  a l t e r n a t e  
fue l  cycle i n  a s p e c i f i c  reac tor ,  the  next s t e p  would be t o  optimize the  reac tor  design f o r  
t h a t  p a r t i c u l a r  cycle,  a s  i s  discussed i n  Chapter 5. 
many fue l s  considered was beyond the  scope of this study, however, and instead the design 
used f o r  each reac tor  was the  design f o r  t h a t  r e a c t o r ' s  reference f u e l ,  regardless of the 
fuel cycle under consideration. 

Optimization of each reac tor  f o r  the 

The reac tors  analyzed i n  the  ca lcu la t ions  a r e  l ight-water thermal reac tors ;  spec t r a l -  
shi f t -cont ro l led  thermal reac tors ;  heavy-water thermal reac tors ;  high-temperature gas- 
cooled thermal reac tors ;  1 iquid-metal f a s t  breeder reac tors ;  and f a s t  breeder reac tors  of 

advanced o r  a l t e r n a t e  designs. 
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Since w i t h  t h e  e x c e p t i o n  o f  t h e  F o r t  S t .  V r a i n  HTGR, t h e  e x i s t i n g  power r e a c t o r s  i n  

t h e  U n i t e d  S t a t e s  a r e  LWRs, i n i t i a l  s t u d i e s  o f  a l t e r n a t e  f u e l  c y c l e s  have assumed t h a t  t hey  
would f i r s t  be implemented i n  LWRs.* Thus t h e  c a l c u l a t i o n s  f o r  LWRs, s u m a r i z e d  i n  Sec- 

t i on  4.1, have considered a number o f  f u e l s .  Fo r  t h e  purposes o f  t h e  p resen t  s tudy  t h e  f u e l s  
have been c a t e g o r i z e d  acco rd ing  t o  t h e i r  p o t e n t i a l  use fu lness  i n  t h e  e n v i s i o n e d  power system 

scenar ios.  Those f u e l  types t h a t  meet t h e  n o n p r o l i f e r a t i o n  requi rements s t a t e d  e a r l i e r  i n  

t h i s  r e p o r t  a r e  c l a s s i f i e d  as " d i s p e r s i b l e "  f u e l s  t h a t  c o u l d  be used i n  LWRs o p e r a t i n g  ou t -  

s i d e  a secure energy cen te r .  The d i s p e r s i b l e  f u e l s  a r e  f u r t h e r  d i v i d e d  i n t o  denatured 2 3 3 U  

f u e l s  and 235U-based f u e l s .  The rema in ing  f u e l s  i n  t h e  power systems a r e  then  c a t e g o r i z e d  as 

"energy-center-const ra ined"  fue l s .  F i n a l l y ,  a f o u r t h  ca tegory  i s  used t o  i d e n t i f y  " re fe rence"  
f u e l s .  Reference f u e l s ,  which a r e  n o t  t o  be confused w i t h  an i n d i v i d u a l  r e a c t o r ' s  r e f e r e n c e  

f u e l ,  a r e  f u e l s  t h a t  would have no apparent  usefu lness i n  t h e  energy-center ,  d i s p e r s e d - r e a c t o r  

scenar ios  b u t  a r e  i n c l u d e d  as l i m i t i n g  cases a g a i n s t  which t h e  o t h e r  f u e l s  can be compared. 
(Note: 

pro1 i fera  t i on r i  s k scenar ios.  ) 
The r e a c t o r ' s  re ference f u e l  may o r  may n o t  be a p p r o p r i a t e  f o r  use i n  t h e  reduced 

To t h e  e x t e n t  t h a t  t h e y  apply ,  these f o u r  c a t e g o r i e s  have been used t o  c l a s s i f y  a l l  

A l though t h e  c o n t r i b u t i n g  au tho rs  have t h e  f u e l s  presented he re  f o r  t h e  v a r i o u s  r e a c t o r s .  

used d i f f e r e n t  n o t a t i o n s ,  t h e  f u e l s  i n c l u d e d  a r e  i n  genera l  as f o l l o w s :  

D i s p e r s i b l e  Resource-Based Fuels  

A. N a t u r a l  uranium f u e l  ( c o n t a i n i n g  approx ima te l y  0.7% 235U) ,  as c u r r e n t l y  used i n  

CANDU heavy-water r e a c t o r s .  N o t a t i o n :  U5(NAT)/U. 

Low-enriched 2 3 5 U  f u e l  ( c o n t a i n i n g  approx ima te l y  3% 235U),  as c u r r e n t l y  used i n  

LWRs. N o t a t i o n :  LEU; U5(LE)/U. 

Medium-enriched 2 3 5 U  f u e l  ( c o n t a i n i n g  approx ima te l y  20% 235U)  mixed w i t h  t h o r i u m  
f e r t i l e  m a t e r i a l ;  c o u l d  serve as a t r a n s i t i o n  fue l  p r i o r  t o  f u l l - s c a l e  implementa- 

t i o n  o f  t h e  denatured 2 3 3 U  c y c l e .  N o t a t i o n :  MEU(235)/Th; DUTH(235). 

B. 

C. 

D i s p e r s i b l e  Denatured Fuel 

D. Denatured 233U f u e l  (nomina l l y  app rox ima te l y  12% 233U i n  U). N o t a t i o n :  Denatured 

233U; denatured uranium/thoriurn; denatured 233U02/Th02; MEU(233)/Th; 233U/238U; 

DUTH(233); US(DE)/U/Th. 

*NOTE: The r e s u l t s  p resen ted  i n  t h i s  chap te r  do n o t  c o n s i d e r  t h e  p o t e n t i a l  improvements 
i n  t h e  once- through LWR t h a t  a r e  c u r r e n t l y  under s tudy .  
f o r  t h e  resource -cons t ra ined  n u c l e a r  power systems e v a l u a t e d  i n  Chapter 6; however, 
Chapter  6 does i n c l u d e  r e s u l t s  f rom a few c a l c u l a t i o n s  f o r  an extended exposure 
(43,000-MWD/MTU) once- through LEU-LWR. 
s i d e r e d  r e q u i r e s  6,% less U3O8 ove r  t h e  r e a c t o r ' s  l i f e t i m e .  

I n  genera l ,  t h i s  i s  a l s o  t r u e  

The p a r t i c u l a r  extended exposure des ign  con- 
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E. 

F. P u - ~ ~ ~ T ~  mixed-ox ide f u e l .  N o t a t i o n :  PuO,/ThO,; (Pu-Th)O,; Pu/Th. 

G. 

LEU f u e l  w i t h  p lu ton ium r e c y c l e .  

P U - ~ ~ ~ U  mixed-ox ide fue l  , as proposed f o r  c u r r e n t l y  designed LMFBRs. N o t a t i o n :  
Pu02/UO2; P U / 2 3  u ;  Pu/U. 

Reference Fuels  ( n o t  use fu l  i n  scenar ios )  

H. H i g h l y  e n r i c h e d  2 3 5 U  f ue l  ( c o n t a i n i n g  approx ima te l y  93% 235U) mixed w i t h  t h o r i u m  

f e r t i l e  m a t e r i a l  , as c u r r e n t l y  used i n  HTGRs. N o t a t i o n :  HEU(235)/Th; U5(HE)/Th. 

H igh l y  e n r i c h e d  2 3 3 U  f u e l  ( c o n t a i n i n g  approx ima te l y  90% 2 3 3 U )  mixed w i t h  t h o r i u m  

f e r t i l e  m a t e r i a l .  N o t a t i o n :  HE(233)/Th; U3/Th; U3(HE)/Th. 

I .  

I n c l u d i n g  p l u t o n i u m - f u e l e d  r e a c t o r s  w i t h i n  t h e  energy c e n t e r s  serves a t w o - f o l d  purpose: 

It p r o v i d e s  a means f o r  d i s p o s i n g  o f  t h e  p l u t o n i u m  produced i n  t h e  d i spe rsed  r e a c t o r s ,  and 

i t  p r o v i d e s  f o r  an exogeneous source o f  2 3 3 U .  

The d i s c u s s i o n  o f  LWRs o p e r a t i n g  on these v a r i o u s  fue l  c y c l e s  p resen ted  i n  S e c t i o n  
4.1 i s  f o l l o w e d  by  s i m i l a r  t rea tmen ts  o f  t h e  o t h e r  r e a c t o r s  i n  Sec t i ons  4.2 - 4.6. 

f i r s t ,  t h e  S p e c t r a l - S h i f t - C o n t r o l l e d  Reactor (SSCR) ,  i s  a m o d i f i e d  PWR whose o p e r a t i o n  on 

a LEU c y c l e  has been under s tudy  by b o t h  t h e  U n i t e d  S ta tes  and Belg ium f o r  more than  a 

decade. The p r i m a r y  goal o f  t h e  system i s  t o  improve f u e l  u t i l i z a t i o n  through t h e  i n -  

creased p r o d u c t i o n  and i n - s i t u  consumption o f  f i s s i l e  p lu ton ium (Pu ).  
t r o n s  i n  t h e  2 3 8 U  i n c l u d e d  i n  t h e  f u e l  elements i s  i nc reased  by m i x i n g  heavy w a t e r  w i t h  

t h e  l i g h t - w a t e r  moderator-coolant ,  t he reby  s h i f t i n g  t h e  neu t ron  spectrum w i t h i n  t h e  co re  

The 

f The c a p t u r e  o f  neu- 

t o  ene rg ies  a t  which neu t ron  a b s o r p t i o n  i n  238U i s  more l i k e l y  t o  occur. The heavy wa 

c o n t e n t  i n  t h e  moderator  i s  decreased d u r i n g  t h e  c y c l e  as fue l  r e a c t i v i t y  i s  depleted. 

i nc reased  cap tu re  i s  a l s o  used as t h e  r e a c t o r  c o n t r o l  mechanism. The SSCR i s  one of a 
o f  r e a c t o r s  t h a t  are- i n c r e a s i n g l y  be ing  r e f e r r e d  t o  as advanced converters, a te rm app 

t o  a thermal  r e a c t o r  whose des ign  has been m o d i f i e d  t o  i n c r e a s e  i t s  p r o d u c t i o n  o f  f i s s  

m a t e r i a l .  

e r  

The 

c l a s s  
i ed 
l e  

Heavy-water-modi f ied thermal  r e a c t o r s  a r e  rep resen ted  here by Canada's n a t u r a l -  

u ran ium- fue led  CANDUs. 

advanced conver te r ,  and scoping c a l c u l a t i o n s  have been per formed f o r  seve ra l  f u e l  cyc les ,  

i n c l u d i n g  a s l i g h t l y  e n r i c h e d  2 3 5 U  c y c l e  t h a t  i s  cons idered t o  be t h e  r e a c t o r ' s  r e f e r e n c e  

c y c l e  f o r  imp lemen ta t i on  i n  t h e  U n i t e d  S ta tes .  

L i k e  t h e  SSCR, t h e  CANDU has been under s tudy  i n  t h e  U.S. as an 

The h igh- temperature gas-cooled thermal  r e a c t o r s  cons ide red  a r e  t h e  U.S. HTGR and 

t h e  West German Pebble Bed Reactor  (PBR), t h e  PBR d i f f e r i n g  f rom t h e  HTGR i n  t h a t  i t  

u t i l i z e s  s p h e r i c a l  f u e l  elements r a t h e r  than  p r i s m a t i c  f u e l  elements and employs o n - l i n e  r e -  

f ue l i ng .  F o r  b o t h  r e a c t o r s  t h e  r e f e r e n c e  c y c l e  [HEU(233U)/Th] i n c l u d e s  thor ium, and s h i f t i n g  
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t o  t h e  denatured c y c l e  would c o n s i s t  i n i t i a l l y  i n  r e p l a c i n g  t h e  93% 2 3 5 U  i n  2 3 8 U  w i t h  15 

t o  20% 235U i n  23*U.  

Colorado and a PBR-type r e a c t o r  has been g e n e r a t i n g  e l e c t r i c i t y  i n  West Germany s i n c e  1967. 

The HTGR has reached t h e  p r o t o t y p e  s tage  a t  t h e  F o r t  V r a i n  p l a n t  i n  

Whi le  t h e  above thermal  r e a c t o r s  show promise as power-producing advanced conver te rs ,  
t h e y  w i l l  n o t  be s e l f - s u f f i c i e n t  on any o f  t h e  proposed a l t e r n a t e  f u e l  c y c l e s  and w i l l  r e -  

q u i r e  an exogenous source o f  233U. 

by i n t r o d u c i n g  t h o r i u m  w i t h i n  t h e  cores o f  235U- fue led  LWRs, b u t ,  as has a l r e a d y  been p o i n t e d  

o u t  i n  t h i s  r e p o r t ,  f o r  t h e  long-term, r e a c t o r s  ded ica ted  t o  2 3 3 U  p r o d u c t i o n  w i l l  be requ i red .  
I n  t h e  env i s ioned  scenar ios  those r e a c t o r s  p r i m a r i l y  w i l l  be f u e l e d  w i t h  Pu . I n  t h e  

c a l c u l a t i o n s  presented here a p r i n c i p a l  23 % p r o d u c t i o n  r e a c t o r  i s  t h e  m ixed -ox ide - fue led  

LMFBR c o n t a i n i n g  t h o r i u m  i n  i t s  b l a n k e t .  

b l a n k e t  assemblies i n t e r m i x e d  w i t h  f u e l  assemblies a r e  examined. The p o s s i b l e  advantages 

and disadvantages o f  u s i n g  me ta l -  o r  carb ide-based LMFBR f u e l  assemblies a r e  a l s o  discussed. 

F i n a l l y ,  some p r e l i m i n a r y  c a l c u l a t i o n s  f o r  a he l ium-cooled f a s t  breeder  r e a c t o r  (GCFBR) a r e  

presented. 

An e a r l y  b u t  l i m i t e d  q u a n t i t y  o f  2 3 3 U  c o u l d  be p r o v i d e d  

f 

I n  a d d i t i o n ,  "advanced LMFBRs" t h a t  have 

The c o n s i d e r a t i o n  o f  f a s t  r e a c t o r s  t h a t  burn one f i s s i l e  m a t e r i a l  t o  produce ano the r  

has i n t r o d u c e d  cons ide rab le  con fus ion  i n  r e a c t o r  t e rm ino logy  which, u n f o r t u n a t e l y ,  has n o t  

been r e s o l v e d  i n  t h i s  r e p o r t .  
f a s t  r e a c t o r  t h a t  breeds enough o f  i t s  own f u e l  t o  s u s t a i n  i t s e l f .  Thus, t h e  f a s t  r e a c t o r s  

t h a t  b ~ r n , ~ ~ ~ P u  t o  produce 233U a r e  n o t  "breeders"  i n  t h e  t r a d i t i o n a l  sense. 

however, p roduc ing  f u e l  a t  a r a t e  i n  excess o f  consumption, which i s  t o  be c o n t r a s t e d  w i t h  

t h e  advanced thermal  c o n v e r t e r s  whose p r i m a r y  f u n c t i o n  i s  t o  s t r e t c h  b u t  n o t  i n c r e a s e  t h e  

f u e l  supply .  

transmuters was co ined  a t  ORNL. Immediate ly ,  however, t h e  word began t o  be a p p l i e d  t o  

any r e a c t o r  t h a t  burns one f u e l  and produces another .  
t h a t  t h e  words fast and breeder a r e  used synonymously. Thus i n  t h i s  r e p o r t  and elsewhere 

we f i n d  v a r i o u s  combinat ions o f  terms, such as LMFBR transmuter and converter transmuter. 
The s i t u a t i o n  becomes even more comp l i ca ted  when t h e  f a s t  r e a c t o r  d e s i y n  uses b o t h  238U 

and 232Th i n  t h e  b l a n k e t ,  so  t h a t  i n  e f f e c t  i t  takes on t h e  c h a r a c t e r i s t i c s  o f  b o t h  a 

t ransmute r  and a breeder .  

I n  t h e  pas t ,  t h e  te rm f a s t  breeder has been a p p l i e d  t o  a 

They a re ,  

I n  o r d e r  t o  d i s t i n g u i s h  t h e  P U - ~ O - ~ ~ ~ U  f a s t  r e a c t o r s  f rom o the rs ,  t h e  te rm 

Moreover, i t  soon became obvious 

F i n a l l y ,  t h e  reader  i s  cau t ioned  n o t  t o  i n f e r  t h a t  o n l y  those r e a c t o r s  d i scussed  i n  

t h i s  c h a p t e r  a r e  cand ida tes  f o r  t h e  energy-center ,  d i s p e r s e d - r e a c t o r  scenar ios .  

t h e  scenar ios  d iscussed i n  Chapter 0 do n o t  even use a l l  t hese  r e a c t o r s  and they  c o u l d  

e a s i l y  c o n s i d e r  o t h e r  r e a c t o r  types.  

assessment o f  t h e  denatured 2 3 3 U  f u e l  c y c l e  was based p r i m a r i l y  on t h e  a v a i l a b i l i t y  o f  

d a t a  a t  t h e  t i m e  t h e  s tudy  was i n i t i a t e d  (December, 1977). 

I n  f a c t ,  

The s e l e c t i o n  o f  r e a c t o r s  f o r  t h i s  p r e l i m i n a r y  
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4.1. LIGHT-WATER REACTORS 

J .  C.  Cleveland 
Oak Ridge National Laboratory 

I f  an a l t e r n a t e  cycle such as the  denatured cycle i s  t o  have a s i g n i f i c a n t  ea r ly  impact, 
i t  must be implemented i n  LWRs already operating in  the  United S ta t e s  o r  soon t o  be operating. 
The cur ren t  national LWR capacity i s  about 48 GWe and LWRs t h a t  will provide a t o t a l  capacity 
of 150 t o  200 GWe by 1990 a r e  e i t h e r  under construction o r  on order.  
analyses of the denatured 2 3 3 U  fuel  cycle has therefore  been performed f o r  cur ren t  LWR core 
and fuel assembly designs under the  assumption t h a t  subsequent t o  the  required f u e l s  development 
and demonstration phase f o r  thor ia  fue l s  these  fue l s  could be used as reload fue l s  f o r  operating 
LWRs. I t  should be noted, however, t h a t  these  cur ren t  LWR designs were optimized t o  minimize 
power cos t s  with LEU fue l s  and plutonium recyc le ,  and therefore  they do not represent optimum 
designs f o r  t he  denatured cycle. Also excluded from this study a r e  any improvements i n  reac- 

t o r  design and operating s t r a t e g i e s  t h a t  would improve in-situ u t i l i z a t i o n  of bred fuel and 
reduce the  nonproductive lo s s  of neutrons i n  LWRs operating on the  once-through cycle. 
t o  consider such improvements have recent ly  been undertaken as pa r t  of NASAP (Nonproliferation 
A1 t e rna t ive  Systems Assessment Program). 

Much of the  i n i t i a l  

Studies 

4.1.1. Pressurized Water Reactors 

Mass flow ca lcu la t ions  for PWRs presented in t h i s  chapter were performed primarily 
by Combustion Engineering, w i t h  some additional r e s u l t s  presented from O R N L  ca lcu la t ions .  
The Combustion Engineering System 80TM (PWR) design was used in a l l  of these analyses. A 
descr ip t ion  of the  core and fuel assembly design i s  presented i n  the Combustion Engineering 
Standard Safety Analysis Report (CESSAR) . The following cases have been 

Dispersible Resource-Based Fuels 

A. 
B. 

L E U  ( i . e . ,  low enriched uranium, c\r3% 2 3 5 U  i n  2 3 8 U ) ,  no recycle. 
MEU/Th ( i . e . ,  medium-enriched uranium, 20% 2 3 5 U  i n  238U, mixed w i t h  2 3 2 T h ) ,  

no recycle. 
L E U ,  recycle of uranium only, 2 3 5 U  makeup. 
MEU/Th, recycle of uranium ( 2 3 5 U  + 2 3 3 U ) ,  20% 2 3 5 U  makeup.* 

C. 

D. 

Dispersible Denatured Fuel 

E. Denatured 2 3 3 U  ( i . e . ,  ~ 1 2 %  2 3 3 U  in 238U, mixed w i t h  2 3 2 T h ) ,  recycle of uranium, 

2 3 3 U  makeup. 

*An a l t e r n a t e  case u t i l i z i n g  93% 235U as  a f i s s i l e  topping f o r  recovered recycle uranium and 
u t i l i z i n g  20% 2 3 5 U  a s  f resh  makeup i s  a l so  discussed by Combustion Engineering. 
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F. 

G. 

H. 

I .  

LEU, r e c y c l e  o f  uranium and se l f -genera ted  p lu ton ium, 2 3 5 U  makeup. 

P U / ~ ~ ~ U ,  r e c y c l e  o f  p lu ton ium, p l u t o n i u m  makeup. 

P u / ~ ~ ~ T ~ ,  r e c y c l e  o f  p lu ton ium, p l u t o n i u m  makeup. 

P u / ~ ~ ~ T ~ ,  one-pass p lu ton ium, p l u t o n i u m  makeup. 

Reference Fuel 

J.  HEU/Th ( i .e.,  h i g h l y  en r i ched  uranium, 93.15 w/o 235U i n  2 3 8 U  , mixed w i t h  232Th), 

r e c y c l e  o f  uranium (235U + 233U),  2 3 5 U  makeup. 

Case A rep resen ts  t h e  c u r r e n t  mode o f  LWR o p e r a t i o n  i n  t h e  absence o f  reprocess ing.  

Case B i n v o l v e s  t h e  use o f  MEU/Th f u e l  i n  which t h e  i n i t i a l  uranium enr ichment  i s  l i m i t e d  

t o  20% 235U/238U. W i th  rep rocess ing  aga in  d i sa l l owed ,  Case B r e f l e c t s  a "stowauay" o p t i o n  
i n  which t h e  2 3 3 U  b r e d  i n  t h e  f u e l  and t h e  unburned 2 3 5 U  a r e  rese rved  f o r  f u t u r e  u t i l i z a t i o n .  

Case C rep resen ts  one l o g i c a l  ex tens ion  of Case A f o r  t h e  cases where t h e  r e c y c l e  
o f  c e r t a i n  m a t e r i a l s  i s  a l lowed.  However, c o n s i s t e n t  w i t h  t h e  reduced p r o l i f e r a t i o n  r i s k  

ground r u l e ,  o n l y  t h e  uranium component i s  r e c y c l e d  back i n t o  t h e  d i spe rsed  r e a c t o r s .  

s i m i l a r l y  r e f l e c t s  t h e  e x t e n s i o n  o f  Case B t o  t h e  r e c y c l e  scenar io .  I n  t h i s  case, t h e  b r e d  
p l u t o n i u m  i s  assumed t o  be separated f rom t h e  spent  f u e l  b u t  i s  n o t  recyc led .  

f u e l  i s  used as makeup m a t e r i a l  and i s  assumed t o  be f a b r i c a t e d  i n  separate assembl ies from 

t h e  r e c y c l e  m a t e r i a l .  Thus, o n l y  t h e  assemblies c o n t a i n i n g  r e c y c l e  m a t e r i a l  r e q u i r e  remote 
f a b r i c a t i o n  due t o  t h e  presence o f  232U. ( I t  i s  assumed t h a t  t h e  presence o f  t h e  232ij pre -  

c ludes  t h e  recovered uranium b e i n g  r e e n r i c h e d  by  i s o t o p i c  separa t i on . )  

f r o m  b o t h  t h e  r e c y c l e  and t h e  makeup f u e l  f r a c t i o n s  a r e  mixed t o g e t h e r  p r i o r  t o  t h e  n e x t  

r e c y c l e .  

t h e  makeup f u e l )  t o  t h e  r e c y c l e  f u e l  s t ream slows t h e  decrease i n  t h e  f i s s i l e  c o n t e n t  of 

t h e  r e c y c l e  uranium. 
t h i s  f u e l  c y c l e  scheme i s  d i l u t e d  w i t h  2 3 8 U  which p r o v i d e s  a p o t e n t i a l  safeguards advantage 

ove r  t h e  conven t iona l  concept  of p l u t o n i u m  r e c y c l e  i n  LWRs w i t h  about  t h e  same U308 

u t i l i z a t i o n .  

Case D 

MEU(20% 2 3 5 U / U ) j T r  

The recove red  uranium 

T h i s  a d d i t i o n  o f  a r e l a t i v e l y  h i g h  q u a l i t y  f i s s i l e  m a t e r i a l  (uranium recove red  f rom 

As i n  t h e  LEU cyc le ,  t h e  f i s s i l e  component o f  t h e  r e c y c l e  f u e l  i n  

Case E i s  t h e  denatured 2 3 3 U  f u e l .  It u t i l i z e s  an exogenous source o f  2 3 3 U  f o r  b o t h  

t h e  i n i t i a l  c o r e  f i s s i l e  requi rements and t h e  f i s s i l e  makeup requi rements.  

Cases F - I r e p r e s e n t  p o s s i b l e  f i s s i l e / f e r t i l e  f u e l  c y c l e  systems a l l o w a b l e  f o r  use 

i n  secure energy centers .  
m a t e r i a l  p r e s e n t  i n  t h e  spen t  f u e l ,  i n c l u d i n g  t h e  p lu ton ium, i s  recyc led .  

c o n d i t i o n s ,  about  1 /3  o f  each r e l o a d  f u e l  b a t c h  c o n s i s t s  o f  mixed o x i d e  fM02) f u e l  assemblies 

which c o n t a i n  t h e  r e c y c l e d  p l u t o n i u m  i n  a uranium d i l u e n t .  
c o n s i s t s  o f  f r e s h  o r  r e c y c l e d  uranium (235U)  o x i d e  f u e l .  

Case F rep resen ts  an e x t e n s i o n  o f  Case C i n  which a l l  t h e  f i s s i l e  
Under e q u i l i b r i u m  

The rema in ing  2/3 of each r e l o a d  
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Case G a l l o w s  one p o s s i b l e  means f o r  u t i l i z i n g  t h e  p l u t o n i u m  b r e d  i n  t h e  d i spe rsed  
r e a c t o r s .  P lu ton ium d i scha rged  f rom LEU-LWRs i s  used t o  p r o v i d e  t h e  i n i t i a l  co re  f i s s i l e  

requi rements as w e l l  as t h e  f i s s i l e  makeup requi rements.  T h i s  p l u t o n i u m  i s  b lended i n  a 

UO, d i l u e n t  c o n s i s t i n g  o f  n a t u r a l  o r  dep le ted  uranium. The p l u t o n i u m  d i scha rged  f rom t h e  

U0,/Pu02 r e a c t o r  i s  c o n t i n u a l l y  r e c y c l e d  - w i t h  two y e a r s  f o r  rep rocess ing  and r e f a b r i c a -  

t i o n  - th rough  t h e  r e a c t o r .  I n  t h e  e q u i l i b r i u m  c o n d i t i o n ,  p l u t o n i u m  d i scha rged  f rom about  

2.7 LEU-fueled LWRs can p r o v i d e  t h e  makeup f i s s i l e  Pu requ i remen t  f o r  one U02/Pu02 LWR. 

In Case H t h e  PuOp/ThO2 LWR a l s o  u t i l i z e s  p l u t o n i u m  d i scha rged  f rom LEU-LWRs t o  

p r o v i d e  t h e  i n i t i a l  c o r e  f i s s i l e  requi rements and t h e  f i s s i l e  makeup requi rements.  
p l u t o n i u m  i s  b lended i n  a Tho, d i l u e n t .  The i s o t o p i c a l l y  degraded p l u t o n i u m  recovered f rom 

t h e  Pu02/Th02 LWR i s  b lended w i t h  LEU-LWR d ischarge  p l u t o n i u m  ( o f  a h i g h e r  f i s s i l e  c o n t e n t )  
and r e c y c l e d  back i n t o  t h e  Pu02/Th02 LWR. 

e l i m i n a t i n g  t h e  Pu b r e d  i n  t h e  d i spe rsed  r e a c t o r s  b u t ,  i n  a d d i t i o n ,  a l s o  p r o v i d e s  f o r  t h e  

p r o d u c t i o n  o f  2 3 3 U  t h a t  can be denatured and used t o  f u e l  d i spe rsed  r e a c t o r s .  

T h i s  

Not o n l y  does t h i s  case p r o v i d e  a means o f  

The Pu02/Th02 LWR o f  Case I i s  s i m i l a r  t o  t h a t  i n  Case H i n  t h a t  p l u t o n i u m  d i scha rged  

from LEU-LWRs i s  used t o  p r o v i d e  t h e  f i s s i l e  requi rements.  

p l u t o n i u m  recovered f rom t h e  PuO,/ThO, LWR i s  n o t  r e c y c l e d  i n t o  an LWR b u t  i s  s t o r e d  f o r  

l a t e r  use i n  a breeder  r e a c t o r .  

However, t h e  i s o t o p i c a l l y  degraded 

Case J i n v o l v e s  t h e  use o f  h i g h l y  e n r i c h e d  uranium b lended w i t h  Tho2 t o  t h e - d e s i r e d  

f u e l  enrichment. The uranium enr ichment  i n  HEU f u e l s  was s e l e c t e d  as 93.15 w/o on t h e  b a s i s  

o f  i n f o r m a t i o n  i n  Ref. 7. I n i t i a l l y  a l l  f u e l  c o n s i s t s  o f  f r e s h  HEU/Th f u e l  assemblies. Once 

e q u i l i b r i u m  r e c y c l e  c o n d i t i o n s  a r e  achieved, about 35% o f  t h e  f u e l  c o n s i s t s  o f  t h i s  f r e s h  

makeup f u e l ,  t h e  rema in ing  f u e l  assemblies i n  each r e l o a d  ba tch  c o n t a i n i n g  t h e  r e c y c l e d  ( b u t  

n o t  re -en r i ched)  uranium o x i d e  b lended w i t h  f r e s h  Tho2. 

Table 4.1-1 p rov ides  a summary, ob ta ined  f rom t h e  d e t a i l e d  mass balance i n f o r m a t i o n ,  

o f  i n i t i a l  l oad ing ,  e q u i l i b r i u m  c y c l e  l oad ing ,  e q u i l i b r i u m  c y c l e  d i scha rge ,  and 30-year 

cumu la t i ve  U308 and s e p a r a t i v e  work requi rements.  A l l  r e c y c l e  cases i n v o l v e  a two-year 

e x - r e a c t o r  d e l a y  f o r  rep rocess ing  and r e f a b r i c a t i o n .  
cases which i n v o l v e  r e c y c l e  o f  recovered f i s s i l e  m a t e r i a l  back i n t o  t h e  same LWR, i n  

" e q u i l i b r i u m "  c o n d i t i o n s  t h e  makeup requ i remen t  f o r  a g i v e n  r e c y c l e  g e n e r a t i o n  i s  g r e a t e r  

t han  t h e  d i f f e r e n c e  between t h e  charge and d i scha rge  q u a n t i t i e s  f o r  t h e  p r e v i o u s  r e c y c l e  

g e n e r a t i o n  because o f  t h e  degrada t ion  o f  t h e  i s o t o p i c s .  T h i s  i s  e s p e c i a l l y  i m p o r t a n t  i n  

Case H where, f o r  example, t h e  f i s s i l e  c o n t e n t  o f  t h e  p l u t o n i u m  drops f rom about  71% t o  

about  47% o v e r  an e q u i l i b r i u m  c y c l e .  

It i s  i m p o r t a n t  t o  p o i n t  o u t  t h a t  f o r  

Comparing Cases A and B o f  Tab le  4.1-1 i n d i c a t e s  t h e  p e n a l t i e s  assoc ia ted  w i t h  i m -  

The MEU/Th case r e q u i r e s  40% more U,O, and 214% more s e p a r a t i v e  work t h a n  t h e  LEU 

p lemen ta t i on  of t h e  MEU/Th c y c l e  r e l a t i v e  t o  t h e  LEU c y c l e  under t h e  r e s t r i c t i o n  o f  no r e -  

cyc le .  
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case. 

f i c a n t  r e s u l t  f rom Table 4.1-1 i s  g i v e n  by t h e  comparison o f  Case D, MEU/Th w i t h  uranium r e c y c l e  

and Case F, LEU w i t h  uranium and se l f -genera ted  p lu ton ium r e c y c l e .  

case i s  t h e  same, a l t hough  t h e  MEU/Th c y c l e  r e q u i r e s  i nc reased  s e p a r a t i v e  work. 

i t  shou ld  be no ted  t h a t  i n  Case D t h e  MEU/Th f u e l  a l s o  produces s i g n i f i c a n t  q u a n t i t i e s  o f  

p lu ton ium, an a d d i t i o n a l  f i s s i l e  m a t e r i a l  s t o c k p i l e  which i s  n o t  r e c y c l e d  i n  t h i s  case. 

C l e a r l y  t h e  MEU/Th c y c l e  would be p r o h i b i t i v e  f o r  "throwaway" op t i ons .  A second s i g n i -  

The U308 demand i n  each 

A d d i t i o n a l l y  

Table 4.1-1. Fuel U t i l i z a t i o n  Character ist ics f o r  PWRs Under Various Fuel Cycle Optionsd'* 

Separative Work 
I n i t i a l  Equi l ibr ium Cycle U 0 Requirement Requirement 
F i s s i l e  F i s s i l e  F i s s i l e  8(ST/GW;~-yr ( l o 3  kg SWU/GWe) 

Inventory Charge Discharge Conversion Burnup 30-yr 
Case Fuel Type (kq/GWe) (kq/GWe-yr) (kqlGWe-yr) Rat io (MWD/kq HM) I n i t i a l '  To ta lCadIn i t ia l  e Total e 

Dispersible Resource-Based Fuels 

A LEU, no recycle 1693 235U 794 235U 215 235U 0.60 30.4p 392 5989s 203 3555 

8 MEU/Th, no recycle 2538 235U 1079 2 3 5 U  260 2 3 3 U  0.63 32.6 638 8360 580 7595 
174 Puf 

384 2 3 5 u  
71 Puf - 0.60 30.4 392 4946 203 3452 

D MEU/Th, sel f -  2538 2 3 5 U  348 233Ug 351 233Ug 0.66 32.6 638 4090 580 3632 

C LEU, U recycle 1693 2 3 5 U  - 
generated U recycle 685 235Ug 281 235Ug 

62 Pufg 

Dispersible Denatured Fuel 

E Denatured 233U02/Th02, 1841 2 3 3 U  750 2 3 3 U  446 2 3 3 U  
U recycle (exogenous 27 235U 29 2 3 5 U  43 2 3 5 U  

33U makeup) 63 Puf 

33.4 

Energy-Center-Constrained Fuels 

F LEU, recycle o f  U t 1693 235U 612 235U 193 235U 0.61 30.4 392 4089 233 2690 
self-generated Pu 258 Puf 288 Puf 

G Pu02/U02, Pu recycle 1568 Puf 1153 Puf 858 Puf 0.63 30.4 100 1053 0 0 
546 235U 173 2 3 5 U  108 235U 

272 233U 

pass 284 2 3 3 U  

H Pu02/Th02, Pu recycle 2407 Puf 1385 Puf 696 Puf 33.0 

1 PuOZ/ThO2, s ing le  Pu 2407 Puf 1140 Puf 410 Puf 33.0 

Reference Fuel 

J HEU/Th, self-generated 2375 235U 388 233U 377 233U 0.67 33.4 597 3453 596 3436 
U recyc le  504 235U 172 235U 

;All cases assume 0.2 w/o t a i l s  and 75% capaci ty factor.  

2ssumes 1.0% f a b r i c a t i o n  l oss  and 0.5% conversion loss. 

?n add i t iona l  case i s  considered i n  Chapter 6 i n  which an extended exposure (43 MWD/kg HM) LEU-PUR on a once-through cyc le  

:Values provided are representat ive o f  years 19-23. 

A l l  ca lcu la t ions  were performed f o r  the 3800-MWt. 1300-MWe Combustion Engineering System EOTM reac tor  design. 

No c r e d i t  taken f o r  end o f  reac tor  l i f e  f i s s i l e  inventory. 

resu l ts  i n  a 6% reduct ion i n  the 30-yr t o t a l  UsOs requirements, wh i le  s t i l l  requ i r ing  e s s e n t i a l l y  the same enrichment (SWU) 
requirements. Somewhat l ess  plutonium i s  discharged from the reac tor  because o f  a reduced conversion ra t io .  

Reference f u e l s  are considered on ly  as l i m i t i n g  cases. 

ssumes 1.0% f a b r i c a t i o n  loss. 

D i f f e r e n c e s  i n  t h e  n u c l i d e  concen t ra t i ons  o f  f e r t i l e  i s o t o p e s  f rom case t o  case r e s u l t  

i n  d i f f e r e n c e s  i n  t h e  resonance i n t e g r a l s  o f  each f e r t i l e  i s o t o p e  due t o  s e l f - s h i e l d i n g  e f f e c t s ,  
thus s i g n i f i c a n t l y  a f f e c t i n g  t h e  convers ion  o f  f e r t i l e  m a t e r i a l  t o  f i s s i l e  m a t e r i a l .  Table 

4.1-2 g i v e s  t h e  resonance i n t e g r a l s  a t  c o r e  o p e r a t i n g  temperatures f o r  v a r i o u s  f u e l  combina- 

t i o n s .  A l though t h e  v a l u e  o f  t h e  238U resonance i n t e g r a l  f o r  an i n f i n i t e l y  d i l u t e  medium 
i s  much l a r g e r  than  t h e  corresponding va lue  f o r  232Th, t h e  resonance i n t e g r a l  f o r  2 3 8 U  i n  LEU 

f u e l  i s  o n l y  25% l a r g e r  than  t h a t  f o r  232Th i n  HEU/Th f u e l ,  i n d i c a t i n g  t h e  much l a r g e r  amount 

o f  s e l f - s h i e l d i n g  o c c u r r i n g  f o r  238U i n  LEU f u e l .  These two cases r e p r e s e n t  extreme values,  
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s i n c e  i n  each case t h e  one f e r t i l e  i s o t o p e  i s  n o t  s i g n i f i c a n t l y  d i l u t e d  by t h e  presence o f  

t h e  o t h e r .  

( r e l a t i v e  t o  LEU f u e l ) ,  caus ing t h e  2 3 8 U  resonance i n t e g r a l  t o  i nc rease  due t o  t h e  reduced 

s e l f - s h i e l d i n g .  

HEU/Th) f u e l  i s  o n l y  a f a c t o r  o f  *0.8 - r e s u l t i n g  i n  a much s m a l l e r  i n c r e a s e  i n  t h e  232Th 
resonance i n t e g r a l .  Thus, a l t hough  t h e  2 3 8 U  number d e n s i t y  i s  r o u g h l y  s i x  t imes  l e s s  i n  

MEU/Th f u e l  t han  i n  LEU f u e l ,  t h e  f i s s i l e  Pu p r o d u c t i o n  i n  t h e  MEU/Th f u e l  i s  s t i l l  40% o f  

t h a t  f o r  t h e  LEU f u e l  as shown i n  Table 4.1-1 (Cases A and B )  due t o  t h e  i n c r e a s e  i n  t h e  

2 3 %  resonance i n t e g r a l .  

Fo r  MEU(20% 235U/U)/Th f u e l ,  t h e  2 3 8 U  d e n s i t y  i s  reduced by a f a c t o r  o f  s6 

The decrease i n  t h e  232Th d e n s i t y  f o r  t h e  MEU/Th f u e l  ( r e l a t i v e  t o  t h e  

The presence i n  denatured uranium-thor ium f u e l s  o f  two f e r t i l e  i so topes  hav ing  
resonances a t  d i f f e r e n t  energy l e v e l s  has a s i g n i f i c a n t  e f f e c t  on t h e  i n i t i a l  l o a d i n g  

requi rement .  The i n i t i a l  2 3 5 U  requi rement  f o r  t h e  HEU/Th and MEU/Th cases i s  2375 and 

2538 kg/GWe, r e s p e c t i v e l y ,  r e f l e c t i n g  t h e  p e n a l t y  assoc ia ted  w i t h  t h e  presence o f  t h e  two 

f e r t i l e  i so topes  i n  t h e  MEU/Th f u e l .  

The l a r g e  i n c r e a s e  i n  i n i t i a l  2 3 5 U  requi rements shown i n  Tab le  4.1-1 f o r  t h e  tho r ium-  

based HEU/Th and MEU/Th f u e l s  compared t o  t h e  LEU f u e l  r e s u l t s  p r i m a r i l y  f rom t h e  l a r g e r  

the rma l -abso rp t i on  c ross  s e c t i o n  o f  232Th r e l a t i v e  t o  2 3 8 U  as shown i n  Table 4.1-2. A l so  

c o n t r i b u t i n g  t o  t h e  i nc reased  235U requi rements i s  t h e  l ower  va lue  o f  n o f  2 3 5 U  which r e -  

s u l t s  f rom t h e  ha rde r  neu t ron  energy spectrum i n  thorium-based f u e l s .  

Table 4.1-2. Thermal Absorp t i on  Cross Sect ions and Resonance 
I n t e g r a l s  f o r  232Th and 238ti i n  PWRs 

Resonance I n t e g r a l "  (barns)  

D i  1 Ute Fuel Fuel Fuel 
I n f i n i t e l y  I n  LEU I n  HEU/Th I n  MEU(235U/U)/Th I s o t o p e  u (0.025 eV) 

a (barns)  

232Th 7.40 85.8 17 19  - 

59-54 2381) 2.73 273.6 21-22 - 

'For a b s o r p t i o n  f rom 0.625 eV t o  10  MeV; o x i d e  f u e l s .  

A f u r t h e r  c o n s i d e r a t i o n  r e g a r d i n g  MEU(235U/U)/Th f u e l  w i t h  uranium r e c y c l e  must a l s o  
be noted. 

t i o n  o f  r e c y c l e  f u e l ,  t h e  tho r ium l o a d i n g s  must c o n t i n u a l l y  decrease. 

i t  i s  assumed t h a t  t h e  recovered uranium i s  n o t  r e e n r i c h e d  by i s o t o p i c  s e p a r a t i o n  techniques.  1 
The i n i t i a l  co re  232Th/238U r a t i o  i s  4 . 8  and t h e  f i r s t  r e l o a d  232Th/238U r a t i o  i s  4.4, b u t  

by t h e  f o u r t h  r e c y c l e  genera t i on  t h e  232Th/238U r a t i o  has d e c l i n e d  t o  ~ 1 . 4 . ~  An a l t e r n a t i v e  

i s  t o  use HEU (93.15 w/o 235U) as a f i s s i l e  t o p p i n g  f o r  t h e  recove red  uranium. I n  t h i s  way 
t h e  recovered uranium c o u l d  be r e e n r i c h e d  t o  an a l l owed  d e n a t u r i n g  l i m i t  p r i o r  t o  r e c y c l e ,  

thus m i n i m i z i n g  t h e  co re  2 3 8 U  component and t h e r e f o r e  m i n i m i z i n g  t h e  p r o d u c t i o n  o f  p l u t o n i u m  

Since t h e  f i s s i l e  enr ichment  o f  t h e  recovered uranium decreases w i t h  each genera- 

(As p o i n t e d  o u t  above, 
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The use o f  HEU as a f i s s i l e  t o p p i n g  c o u l d  be achieved by f i r s t  t r a n s p o r t i n g  uranium recovered 

f rom t h e  d i scha rged  f u e l  t o  a secure enr ichment  f a c i l i t y  capable o f  p roduc ing  HEU. Next, t h e  

HEU f i s s i l e  t o p p i n g  would be added t o  t h e  recovered uranium t o  r a i s e  t h e  f i s s i l e  c o n t e n t  o f  

t h e  p r o d u c t  t o  an a l l o w a b l e  l i m i t  f o r  denatured uranium. 

be r e t u r n e d  t o  t h e  f a b r i c a t i o n  p l a n t .  

o f  t h e  makeup requirements. 

t o p p i n g  a r e  r e p o r t e d  i n  r e f s .  2 and 6. Fo r  Case D, i n  which t h e  r e c y c l e  f u e l  i s  n o t  r e e n r i c h e d  

by a d d i t i o n  o f  HEU f i s s i l e  topp ing ,  about  35% more p l u t o n i u m  i s  bred ove r  30 y r  ( ~ 6 0 %  more i n  

e q u i l i b r i u m )  than  when t h e  HEU i s  used as a f i s s i l e  topping.  

SWU requi rements f o r  t h e  case i n  which HEU i s  used as a f i s s i l e  t o p p i n g  a r e  4120 ST U308/GWe 

and 3940 x l o 3  SWU/GWe r e s p e c t i v e l y  a t  a 75% c a p a c i t y  f a c t o r  and 0.20 w/o t a i l s . '  

The p roduc t  (denatured)  would then  

MEU(20% 235U)/Th would be used t o  supply  t h e  remainder 

Mass f l o w s  f o r  t h i s  o p t i o n  i n  which HEU i s  used as a f i s s i l e  

The 30-yr  cumu la t i ve  U308 and 

Table 4.1-3. I s o t o p i c  F r a c t i o n s  o f  I n  a d d i t i o n  t o  t h e  uranium f u e l  c y c l e s  
P lu ton ium i n  Pu02/Th02 PWRs d iscussed above, two d i f f e r e n t  Pu/Th cases were 

analyzed. As i n d i c a t e d  i n  Tab le  4.1-3, t h e  

degrada t ion  o f  t h e  f i s s i l e  percentage o f  t h e  

p lu ton ium which occurs i n  a s i n g l e  pass ( i .e . ,  

E q u i l i b r i u m  Once-Through Cycle 

Discharged Charged 

239Pu 0.5680 0.2482 once- through)  i s  r a t h e r  severe. Thus, i n  add i -  

240Pu 0.2384 0.3742 t i o n  t o  t h e  p l u t o n i u m  r e c y c l e  case (Case H)  a 

241Pu 0.1428 0.2207 case was considered i n  which t h e  d i scha rged  

242Pu  0.0508 0.1568 p lu ton ium (degraded i s o t o p i c a l l y  by t h e  burnup) 

F i s s i l e  0.7108 0.4689 i s  n o t  r e c y c l e d  b u t  r a t h e r  i s  s t o c k p i l e d  f o r  

l a t e r  use i n  breeder  r e a c t o r s  (Case I ) .  P1 utonium 

Only l i m i t e d  analyses o f  s a f e t y  parameters have been performed thus  f a r  f o r  t h e  a l -  

t e r n a t e  f u e l  types. 

thorium-based (Pu02/Th02) and uranium-based ( P U O ~ / ~ ~ ~ U O ~ )  APRs,* and t h e  rema in ing  d i scus -  

s i o n  i n  t h i s  s e c t i o n  i s  taken f rom t h e i r  a n a l y s i s : 3  

Combustion Eng ineer ing  has r e p o r t e d  some co re  phys i cs  parameters f o r  

I n  genera l ,  t h e  s a f e t y - r e l a t e d  c o r e  phys i cs  parameters (Table 4.1-4) o f  t h e  two 

bu rne r  r e a c t o r s  a r e  q u i t e  s i m i l a r ,  i n d i c a t i n g  comparable behav io r  t o  p o s t u l a t e d  acc iden ts  
and p l a n t  t r a n s i e n t s .  Never the less,  t h e  f o l l o w i n g  d i f f e r e n c e s  a r e  noted. The e f f e c t i v e  

delayed neu t ron  f r a c t i o n  ( B e f f )  and t h e  prompt neu t ron  l i f e t i m e  ( a * )  a r e  s m a l l e r  f o r  t h e  

t h o r i u m  APR. These a r e  t h e  c o n t r o l l i n g  parameters i n  t h e  r e a c t o r ' s  response t o  s h o r t - t e r m  
(%seconds) power t r a n s i e n t s .  

i s  u s u a l l y  t h e  r o d  e j e c t i o n  a c c i d e n t  and s i n c e  t h e  e j e c t e d  r o d  w o r t h  i s  l e s s  f o r  t h e  

t h o r i u m  APR, t h e  consequences o f  t h e  smal l e r  va lues o f  these k i n e t i c s  parameters a r e  
l a r g e l y  m i t i g a t e d .  

However, t h e  most l i m i t i n g  a c c i d e n t  f o r  t h i s  t y p e  t r a n s i e n t  

The moderator and f u e l  temperature c o e f f i c i e n t s  a r e  parameters which a f f e c t  t h e  
i n h e r e n t  s a f e t y  o f  t h e  core. I n  t h e  power o p e r a t i n g  range, t h e  combined responses o f  

t hese  r e a c t i v i t y  feedback mechanisms t o  an i nc rease  i n  r e a c t o r  thermal  power must be a 

decrease i n  co re  r e a c t i v i t y .  S ince b o t h  c o e f f i c i e n t s  a r e  nega t i ve ,  t h i s  requi rement  i s  

e a s i l y  s a t i s f i e d .  The f u e l  temperature c o e f f i c i e n t  i s  about  25% more n e g a t i v e  f o r  t h e  

* A l l - p l u t o n i u m  r e a c t o r s .  
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t h o r i u m  APR, w h i l e  t h e  moderator  temperature c o e f f i c i e n t  i s  app rox ima te l y  20% l e s s  nega- 

t i v e .  These d i f f e r e n c e s  compensate, t o  a l a r g e  e x t e n t ,  such t h a t  t h e  consequences of 

acc iden ts  which i n v o l v e  a co re  temperature t r a n s i e n t  would be comparable. 

acc iden ts ,  however, i n d i v i d u a l  temperature c o e f f i c i e n t s  a r e  t h e  c o n t r o l l i n g  parameters, 

and f o r  these cases t h e  consequences must be eva lua ted  on a case-by-case bas i s .  

For  some 

Con t ro l  r o d  and s o l u b l e  boron wor ths a r e  s t r o n g l y  dependent on t h e  the rma l -neu t ron  
Because o f  t h e  l a r g e r  thermal  a b s o r p t i o n  c ross  s e c t i o n  o f  232Th and d i f f u s i o n  l eng th .  

t h e  h i g h e r  p lu ton ium l o a d i n g s  o f  t h e  t h o r i u m  APR, t h e  d i f f u s i o n  l e n g t h  and, consequent ly ,  

t h e  c o n t r o l  r o d  and s o l u b l e  boron wor ths a r e  sma l le r .  O f  p r i m a r y  concern i s  t h e  mainte-  

Table 4.1-4. Safety-Related Core Phys ics Parameters f o r  Pu-Fueled PWRs 

T h i r d  -Cyc 1 e T h i  r d  -Cycl e 
Uranium APR Thorium APR 

E f f e c t i v e  Delayed Neutron F r a c t i o n  
BOC 
EOC 

BOC 
EOC 

BOC 
EOC 

BOC 
EOC 

BOC 
EOC 

-6 
Prompt Neutron L i f e t i m e  ( x  10 Sec) 

I n v e r s e  S o l u b l e  Boron Worth (PPM/% Ap) 

Fuel Temperature C o e f f i c i e n t  ( x  10-5Ap/oF) 

Moderator  Temperature C o e f f i c i e n t  ( x  1 0 - 4 ~ p / o F )  

C o n t r o l  Rod Worth (% o f  U02 APR) 
BOC 
EOC 

.00430 

.00438 

10.54 
12.53 

221 
180 

-1.13 
-1.15 

-1.65 
-3.32 

0.00344 
0.00367 

9.03 
11.30 

270 
21 7 

-1.40 
-1.42 

-1.31 
-2.60 

90 
96 

- 
- 

nance o f  adequate shutdown marg in t o  compensate f o r  t h e  r e a c t i v i t y  d e f e c t s  d u r i n g  postu-  

l a t e d  acc iden ts ,  e.g., f o r  t h e  r e a c t i v i t y  i n c r e a s e  a s s o c i a t e d  w i t h  moderator  cooldown i n  

t h e  s team- l ine-break acc iden t .  The a n a l y s i s  o f  i n d i v i d u a l  a c c i d e n t s  o f  t h i s  t y p e  would 
have t o  be per formed t o  f u l l y  assess t h e  consequences o f  t h e  10% r e d u c t i o n  i n  c o n t r o l - r o d  

wor th  a t  t h e  beg inn ing  o f  cyc le .  

The o v e r a l l  r e s u l t s  o f  t h e  above comparison o f  c o r e  phys i cs  parameters i n d i c a t e  

Furthermore, t h i s  comparison i n d i c a t e s  t h a t  o t h e r  than  t h e  p o s s i -  

t h a t  t h e  consequences o f  p o s t u l a t e d  a c c i d e n t s  f o r  t h e  t h o r i u m  APR a r e  comparable t o  those  

o f  t h e  uranium APR. 

b i l i t y  o f  r e q u i r i n g  a d d i t i o n a l  c o n t r o l  rods, a thorium-based p l u t o n i u m  b u r n e r  i s  f e a s i b l e  
and m a j o r  m o d i f i c a t i o n s  t o  a PWR ( a l r e a d y  des igned t o  accomoda te  a p l u t o n i u m - f u e l e d  c o r e )  

a r e  p r o b a b l y  n o t  r e q u i r e d ,  a l t hough  some m o d i f i c a t i o n s  m i g h t  be d e s i r a b l e  i f  r e a c t o r s  were 

s p e c i f i c a l l y  des igned f o r  o p e r a t i o n  w i t h  high-Th c o n t e n t  f u e l s .  
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4.1.2. B o i l i n g  Water Reactors  

Mass f l o w  c a l c u l a t i o n s  f o r  BWRs p resen ted  i n  t h i s  chap te r  were per formed by 

General E l e c t r i c .  A d e s c r i p t i o n  o f  t h e  f u e l  assembly des igns developed by General 

E l e c t r i c  f o r  t h e  u t i l i z a t i o n  o f  t ho r ium i s  presented i n  Ref. 8. The f o l l o w i n g  cases have 

been analyzed:  

D i s p e r s i b l e  Resource-Based Fue ls  

A. LEU, no r e c y c l e .  

B. FIEU/lh, co recyc le .  
B ' .  LEU/Th mixed l a t t i c e  (LEU and Tho2 rods ) ,  

E". LEU/KEU/Th mixed l a t t i c e  (LFU/Th, MEU/Th, 

0. LEU/MEU/Th mixed l a t t i c e ,  r e c y c l e  o f  uran 

D i s p e r s i b l e  Denatured Fuel 

no recyc le .  

and Tho, rods) ,  no recyc le .  

um, 235U makeup. 

E. Denatured 233U, r e c y c l e  o f  uranium, 233U makeup. 

Enerqy-Center-Constrained Fuels  

F. 
G. 

H. 

LEU, r e c y c l e  of  uranium and s e l f - g e n e r a t e d  p lu ton ium, 2 3 5 U  makeup. 
P U / ~ ~ ~ U ,  r e c y c l e  of p lu ton ium, p l u t o n i u m  makeup. 

P u / ~ ~ ~ T ~ ,  r e c y c l e  of p lu ton ium, p l u t o n i u m  makeup. 

Case A rep resen ts  t h e  c u r r e n t  mode of BWR o p e r a t i o n .  Case B i n v o l v e s  t h e  rep lacement  
of  t h e  c u r r e n t  LEU f u e l  w i t h  MEU/Th f u e l  i n  which t h e  i n i t i a l  uranium enr ichment  i s  l i m i t e d  

t o  20% 2 3 5 U / 2 3 8 U .  
u t i l i z e d  as a l t e r n a t i v e  stowaway o p t i o n s .  I n  Case B '  a few o f  t h e  LEU p i n s  i n  a 

conven t iona l  LEU l a t t i c e  a r e  rep laced  wi th  p u r e  Tho2 p i n s ,  w h i l e  i n  Case B" some LEU 

p i n s  i n  a conven t iona l  l a t t i c e  a r e  r e p l a c e d  by MEU/Th p i n s  and a few o t h e r s  a r e  r e p l a c e d  

w i t h  t h e  pure Tho2 p ins.  
l o a d i n g  i s  used (U02/Th02 i n  eve ry  p i n ) .  

t h e  r e c y c l e  mode; however, o n l y  t h e  uranium recovered f rom t h e  Th-bear ing p i n s  i s  recyc led .  
Cases F-H r e p r e s e n t  p o s s i b l e  f i s s i l e / f e r t i l e  combinat ions f o r  use i n  secure energy cen te rs .  

Cases B '  and B"  r e p r e s e n t  p a r t i a l  t h o r i u m  l o a d i n g s  t h a t  c o u l d  be 

These cases a r e  i n  c o n t r a s t  w i t h  Case B i n  which a " f u l l "  t h o r i u m  

Case D rep resen ts  t h e  e x t e n s i o n  o f  Case B" t o  

Table 4.1-5 p r o v i d e s  a summary o f  c e r t a i n  mass balance i n f o r m a t i o n  f o r  BWRs o p e r a t i n g  

on these f u e l  c y c l e s .  A l l  r e c y c l e  cases i n v o l v e  a two-year e x - r e a c t o r  de lay  f o r  r e p r o -  

cess ing  and r e f a b r i c a t i o n .  

As was shown i n  Table 4.1-1 f o r  PWRs, t h e  i n t r o d u c t i o n  o f  t h o r i u m  i n t o  a BWR co re  

i n f l i c t s  a p e n a l t y  w i t h  r e s p e c t  t o  t h e  resource  requi rements o f  t h e  r e a c t o r  (compare 

U308 and SWU requi rements o f  Cases A and B). 
f o r  a f u l l  t h o r i u m  load ing .  

rep resen ted  by Cases B '  and B" a much s m a l l e r  f i s s i l e  i n v e n t o r y  p e n a l t y  r e s u l t s  f rom 
t h e  i n t r o d u c t i o n  o f  t h o r i u m  i n  t h e  core.  

PWRs. ) 

However, as p o i n t e d  o u t  above, Case B i s  

I n  t h e  two General E l e c t r i c  f u e l  assembly des igns8 

( S i m i l a r  schemes may a l s o  be f e a s i b l e  f o r  
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Table 4.1-5. Fuel U t i l i z a t i o n  C h a r a c t e r i s t i c s  f o r  BWRs Under Var ious Fuel Cyc le Options" 

Separat ive Work 
U308 Requirement Requirement 

I n i t i a l  E q u i l i b r i u m  Cycle (ST/GWe) - ( l o 3  kg SWU/GWe) 
F i s s i l e  F i s s i l e  F i s s i l e  

I n v e n t o r y  Charge Discharge Burnup 30-yr. 30-yr. 
Case Fuel Type (kg/GWe) (kg/Gi!e-yr) (kg/G!de-yr) (MWD/kq HM) I n i t i a l  T o t a l "  I n i t i a l  To ta lL '  

D i s p e r s i b l e  Resource-Based Fuels  

A LEU, no r e c y c l e  2200' 

8 MEU!Th, no r e c y c l e c  

B '  LEU/Th n' ixed l a t t i c e ,  
no r e c y c l e e  

E" LFU/PIEU/Th p i x e d  l a t t i c e ,  - 
no r e c y c l e e  

D LEU/MEU/Th mixed 
l a t t i c e ,  se l f -generated 
U r e c y c l e e  

E Denatured 233U02/Th02, - 
U r e c y c l e  (exogeneous - 
2 3 3 U  makeup)e 

F LEU, r e c y c l e  o f  II + 

G' P ~ o ; / u o ~ ,  ~u r e c y c l e  

s e l f - g e n e r a t e d  Pu 2200' 

H Pu@,/ThO,, Pu r e c y c l e e  - 

799 2 3 %  235 2 3 5 U  28.4 4 9 6 C r d  
150 Puf 

854 2 3 5 U  24 2 3 3 U  28.7 
243 2 3 5 U  
138 Puf 

917 2 3 5 U  125 2 3 3 U  30.0 
277 2 3 5 U  

9: Puf 

D i s p e r s i b l e  Denatured Fuel 

770 2 3 3 U  452 2 3 3 U  31.6 0 
15 7 3 q J  17 23511 

55 Puf 

Energy-Center-Constrained Fuels  

28.4 496c 

4 

1705 Puf 275 2 3 3 U  29.8 0 
954 Puf 

6051d 235'"" 3493" 

8680:' - 

6201 - 

6852.* - 

5503p - 

0 0 

38698 235' 

* *  

0 0  

7763:' 

3836 

5100' 

3895.? 

0 

1 9805 

i 

0 

' A l l  cases assume 0.2 w/o t a i l s  and 75:: capac i ty ,  f a c t o r .  

bNo c r e d i t  taken f o r  e n d - o f - r e a c t o r - l i f e  f i s s i l e  i n v e n t o r y  

' I n i t i a :  c y c l e  i s  1.47 y r  i n  l e n g t h  a t  753 c a p a c i t y  f a c t o r .  

dFrom r e f .  9. Based on three-enrichment-zone i n i t i a l  core,  a x i a l  b l a n k e t s  and improved r e f u e l i n g  p a t t e r n s  which a r e  c u r r e n t l y  
b e i n g  r e t r o f i t t e d  i n t o  many BWRs. 
improvements a r e  6443 ST U308/GWe and 3887 x l o 3  SWU/GWe r e s p e c t i v e l y .  

30-yr  U308 and SWU requi rements s u p p l i e d  t o  INFCE f o r  a re ference BWR n o t  employing these 

'Analyses performed f o r  e q u i l i b r i u m  c y c l e  o n l y .  
6Approximated from equi  1 i b r i  um c y c l e  requi rements.  
gFroni r e f .  8 .  

"From r e f .  10; a d j u s t e d  f r o r  80" c a p a c i t y  f a c t o r  t o  75% 

* T a i l s  uranium used f o r  p l u t o n i u m  d i l u e n t .  

Case B' i s  a p e r t u r b a  i o n  t o  t h e  r e f e r e n c e  UO, BWR assembly des ign  i n  t h a t  t h e  f o u r  

UO, c o r n e r  p i n s  i n  each f u e l  assembly a r e  r e p l a c e d  w i t h  f o u r  pure Tho2 p i n s .  

UO, p i n s  a r e  a d j u s t e d  i n  en r  chment t o  o b t a i n  a d e s i r a b l e  l o c a l  power d i s t r i b u t i o n  and t o  

achieve r e a c t i v i t y  l i f e t i m e .  

ments by o n l y ' Z %  r e l a t i v e  t o  t h e  r e f e r e n c e  des ign.  

removing t h e  Tho2 co rne r  p i n s  f rom t h e  spent  f u e l  assembl ies,  reassembl ing them i n t o  new 

assemblies, and r e i n s e r t i n g  them i n t o  t h e  r e a c t o r .  

ach ieve i nc reased  burnups (and a l s o  i nc reased  2 3 3 U  p r o d u c t i o n )  w i t h o u t  rep rocess ing .  

U308 requ i remen ts  f o r  t h i s  scheme ( i . e . ,  re-use o f  t h e  Tho2 rods  coupled w i t h  U02 stowaway) 

a r e  app rox ima te l y  1.3% h i g h e r  than  f o r  t h e  r e f e r e n c e  UO, c y c l e .  * 

The rema in ing  

I n  t h e  once- through mode t h i s  des ign  i nc reases  U308 r e q u i r e -  

T h i s  o p t i o n  c o u l d  be extended by 

T h i s  would p e r m i t  t h e  Tho2 p i n s  t o  
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Case B"  i s  a m o d i f i c a t i o n  o f  Case B '  i n  t h a t  i n  a d d i t i o n  t o  t h e  f o u r  Tho2 c o r n e r  

I n  t h e  once- through mode t h i s  des ign  i nc reases  U308 
p i n s ,  t h e  o t h e r  p e r i p h e r a l  p i n s  i n  t h e  assembly a r e  composed o f  MEU(235)/Th. The 

remainder o f  t h e  p i n s  c o n t a i n  LEU. 

requi rements by 12% r e l a t i v e  t o  t h e  r e f e r e n c e  BWR UO, des ign.  

Both Case B '  and Case B" would o f f e r  o p e r a t i o n a l  b e n e f i t s  t o  t h e  BWR s i n c e  t h e y  

T h i s  i s  have a l e s s  n e g a t i v e  dynamic v o i d  c o e f f i c i e n t  t han  t h e  reference U02 design.8 
d e s i r a b l e  s i n c e  t h e  s e n s i t i v i t y  t o  p ressu re  t r a n s i e n t s  i s  reduced. As shown i n  Table 

4.1-5, i n  e q u i l i b r i u m  c o n d i t i o n s  a BWR employing t h e  Tho;! co rne r  p i n  once-through de- 

s i g n  would d i scha rge  24 kg 233U/GWe a n n u a l l y  w h i l e  t h e  BWR employing t h e  p e r i p h e r a l  Tho, 
mixed l a t t i c e  des ign  would d i scha rge  125 kg 233U/GWe annua l l y .  

Use o f  these o p t i o n s  i n  t h e  once-through mode n o t  o n l y  c o u l d  improve t h e  o p e r a t i o n a l  

performance o f  t h e  BWR b u t  a l s o  would b u i l d  up a supply  o f  233U.  

be a v a i l a b l e  i f  a denatured 2 3 3 U  c y c l e  ( t o g e t h e r  w i t h  rep rocess ing )  were adopted a t  a l a t e r  

t ime. 
on t h e  performance o f  thorium-based f u e l s  i n  BWRs. 

i n  t h e  once-through mode may a l s o  be f e a s i b l e  i n  PWRs. 

T h i s  supp ly  would then  

Furthermore, use of t h e  mixed l a t t i c e  des igns c o u l d  be used t o  a c q u i r e  exper ience  
S i m i l a r  schemes f o r  t h e  use o f  t h o r i u m  

Al though o n l y  l i m i t e d  scoping a n a l y s i s  o f  t h e  s a f e t y  parameters i n v o l v e d  i n  t h e  

use of a l t e r n a t e  f u e l s  i n  BWRs has been performed,8 t h e  BWR t h o r i u m  f u e l  des igns appear 

t o  o f f e r  some advantageous t r e n d s  ove r  U02 des igns r e l a t i v e  t o  BWR o p e r a t i o n s  and s a f e t y .  

Uranium/thor ium f u e l s  have a l e s s  n e g a t i v e  steam v o i d  r e a c t i v i t y  c o e f f i c i e n t  t han  t h e  

U02 r e f e r e n c e  des ign  a t  e q u i l i b r i u m .  

o v e r p r e s s u r i z a t i o n  a c c i d e n t s  and improve t h e  r e a c t o r  s t a b i l i t y .  

r e a c t i v i t y  c o e f f i c i e n t  f o r  t h e  denatured 2 3 % / T h  f u e l  i n d i c a t e s  t h a t  t h e  c o r e  w i l l  have a 

f l a t t e r  a x i a l  power shape than  t h e  r e f e r e n c e  U02 des ign.  

i n c r e a s e  i n  kW/f t  marg in and inc rease  t h e  maximum average p l a n a r  hea t  genera t i on  r a t i o  

(MAPLHGR). A l t e r n a t i v e l y ,  i f  c u r r e n t  marg ins a r e  mainta ined,  t h e  f l a t t e r  a x i a l  power 

shape c o u l d  be u t i l i z e d  t o  i n c r e a s e  t h e  power d e n s i t y  o r  t o  a l l o w  r e f u e l i n g  p a t t e r n s  
aimed a t  improved f u e l  u t i l i z a t i o n .  

T h i s  e f f e c t  tends t o  reduce t h e  s e v e r i t y  o f  

The l e s s  n e g a t i v e  v o i d  

T h i s  c o u l d  r e s u l t  i n  an 
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4.2. SPECTRAL-SHIFT-CONTROLLED REACTORS 

N. L. Shapi ro 
Combustion Engineer ing,  I n c .  

The S p e c t r a l  - S h i f t - C o n t r o l  l e d  Reactor (SSCR) i s  an advanced thermal c o n v e r t e r  

r e a c t o r  t h a t  i s  based on PWR technology and o f f e r s  improved resource  u t i l i z a t i o n ,  p a r t i c -  

u l a r l y  on t h e  denatured f u e l  c y c l e .  The SSCR d i f f e r s  f rom t h e  conven t iona l  PWR i n  t h a t  i t  

i s  designed t o  m in im ize  t h e  number o f  r e a c t i o n s  i n  c o n t r o l  m a t e r i a l s  th roughou t  t h e  p l a n t  

l i f e ,  u t i l i z i n g  t o  t h e  e x t e n t  p o s s i b l e  captures o f  excess neutrons i n  f e r t i l e  m a t e r i a l  as 

a method o f  r e a c t i v i t y  c o n t r o l .  The r e s u l t i n g  i nc rease  i n  t h e  p r o d u c t i o n  o f  f i s s i l e  

m a t e r i a l  serves t o  reduce f u e l  makeup requi rements.  

I n  t h e  conven t iona l  PWR, l ong - te rm r e a c t i v i t y  c o n t r o l  i s  achieved by v a r y i n g  t h e  

c o n c e n t r a t i o n  o f  s o l u b l e  boron i n  t h e  c o o l a n t  t o  cap tu re  t h e  excess neutrons generated 

th roughou t  p l a n t  l i f e .  The s o l u b l e  boron c o n c e n t r a t i o n  i s  r e l a t i v e l y  h i g h  a t  beg inn ing  

o f  c y c l e ,  about  700 t o  1500 ppm, and i s  g r a d u a l l y  reduced d u r i n g  t h e  o p e r a t i n g  c y c l e  by t h e  

i n t r o d u c t i o n  o f  pu re  wa te r  t o  compensate f o r  t h e  d e p l e t i o n  o f  f i s s i l e  i n v e n t o r y  and t h e  
b u i l d u p  o f  f i s s i o n  p roduc ts .  

The SSCR c o n s i s t s  b a s i c a l l y  o f  t h e  s tandard PWR w i t h  t h e  conven t iona l  s o l u b l e  boron 

r e a c t i v i t y  c o n t r o l  system r e p l a c e d  w i t h  s p e c t r a l - s h i f t  c o n t r o l .  S p e c t r a l - s h i f t  c o n t r o l  i s  

achieved by t h e  a d d i t i o n  o f  heavy wa te r  t o  t h e  r e a c t o r  coo lan t ,  i n  a manner analogous t o  

t h e  use o f  s o l u b l e  boron i n  t h e  conven t iona l  PWR. S ince heavy wa te r  i s  a poo re r  moderator 

o f  neutrons than  l i g h t  water ,  t h e  i n t r o d u c t i o n  o f  heavy wa te r  s h i f t s  t h e  neu t ron  spectrum 

i n  t h e  r e a c t o r  t o  h i g h e r  ene rg ies  and r e s u l t s  i n  t h e  p r e f e r e n t i a l  a b s o r p t i o n  o f  neutrons 

i n  f e r t i l e  m a t e r i a l s .  I n  c o n t r a s t  t o  t h e  conven t iona l  PWR, where a b s o r p t i o n  i n  c o n t r o l  

absorbers is unproduc t i ve ,  t h e  a b s o r p t i o n  of excess neutrons i n  f e r t i l e  m a t e r i a l  breeds 

a d d i t i o n a l  f i s s i l e  m a t e r i a l ,  i n c r e a s i n g  t h e  convers ion  r a t i o  o f  t h e  system and dec reas ing  

t h e  annual makeup requi rements.  

D20 c o n c e n t r a t i o n  i s  employed i n  o r d e r  t o  i nc rease  t h e  a b s o r p t i o n  o f  neu t rons  i n  f e r t i l e  

m a t e r i a l  s u f f i c i e n t l y  t o  c o n t r o l  excess r e a c t i v i t y .  Over t h e  c y c l e ,  t h e  spectrum i s  
t h e r m a l i z e d  by decreas ing t h e  D20/H20 r a t i o  i n  t h e  c o o l a n t  t o  compensate f o r  f i s s i l e  

m a t e r i a l  d e p l e t i o n  and f i s s i o n - p r o d u c t  b u i l d u p ,  u n t i l  a t  end o f  c y c l e  e s s e n t i a l l y  pure 

l i g h t  wa te r  (app rox ima te l y  2 mole % D20) i s  p r e s e n t  i n  t h e  c o o l a n t .  

A t  beg inn ing  o f  c y c l e ,  a h i g h  (app rox ima te l y  50-70 mole % )  

The b a s i c  changes r e q u i r e d  t o  implement s p e c t r a l - s h i f t  c o n t r o l  i n  a conven t iona l  
PWR a r e  i l l u s t r a t e d  i n  a s i m p l i f i e d  and schematic fo rm i n  F ig .  4.2-1. 

PWR, pure w a t e r  i s  added and b o r a t e d  w a t e r  i s  removed d u r i n g  t h e  c y c l e  t o  compensate f o r  
t h e  d e p l e t i o n  o f  f i s s i l e  m a t e r i a l  and b u i l d u p  o f  f i s s i o n - p r o d u c t  poisons. 

wa te r  removed f rom t h e  r e a c t o r  i s  processed by t h e  boron c o n c e n t r a t o r  which separates t h e  

d ischarged c o o l a n t  i n t o  two streams, one c o n t a i n i n g  pure unborated wa te r  and t h e  second 

I n  t h e  conven t iona l  

The b o r a t e d  
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Fig. 4.2-1. Basic Spectral Shift Control Modifications, 

containing boron at high concentrations. 
of the subsequent cycle where it is used to provide the boron necessary to hold down the 
excess reactivity introduced by the loading of fresh fuel. 
identical nuclear steam supply system as employed in a conventional poison-controlled 
PWR, except that the boron concentrator i s  replaced with a D20 upgrader. 
of this upgrader is to separate heavy and light water, so that concentrated heavy water 
is available for the next refueling. 
lation columns which utilize the differences in volatility between light and heavy water 
to effect the separation. 
analogous functions and operate using similar processes, the D20 upgrader is much larger 
and more sophisticated, consisting of three or four towers each about 10 ft in diameter 
and 190 ft tall. 
the shift-control concept, numerous additional changes will be required to realize spec- 
tral-shift control in practice. These include modifications to minimize and recover D20 
leakage, to facilitate refueling, and to remove boron from the coolant after refueling. 

The latter stream is stored until the beginning 

The SSCR can consist of the 

The function 

The upgrader consists of a series of vacuum distil- 

Although the boron concentrator and the upgrader perform 

Although Fig. 4.2-1 illustrates the basic changes required to implement 
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I n i t i a l  analyses of spec t ra l - sh i f t -cont ro l  led reac tors  were ca r r i ed  out in the U.S. 

by M. C.  Edlund in the  ea r ly  1960s and an experimental ve r i f i ca t ion  program was performed 
by Babcock & Wilcox both f o r  L E U  fue l s  and f o r  HEU/Th f u e 1 s . l  
were performed f o r  reac tors  designed spec i f i ca l ly  f o r  s p e c t r a l - s h i f t  con t ro l ,  indicated 
t h a t  the  inventory and consumption of f i s s i l e  material  could be reduced by 25 and 50%, 

respec t ive ly ,  r e l a t i v e  t o  poison control i n  reac tors  fueled w i t h  highly enriched 2 3 5 U  and 
thorium oxide, and t h a t  a 25% reduction in uranium ore requirements could be rea l ized  with 
spec t ra l  sh i f t  control using the  LEU cycle.2 

Edlund's s tud ie s ,  which 

The spec t ra l - sh i f t -cont ro l  concept has been demonstrated by the  Vulcain reac tor  
experiment i n  the BR3 nuclear p lan t  a t  Mol, B e l g i ~ m . ~  
operation a s  a conventional PWR was modified f o r  spec t ra l - sh i f t -cont ro l  operation and 
successfu l ly  operated w i t h  this mode of control between 1966 and 1968. The Vulcain core 
operated t o  a core average b u r n u p  of 23,000 MWd/T (a  peak b u r n u p  of around 50,000 MWd/T) 
and achieved an average load f ac to r  and primary p lan t  a v a i l a b i l i t y  f a c t o r  of 91.2 and 
98.6, respec t ive ly .  
system to  the  atmosphere was found t o  be negl ig ib le ,  about 30 kg of D,O-H,O mixture per 
yea r .3  After the  Vulcain experiment was completed, the  BR3 was subsequently returned t o  

conventional PWR operation. In addition t o  demonstrating the  technical f e a s i b i l i t y  of  
s p e c t r a l - s h i f t  cont ro l ,  the  Vulcain experiment served t o  iden t i fy  the poten t ia l  engineering 
problems inherent i n  converting ex i s t ing  p lan ts  t o  the  s p e c t r a l - s h i f t  mode of cont ro l .  

The BR3 p lan t  a f t e r  two years of 

The leakage r a t e  of primary water from the  high-pressure r eac to r  

A t  the time of t he  major development work on the  SSCR concept, fuel resource con- 
servation was not recognized as having the  importance t h a t  i t  has today. Both  uranium 
ore  and separa t ive  work were r e l a t i v e l y  inexpensive and the  technology f o r  D20 concen- 
t r a t i o n  was not as f u l l y  developed as i t  i s  now. 
fueled breeder reac tor  would be deployed i n  the  not too d i s t a n t  fu tu re ,  t he re  appeared t o  
be l i t t l e  incentive t o  pursue the spec t ra l - sh i f t -cont ro l led  r eac to r  concept. 

W i t h  the expectation t h a t  the  plutonium- 

The decision t o  defer the  commercial use of plutonium and the  commercial plutoniurn- 
fueled breeder reac tor  i s ,  of course, the  primary motivation f o r  reevaluating advanced 
converters,  and the  principal incentive f o r  considering the  spec t ra l - sh i f t -cont ro l led  
reac tor  i s  t h a t  the  poten t ia l  gains i n  resource u t i l i z a t i o n  possible with the SSCR con- 
cept may be obtainable w i t h  changes la rge ly  l imited t o  anc i l l a ry  components and subsystems 
in ex i s t ing  PWR systems. 
a r e  a l so  enhanced by the low risk inherent i n  the concept. 
operated i n  t he  conventional poison control mode, there would be a reduced risk t o  s t a t i o n  
generating capacity i f  t he  SSCR were deployed, and f inanc ia l  risk would be limited t o  the 
cos t  of the additional equipment required t o  r e a l i z e  spec t r a l - sh i f t  control , which i s  
estimated t o  be only a few percent of the t o t a l  cos t  of the plant.  
both t o  capi ta l  and generating capacity,  i s  thus much lower than f o r  o ther  a l t e r n a t e  
reac tor  systems. 

The prospects of rapid acceptance and deployment o f  the  SSCR 
Since the  SSCR can always be 

The risk, w i t h  respec t  
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It may a l s o  prove f e a s i b l e  t o  b a c k f i t  e x i s t i n g  p r e s s u r i z e d  wa te r  r e a c t o r s  w i t h  

s p e c t r a l - s h i f t  c o n t r o l .  Such b a c k f i t t i n g  m i g h t  p o s s i b l y  be per formed i n  some completed 

p l a n t s  where t h e  l a y o u t  f a v o r s  m o d i f i c a t i o n s .  

b e n e f i t s  o f  b a c k f i t t i n g  would have t o  be g r e a t  t o  j u s t i f y  t h e  c o s t  o f  rep lacement  power 

d u r i n g  p l a n t  m o d i f i c a t i o n .  A second and p o t e n t i a l l y  more a t t r a c t i v e  a l t e r n a t i v e  i s  t h e  
p o s s i b i l i t y  o f  m o d i f y i n g  p l a n t s  s t i l l  i n  t h e  e a r l y  s tage  o f  c o n s t r u c t i o n  f o r  s p e c t r a l -  

s h i f t  c o n t r o l ,  o r  o f  i n c o r p o r a t i n g  f e a t u r e s  i n t o  these  p l a n t s  which would a l l o w  convers ion  t o  

s p e c t r a l - s h i f t  c o n t r o l  t o  be e a s i l y  accomplished a t  a l a t e r  date. 

However, even when judged  f e a s i b l e ,  t h e  

I n  o r d e r  t o  e s t a b l i s h  t h e  p o t e n t i a l  ga ins  i n  resource  u t i l i z a t i o n  which m igh t  be 

r e a l i z e d  w i t h  s p e c t r a l - s h i f t  c o n t r o l ,  scoping mass balance c a l c u l a t i o n s  have been performed 

by Combustion Eng ineer ing  f o r  SSCRs o p e r a t i n g  on b o t h  t h e  LEU c y c l e  and on thorium-based 

cyc les ,  i n c l u d i n g  t h e  denatured 2 3 3 U  cyc le .5  The c a l c u l a t i o n s  were performed f o r  t h e  C-E  

system 80TM core and l a t t i c e  des ign,  w i t h  t h e  i n t e n t  o f  upda t ing  t h e  e a r l i e r  analyses r e -  

p o r t e d  by Edlund t o  t h e  r e a c t o r  des ign  and o p e r a t i n g  c o n d i t i o n s  o f  modern PWRs u s i n g  s t a t e -  

o f - t h e - a r t  a n a l y t i c  methods and c ross  sec t i ons .  P r e l i m i n a r y  r e s u l t s  f rom t h i s  e v a l u a t i o n  

a r e  p resen ted  i n  Table 4.2-1. 

System 80 des ign  and o p e r a t i n g  procedures, and no a t t e m p t  has been made t o  o p t i m i z e  e i t h e r  

t h e  l a t t i c e  des ign o r  mode o f  o p e r a t i o n  t o  f u l l y  t a k e  advantage o f  s p e c t r a l - s h i f t  c o n t r o l .  

Note t h a t  t hese  r e s u l t s  were o b t a i n e d  u s i n g  t h e  s tandard  

Fo r  t h e  LEU throwaway mode, Table 4.2-1 i n d i c a t e s  a r e d u c t i o n  o f  r o u g h l y  10% b o t h  

i n  o r e  requi rements and i n  s e p a r a t i v e  work requi rements r e l a t i v e  t o  t h e  conven t iona l  PWR 

(compare w i t h  Case A o f  Table 4.1-1). 

t h e  o r e  demand (and s e p a r a t i v e  work) f o r  t h e  MEU/Th case by about  20% (compare w i t h  Case D 

i n  Table 4.1-1). 

I f  uranium r e c y c l e  i s  a l lowed,  t h e  SSCR a l s o  reduces 

O f  p a r t i c u l a r  i n t e r e s t  t o  t h i s  s tudy  i s  t h e  reduced e q u i l i b r i u m  c y c l e  makeup r e -  
qu i rements f o r  t h e  s p e c t r a l - s h i f t  r e a c t o r  f u e l e d  w i t h  233U. 

c y c l e  makeup requ i remen t  i s  236 kg 233U/GWe-yr as opposed t o  304 kg 233U/GWe-yr f o r  t h e  

conven t iona l  PWR (see Case E i n  Table 4.1-1). 
t h e  s l i g h t l y  h i g h e r  f i s s i l e  p l u t o n i u m  p roduc t i on ,  would a l l o w  a g i v e n  complement o f  energy- 

c e n t e r  b reeder  r e a c t o r s  t o  p r o v i d e  makeup f i s s i l e  m a t e r i a l  f o r  r o u g h l y  40% more d i spe rsed  

denatured SSCRs than  conven t iona l  denatured PWRs. A comparison o f  t h e  Pu/Th case w i t h  
Case H i n  Tab le  4.1-1 shows t h a t  t h e  SSCR and PWR a r e  comparable as t ransmuters.  These 
r e s u l t s  are,  o f  course, p r e l i m i n a r y  and a r e  l i m i t e d  t o  t h e  performance o f  o t h e r w i s e  un- 

mod i f i ed  PWR systems. A more a c c u r a t e  assessment o f  SSCR performance, i n c l u d i n g  t h e  
performance o f  systems o p t i m i z e d  f o r  s p e c t r a l - s h i f t  c o n t r o l ,  w i l l  be per formed as p a r t  o f  

t h e  NASAP program.6 

As i n d i c a t e d ,  t h e  e q u i l i b r i u m  

The reduced 233U requi rements,  coupled w i t h  

The p r e l i m i n a r y  s t u d i e s  performed t o  d a t e  and t h e  demons t ra t i on  o f  s p e c t r a l -  
s h i f t  c o n t r o l  i n  t h e  V u l c a i n  co re  have served t o  demonstrate t h e  f e a s i b i l i t y  of t h e  

concept and t o  i d e n t i f y  t h e  resource u t i l i z a t i o n  and economic i n c e n t i v e s  f o r  t h i s  
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Table 4.2-1. Fuel U t i l i z a t i o n  C h a r a c t e r i s t i c 2  f o r  SSCRs 
Under Var ious Fuel Cycle Optionsa. 

E q u i l i b r i u m  Cycle 
30-Y r Cumulative 

Fuel Type (kg/GWe) (kg/GWe-yr) (kg/GWe-yr) (ST/GWe) ( l o 3  kg SWU/GWe) 

I n i t i a l  F i s s i l e  F i s s i l e  30-Yr Cumulative Separat ive Work 
F i s s i l e  Inventory  Makeup Discharge U308 Requirement Requirement' 

D i s p e r s i b l e  Resource-Based Fuels 

713 2 3 5 U  182 2 3 5 U  5320 301 0 LEU, no r e c y c l e  1577 23511 
196 Puf 

MEU/Th. 2 3 5 U  feed, 2540 23511 371 2 3 5 U  228 23511 3220 
U r e c y c l e  371 23311 

65 Puf 

3077 

D i s p e r s i b l e  Denatured Fuel 

Denatured 233UD2/Th02, 1663 2 3 3 U  236 2 3 3 U  449 2 3 3 U  
U r e c y c l e  57 23511 

72 Puf 

Energy-Center-Constrained Fuel 

PuO,/ThO2. Pu r e c y c l e  2354 puf 791 Puf 780 Puf -- -- 
273 2 3 3 U  

3 2 3 5 u  

a 

b A s s ~ ~ e s  75% c a p a c i t y  fac to r ,  annual r e f u e l i n g ,  and 0.2 W/O t a i l s  assay. 

mode of operation. 
thorium fuel cycles will pose no additional problems or R&D needs beyond those required 
to implement this type of fuel in the conventional PWR. 
of spectral-shift control appears relatively well established, nevertheless there are a 
number of aspects of SSCR design which must be evaluated in order to fully assess the 
commercial practicality of spectral-shift-controlled reactors. The more significant of 

these are briefly discussed below. 

1290-MWe SSCR; 10-MWe a d d i t i o n a l  power r e q u i r e d  t o  run  r e a c t o r  c o o l a n t  pumps and D,O upgrader facility. 

Because the basic PWR NSSS* is used, the utilization o f  the denatured 

Although the general feasibility 

1. Resource Utilization - A more accurate assessment of resource utilization is 
required to more definitively establish the economic incentives for spectral-shift control 
on the LEU cycle. 
water reactors, the savings in U,O, and separative work for 235U-based systems must be 
demonstrated to be sufficiently large to compensate for the additional capital cost of 
equipment required to implement spectral-shift control. 
denatured 233U fuel is also required. 

If the concept is to be economically competitive with conventional 

A similar assessment for 

2 .  Plant Modifications - The plant modifications necessary to realize spectral- 
shift control must be identified, and the cost of these modifications established. The 
practicality and cost of these modifications, of course, bear directly on the economics 
and commercial feasibility of the concept. 
may be required to limit the leakage of primary coolant (from valve stems, seals, etc.) 
and the equipment required to recover unavoidable primary coolant leakage. 
coolant leakage is important both from the standpoint of economics, because of the high 
cost of D20, and from the standpoint of radiation hazard, because of the problem of occu- 
pational exposures to tritium during routine maintenance. Other possible modifications to 
current designs which result from the presence o f  D20, such as the increased fast fluence 
on the reactor vessel and possible changes in pumping power, will also have to be addressed. 

NSSS = Nuclear - Steam supply System. 

Of particular concern are modifications which 

Primary 
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3. Refueling System Modifications - A t  t h e  end of each operating cyc le ,  spent fuel 
must be discharged and f r e sh  fuel inserted in to  t h e  r eac to r  ( typ ica l ly  1/3-of t he  core 
loading i s  replaced each y e a r ) ,  and t h e  l i g h t  water present a t  end of cycle must be 
replaced w i t h  a D20-H20 mixture before the  r eac to r  can be returned t o  power operation. 
Refueling procedures and equipment must be developed which will  allow these  operations t o  
be performed with minimum D20 inventory requirements. Minimizing the  D20 inventory i s  
important t o  t h e  economics and commercial f e a s i b i l i t y  of t he  SSCR, s ince  the  cos t  of D20 
represents roughly 75% of the  additional cap i t a l  expenditures required t o  r e a l i z e  spec t r a l -  
s h i f t  cont ro l .  
times because of the adverse e f f e c t  on capacity f a c t o r  and the  r e su l t i ng  increase i n  power 
cos t .  
mized during re fue l ing  operations.  

Care must a l so  be taken t o  ensure t h a t  re fue l ing  does not increase outage 

The exposure of personnel t o  tritium generated i n  t he  coolant must a l so  be mini- 

4. D20 Upgrader Design - Although D20 upgraders have ye t  t o  be employed in con- 
junction w i t h  s p e c t r a l - s h i f t  cont ro l ,  s imi l a r  units have operated on CANDU reac tors  , and 
vacuum d i s t i l l a t i o n  columns a re  a l so  u t i l i z e d  i n  heavy-water production f a c i l i t i e s .  
the technical f e a s i b i l i t y  of t h e  D,O upgrader can be considered as demonstrated. 
a conceptual upgrader design optimized f o r  t he  s p e c i f i c  demands of t he  SSCR must be 
developed so t h a t  i t s  cos t  can be determined. The upgrader i s  probably the  s ing le  most 
s ign i f i can t  and cos t ly  piece of equipment which must be added t o  r e a l i z e  s p e c t r a l - s h i f t  
cont ro l .  

T h u s ,  
However, 

5. Licensabi l i ty  and Safety - Although the  spec t r a l - sh i f t - con t ro l l ed  reac tor  i s  
not expected t o  r a i s e  any new sa fe ty ,  l i cens ing  o r  environmental i s sues  except the  basic 
i ssue  of t r i t i um production and containment, a number of core physics parameters a re  
changed s u f f i c i e n t l y  t h a t  the  response t o  postulated accidents must be evaluated. 
most s i g n i f i c a n t  of these appears t o  be the  somewhat d i f f e r e n t  moderator temperature co- 
e f f i c i e n t  of r e a c t i v i t y ,  which could lead t o  a number o f  po ten t i a l ly  more severe accidents 
ea r ly  i n  cycle when the  D20 concentration i s  r e l a t i v e l y  h i g h .  The D20 d i lu t ion  accident 
must a l so  be addressed; t h i s  accident i s  analogous t o  the  boron d i l u t i o n  accident i n  the  
poison-controlled PWR, b u t  the  response t o  D20 d i lu t ion  may be more rapid and hence the  
accident may be po ten t i a l ly  more severe than i t s  counterpart  i n  the  PWR. 

The 

F ina l ly ,  i t  should be pointed out t h a t  while the r e l a t ionsh ip  of the SSCR t o  the  
LWR gives i t  market advantages, i t  a l s o  gives i t  some disadvantages r e l a t i v e  t o  o ther  
a l t e rna t ives .  
LWR, t he  basic proper t ies  of l i g h t  water and t h e  LWR design c h a r a c t e r i s t i c s  inherent i n  
the SSCR wi l l  limit i t s  fuel u t i l i z a t i o n  e f f i c i ency  t o  lower l eve l s  than those achievable 
w i t h  other a l t e rna t ives  such as the  HWR.  On t he  o ther  hand, t he  prospect f o r  ea r ly  and 
widespread deployment may mean t h a t  i t  could e f f e c t  a more s i g n i f i c a n t  reduction in over- 
a l l  system U,08 demand than m i g h t  be achievable with o ther  a l t e r n a t i v e s ,  even though the  
inherent resource u t i l i z a t i o n  of an individual SSCR p lan t  may be l e s s  than t h a t  of o ther  
systems. 

Although the  SSCR demand f o r  U308 will  be l e s s  than t h a t  of t he  conventional 

Employing denatured SSCRs would allow aciditional time t o  develop e f f e c t i v e  



4-29 

safeguards f o r  breeder reac tors  which will  eventually be required. 
produce 233U, which, a s  pointed out above, could then be denatured and used in  SSCRs. 

These breeders might 

1. 

2 .  

3. 

4, 

5 ,  

6 .  
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4.3. HEAVY-WATER REACTORS 

Y. I. Chang 
Argonne N a t i o n a l  Labora to ry  

Due t o  t h e  low neu t ron  a b s o r p t i o n  c ross  s e c t i o n  o f  deuter ium, r e a c t o r s  u t i l i z i n g  heavy 

water  as t h e  moderator  t h e o r e t i c a l l y  can a t t a i n  h i g h e r  convers ion  r a t i o s  than  r e a c t o r s  u s i n g  

o t h e r  moderators. 
t h e  s t r u c t u r a l  m a t e r i a l s  and f i s s i o n  p roduc ts  i n  t h e  d i f f e r e n t  r e a c t o r  t ypes  make t h e  con- 

v e r s i o n  e f f i c i e n c y  more dependent on r e a c t o r  des ign  than  on moderator  t ype .  I n  t h e  s tudy  

r e p o r t e d  here, a c u r r e n t - g e n e r a t i o n  1200-MWe CANDU des ign  was chosen as t h e  model f o r  ex- 
amin ing t h e  e f f e c t s  o f  v a r i o u s  f u e l  c y c l e  op t i ons ,  i n c l u d i n g  t h e  denatured 2 3 3 U  c y c l e ,  on 

heavy-water-moderated r e a c t o r s .  

As a p r a c t i c a l  ma t te r ,  however, d i f f e r e n c e s  i n  t h e  neu t ron  a b s o r p t i o n  i n  

The CANDU des ign  d i f f e r s  f rom t h e  LWR des ign  p r i m a r i l y  i n  t h r e e  areas: i t s  r e f e r e n c e  

f u e l  i s  n a t u r a l  uranium r a t h e r  than  en r i ched  uranium; i t s  c o o l a n t  and moderator  a r e  separated 

by a p ressu re  tube; and i t s  f u e l  management scheme employs cont inuous o n - l i n e  r e f u e l i n g  

r a t h e r  than  p e r i o d i c  r e f u e l i n g .  

economy was s t ressed,  t r y i n g  i n  e f f e c t  t o  t a k e  maximum advantage o f  t h e  D20 p r o p e r t i e s .  

o n - l i n e  r e f u e l i n g  scheme was i n t r o d u c e d  t o  m in im ize  t h e  excess r e a c t i v i t y  requi rements.  
i l n l i k e  i n  most o t h e r  r e a c t o r  systems, i n  t h e  na tu ra l -u ran ium D,O system t h e  p a y o f f  i n  r e -  

duc ing  p a r a s i t i c  a b s o r p t i o n  and excess r e a c t i v i t y  requi rements i s  d i r e c t  and s u b s t a n t i a l  i n  

t h e  amount o f  burnup achievable.  
c o n v e r t e r  when t h e  n a t u r a l  uranium r e s t r i c t i o n  i s  removed and/or  f u e l i n g  schemes based on 

r e c y c l e  m a t e r i a l s  a r e  i n t roduced .  

I n  t h e  development o f  t h e  CANDU r e a c t o r  concept, neu t ron  

The 

These same c o n s i d e r a t i o n s  a l s o  make t h e  CANDU an e f f i c i e n t  

Penal t i e s  assoc ia ted  w i t h  t h e  improved neu t ron  economy i n  t h e  natura l -uranium- 

f u e l e d  CANDU i n c l u d e  a l a r g e  i n v e n t o r y  o f  t h e  moderator  ( t h e  D20 be ing  a s i g n i f i c a n t  po r -  
t i o n  o f  t h e  p l a n t  c a p i t a l  c o s t ) ,  a l a r g e  f u e l  mass f l o w  th rough  t h e  f u e l  c y c l e  and a l ower  
thermal  e f f i c i e n c y .  I n  en r i ched  f u e l  cyc les ,  w i t h  t h e  r e a c t i v i t y  c o n s t r a i n t  removed, t h e  

CANDU des ign  can be r e o p t i m i z e d  f o r  t h e  p r e v a i l i n g  economic and resource  c o n d i t i o n s .  

The r e o p t i m i z a t i o n  o f  t h e  c u r r e n t  CANDU des ign  i n v o l v e s  t r a d e o f f s  between economic 
c o n s i d e r a t i o n s  and t h e  neu t ron  economy (and hence t h e  f u e l  u t i l i z a t i o n ) .  Fo r  example, 

t h e  D20 i n v e n t o r y  can be reduced by a s m a l l e r  l a t t i c e  p i t c h ,  b u t  t h i s  r e s u l t s  i n  a poo re r  

f u e l  u t i l i z a t i o n .  Also, t h e  l a t t i c e  p i t c h  i s  c o n s t r a i n e d  by t h e  p r a c t i c a l  l i m i t a t i o n s  

p laced  on i t  by t h e  r e f u e l i n g  machine opera t i ons .  

The f u e l  mass f l o w  r a t e  (and hence t h e  fabrication/reprocessing c o s t s )  can be r e -  

duced by i n c r e a s i n g  t h e  d i scha rge  burnup, b u t  t h e  i nc reased  burnup a l s o  r e s u l t s  i n  a p o o r e r  

f u e l  u t i l i z a t i o n .  I n  a d d i t i o n ,  t h e  burnup has an impact  on t h e  f u e l  i r r a d i a t i o n  per form- 

ance r e l i a b i l i t y .  The f u e l  f a i l u r e  r a t e  i s  a s t r o n g  f u n c t i o n  o f  t h e  burnup h i s t o r y ,  and 
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a s i g n i f i c a n t  i n c r e a s e  i n  burnup ove r  t h e  c u r r e n t  des ign  would r e q u i r e  mechanical des ign 
m o d i f i c a t i o n s .  

The thermal  e f f i c i e n c y  can be improved by i n c r e a s i n g  t h e  c o o l a n t  pressure.  T h i s  
would r e q u i r e  s t r o n g e r  p ressu re  tubes and thus  p e n a l i z e  t h e  neu t ron  economy. 

e n r i c h e d  f u e l i n g  c o u l d  r e s u l t  i n  a h i g h e r  power peaking f a c t o r ,  which would r e q u i r e  a r e -  

duced l i n e a r  power r a t i n g ,  un less  an improved f u e l  management scheme i s  developed t o  r e -  

duce t h e  power peaking f a c t o r .  

The use o f  

Scoping c a l c u l a t i o n s  have been per formed t o  address p o s s i b l e  des ign  m o d i f i c a t i o n s  

f o r  CANDU f u e l  c y c l e s  o t h e r  than  n a t u r a l  ~ r a n i u m , l - ~  and d e t a i l e d  des ign  t r a d e o f f  and 

o p t i m i z a t i o n  s t u d i e s  assoc ia ted  w i t h  t h e  e n r i c h e d  f u e l  c y c l e s  i n  CANDUs a r e  b e i n g  c a r r i e d  

o u t  by Combustion Eng ineer ing  as a p a r t  o f  t h e  NASAP program. 

i n  which o n l y  t h e  r e l a t i v e  performance o f  t h e  denatured 2 3 3 U  c y c l e  i s  addressed, t h e  c u r r e n t -  

g e n e r a t i o n  1200-MWe CANDU f u e l  des ign  presented i n  Table 4.3-1 was assumed f o r  a l l  excep t  

t h e  na tu ra l -u ran ium- fue led  r e a c t o r .  

t o  be ach ievab le  w i t h  t h e  c u r r e n t  des ign )  and t h e  o n - l i n e  r e f u e l i n g  c a p a b i l i t y  were a l s o  

assumed. 

I n  t h e  s tudy  r e p o r t e d  here, 

A d i scha rge  burnup o f  16,000 MWD/T (which i s  b e l i e v e d  

The f u e l  u t i l i z a t i o n  c h a r a c t e r i s t i c s  f o r  v a r i o u s  f u e l  c y c l e  op t i ons ,  i n c l u d i n g  t h e  

denatured 2 3 3 U  c y c l e  o p t i o n ,  were analyzed a t  Argonne N a t i o n a l  L a b o r a t o r y 5  and t h e  r e s u l t s  
a r e  summarized i n  Table 4.3-2. Some observa t i ons  a r e  as f o l l o w s :  

1. Natura l -Uranium Once-Through Cycle:  I n  t h e  r e f e r e n c e  n a t u r a l  uranium cyc le ,  

t h e  30-yr  U308 requi rement  i s  about  4,700 ST/GWe, which i s  app rox ima te l y  20% l e s s  than 

t h e  requ i remen t  f o r  t h e  LWR once-through cyc le .  

c o n c e n t r a t i o n  i n  t h e  spent  f u e l  i s  l ow  ( ~ 0 . 2 7 % ) ~  t h e  t o t a l  q u a n t i t y  o f  f i s s i l e  p lu ton ium 

d i scha rged  a n n u a l l y  i s  t w i c e  t h a t  f rom t h e  LWR. 

Even though t h e  f i s s i l e  p lu ton ium 

2. S l i gh t l y -Enr i ched-Uran ium Once-Through Cycle: W i th  s l i g h t l y - e n r i c h e d  uranium 
(1% 235U), a 16,000-MWD/T burnup can be achieved and t h e  U,O, consumption i s  reduced by 
25% f rom t h e  na tu ra l -u ran ium cyc le .  As shown i n  F ig .  4.3-1, t h e  optimum enr ichment  i s  

i n  t h e  area o f  1.2%, which corresponds t o  a burnup o f  about  20,000 MWD/T. 

3. Pu/U, Pu Recycle: I n  t h i s  o p t i o n ,  t h e  n a t u r a l  uranium f u e l  i s  "topped" w i t h  

0.3% f i s s i l e  p lu ton ium. 
ton ium c o n t e n t  i n  t h e  d i scha rge  i s  s u f f i c i e n t  t o  keep t h e  system go ing  w i t h  o n l y  t h e  

na tu ra l -u ran ium makeup. 

t h e  na tu ra l -u ran ium cyc le .  (Sma l le r  p l u t o n i u m  topp ings  decrease t h e  burnup and make t h e  

system a n e t  p lu ton ium producer; l a r g e r  topp ings  i nc rease  t h e  burnup and make t h e  system 

a n e t  p lu ton ium burner . )  

A d i scha rge  burnup o f  16,000 MWD/T can be achieved and t h e  p l u -  

The U308 requi rement  i s  reduced t o  about  one h a l f  o f  t h a t  f o r  
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Table 4.3-1. CANDU-PHW Design Parameters 

N a t u r a l  U ran i  um T h o r i  um 
System Sys tem 

Fuel Element 
Sheath o.d, mm 
Sheath i .d, m 
Sheath m a t e r i a l  
P e l l e t  o.d, mm 
Fuel d e n s i t y ,  g /cc 
Fuel m a t e r i a l  

Bund1 e 
Number o f  elements/bundle 
Length, mm 
A c t i v e  f u e l  l e n g t h ,  mm 
Volume o f  end p lugs,  e t c .  , cc 
Vo id  i n  end reg ion ,  cc 
Coo lan t  i n  end reg ion ,  cc 

Ring l (No. / rad ius,  rnm) 
R ing 2(No./radius, mm) 
Rino 3(No. / rad ius,  mm) 
Ring 4(No./radius, mm) 

Channel 
Number o f  bundles 
- 
Pressure tube  m a t e r i a l  
Pressure tube  i.d, mm 
Pressure tube  o.d, mrn 
Cal a n d r i  a tube  m a t e r i  a1 
Ca landr ia  tube  i .d, mm 
C a l a n d r i a  tube  o.d, mm 
P i t c h ,  mm 

Core 
Number o f  channels 
Net  MWe 

- 
Net thermal  e f f i c i e n c y ,  X 

Opera t i ng  Cond i t i ons  
D20 p u r i t y ,  % 
Average p i n  l i n e a r  power, W/cm 
Average temperature,  C 0 

Fuel 
Sheath 
Cool a n t  
Moderator  

13.075 
12.237 
Z r -4  
12.154 
10.3G 

"O2 

37 
495.3 
476.82 
54.25 
24.14 
76.69 

1/0.0 
6/14.885 

18/43.305 
i2/28.755 

12 
Zr-Nb 
103.378 
11 1.498 
Zr-2 
128.956 
131.750 
285.75 

380 
633 
29.0 

99.75 

271.3 

9 36 
290 
290 
68 

13.081 
12.244 
Z r -4  
12.154 
9.4 
Tho2 

37 
495.3 
475.4 
65.68 
34.99 
66.43 

1 /o. 0 
611 4.884 
12/28.753 
18/43.307 

12 
Zr-Nb 
103.400 
111.782 
Zr-2 
129.200 
131.740 
285.75 

728 
1229 
29.7 

99.75 
269.3 

850 
293 
293 
5 7  



Table 4.3-2. Fuel U t i l i z a t i o n  C h a r a c t e r i s t i c s  f o r  CANOUs Under Var ious  Fuel  Cyc le  Opt ionsd 

E q u i l i b r i u m  Cyc le  Net F i s s i l e  Consumption U,O, Requirement 
I n i t i a l  
F i s s i l e  F i s s i l e  F i s s i l e  F i s s i l e  I n i t i a l  

I n v e n t o r y  Charge D ischarge Enrichmentb Burnup Annual L i f e t  i mev Loading Annual L i f e t i m e  
Fue l  Type (kg/GWe) (kg/GWe-yr) (kglGWe-yr) (% HM) (MWD/kg HM) (kg/GWe-yr) (kg/GWe) (ST/GWe) (ST/GWe) (ST/GWe) 

N a t u r a l  U, 
no r e c y c l e  

S l i g h t l y  e n r i c h e d  
U, no r e c y c l e  

MEU/Th, 
no r e c y c l e  

MEU/Th, 
U r e c y c l e  

Denatured 
233U02/Th02, 
U r e c y c l e  

pum, 
Pu r e c y c l e  

HEU/Th, U r e c y c l e  

897 2 3 5 U  

1261 2 3 5 U  

2121 2350 

2121 2351) 

1648 2 3 3 U  

897 23511 
378 P U ~  

2159 2 3 5 U  

852 235U 

561 2 3 5 U  

1052 2 3 5 U  

250 - 2 3 5 U d  

685 2 3 3 U  

831 2 3 3 U  

399 2 3  5u 
168 P U ~  

191 235Uf 

750 2 3 3 U  

249 235Uc 
340 Puf 

59 2 3 5 u c  
183 Puf 

336 2 3 5 U c  
25 Puf 

476 2 3 3 U  

99 2 3 5 U d  
30 Puf 

685 233U 

729 2 3 3 U  
32 Puf 

61 235Uc 
197 Puf 

86 2 3 5 U f  
2 Puf 

750 2 3 3 U  

D i s p e r s i b l e  Resource-Based Fue ls  

0.711 7.5 

1 .0  16 

1.88 16 
(20% i n  u )  

1.65 16 
(13% i n  U) 

Denatured D i s p e r s i b l e  Fue l  

(12% i n  U )  

NU c o n t a i n i n g  16 

Reference Fuel  

1.91 16 

1.46 16 

Energy-Center  Const ra ined Fue l  

0.3% Pu 

(93% i n  U) 

603 2 3 5 U  
-340 Puf 

502 2 3 5 U  
-183 Puf 

716 2 3 5 U  
-25 Puf 

-476 2 3 3 U  

151 2 3 5 U  
-30 Puf 

0 2 3 3 u  

102 23311 
-32 Puf 

338 2 3 5 U  
-29 Puf 

105 235U 

0 2 3 %  
-2 Puf 

25605 2 3 5 U  
-10200 Puf 

17530 2 3 5 U  
-5490 P u ~  

32629 2 3 5 U  
-750 P u ~  

-14280 2 3 3 U  

6500 2 3 5 U  

0 23311 

4606 2 3 3 U  
-960 Puf  

-900 Puf 

10699 2 3 5 U  
-870 Puf 

5204 235U 
-60 Puf 

0 23311 

164 156 4688 

257 114 3563 

538 267 8281 

P 
I 

w 
w 

538 38d 1 640e 

0 0 0 

164 73 2281 

548 27f  1331e 

:A l l  cases assume 75% c a p a c i t y  f a c t o r .  

;NO c r e d i t .  

:Excludes t r a n s i t i o n  requ i rements  and o u t - o f - c o r e  i n v e n t o r i e s .  

'No c r e d i t  f o r  e n d - o f - l i f e  core. 

For  f r e s h  f u e l .  

250 kg minus 99 kg 235U/GWe-yr i s  e q u i v a l e n t  t o  6 3  ST minus 25 ST U,O,/GWe-yr; t h u s  annual U30e requ i rement  i s  63 - 25=38 ST/GWe. 

191 kg minus 86 kg 235U/GWe-yr i s  e q u i v a l e n t  t o  48 ST minus 21 ST U,O,/GWe-yr; thus  annual  U30a requ i rement  i s  48 - 21=27 ST/GWe, 
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F ig .  4.3-1. Fuel  U t i l i z a t i o n  C h a r a c t e r i s t i c s  f o r  Enriched-Uranium-Fueled CANDU. 

4. HEU/Th, U Recycle: W i th  93% 235U-enr iched uranium s t a r t u p  and makeup, t h e  

annual U308 makeup requi rements a t  n e a r - e q u i l i b r i u m  a r e  about  27 ST/GWe f o r  t h e  16,00CLMWD/T 
burnup case. 

28% o f  t h e  LWR t h o r i u m  c y c l e  (see Cases A and J i n  Tab le  4.1-1). 
U,08 requi rement  is more than  double t h a t  o f  t h e  CANDU s l i g h t l y  e n r i c h e d  uranium cyc le .  
I n  a d d i t i o n ,  t h e  t r a n s i t i o n  t o  e q u i l i b r i u m  and t h e  o u t - o f - c o r e  i n v e n t o r y  requi rements,  de- 

pending on t h e  r e c y c l e  tu rn -a round  t ime,  can be v e r y  s i g n i f i c a n t .  

T h i s  n e t  consumption o f  U308 i s  o n l y  14% o f  t h e  LWR once-through c y c l e  and 

However, t h e  i n i t i a l  c o r e  

5. Denatured U/Th, U Recycle (233U Makeup): The i n i t i a l  co re  233U i n v e n t o r y  r e q u i r e -  

ment i s  about  1,650 kg/GWe, w i t h  an annual n e t  requ i remen t  o f  about  100 kg 233U/GWe. 

6. MEU/Th, U Recycle ( 2 3 5 U  Makeup): The i n i t i a l  co re  requ i remen t  i s  about  t h e  same 

as t h a t  f o r  t h e  s tandard  t h o r i u m  c y c l e  ( i .e . ,  HEU/Th c y c l e ) ;  however, t h e  e q u i l i b r i u m  n e t  

U308 consumption i s  s l i g h t l y  increased.  

7. MEU/Th, No Recycle: T h i s  c y c l e  o p t i o n  i s  i n c l u d e d  t o  i n d i c a t e  t h a t  r e c y c l e  o f  

t h e  s e l f - g e n e r a t e d  2 3 3 U  i s  a d v i s a b l e  f o r  t h e  MEU/Th cycle.. The l i f e t i m e  U308 requ i remen t  
f o r  t h e  once-through MEU/Th c y c l e  i s  about  8,300 ST, which i s  a f a c t o r  o f  2.3 h i g h e r  t h a n  

t h a t  f o r  t h e  once-through enr iched-uranium c y c l e  i n  CANDU r e a c t o r s .  
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4.4. GAS-COOLED THERMAL REACTORS 

J .  C. Cleveland 
Oak Ridge National Laboratory 

4.4.1. High-Temperature Gas-Cooled Reactors 

The High-Temperature Gas-Cooled Reactor (HTGR) i s  another candidate f o r  implementing 
a1 t e rna te  fuel cycle opt ions ,  pa r t i cu la r ly  t h e  denatured 2 3 3 U  cycle. Unlike o ther  reac tor  
types t h a t  generally have been optimized f o r  e i t h e r  L E U  o r  mixed oxide ( P u / ~ ~ * U )  f ue l ,  the  
HTGR has a design based on u t i l i z a t i o n  of 
design HTGRs may not meet po ten t ia l  proliferation-based fuel cyc le  r e s t r i c t i o n s ,  the  r e fe r -  
ence design involves both 2 3 2 T h  and 2 3 3 U ,  which a re  the  primary mater ia l s  i n  t he  denatured 
fuel cycle. 

a thorium fuel cyc le ,  and although current-  

In cont ras t  t o  the  fuel f o r  water-cooled reac tors  and f a s t  breeder reac tors ,  the  
fuel f o r  HTGRs i s  not i n  the form of metal-clad rods b u t  r a the r  i s  composed of coated fuel 
p a r t i c l e s  bonded together by a graphi te  matrix in to  a fuel s t i ck .  The coatings on the  i n -  
dividual fuel p a r t i c l e s  provide fission-product containment. 
i n  fuel holes i n  hexagonal graphi te  fuel blocks. 
o f  coolant channels through which the  helium flows. 
p a r t i c l e s  a r e  of two types: 
of pyrocarbon and s i l i c o n  carbide; and f e r t i l e  p a r t i c l e s  cons is t ing  of T h o 2  kernels coated 
only w i t h  pyrocarbon. The pyrocarbon coating on the f e r t i l e  p a r t i c l e s  can be burned off 
while the S ic  coating on the  f i s s i l e  p a r t i c l e s  cannot. Therefore the  two p a r t i c l e  types 
can be physically separated p r io r  t o  any chemical reprocessing. 
hot demonstrations of t he  hcad-end processing operations unique t o  this reac tor  f u e l ,  t he  
crushing and burn ing  of t he  fuel elements, t he  mechanical p a r t i c l e  separa t ion ,  and the 
p a r t i c l e  crushing and b u r n i n g  a r e  needed t o  ensure t h a t  low-loss reprocessing can take 
place. 

The fuel s t i c k s  a r e  loaded 
These blocks a l so  contain hexagonal arrays 

In the  conventional HTGR the  fue l  
f i s s i l e  p a r t i c l e s  cons is t ing  of UC2 kernels coated w i t h  l ayers  

As indicated i n  Chapter 5, 

An inherent f ea tu re  of the  HTGR which r e s u l t s  in uranium resource conservation i s  
All e l s e  being equal,  t h i s  f a c t  alone r e s u l t s  i n  a i t s  high (% 40%) thermal e f f ic iency .  

15% reduction i n  uranium resource requirements compared t o  LWRs, which achieve a 34% 
thermal e f f ic iency .  This l a rge r  thermal e f f ic iency  a l s o  leads t o  reduced thermal 

discharges t h a t  provide s ign i f i can t  s i t i n g  advantages f o r  HTGRs, espec ia l ly  i f  many reac- 
t o r s  a r e  t o  be deployed in cent ra l  loca t ions  such as energy centers.  

Other f ac to r s  inherent in HTGR design t h a t  lead t o  improved U+I8  u t i l i z a t i o n  due 

1 .  
t o  t he  improved neutron economy are:  

Absorption of only plr 1.6% of the  neutrons by HTGR p a r t i c l e  coa t ings ,  g raphi te  
moderator, and helium coolant,  compared t o  an absorption of % 5.6% of the neu- 
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t r o n s  i n  t h e  Z i r c a l o y  c l a d d i n g  and t h e  c o o l a n t  o f  conven t iona l  PWRs (%4% o f  a l l  
neu t ron  abso rp t i ons  i n  PWRs r e s u l t  f rom hydrogen abso rp t i on ) .  

Low 233Pa bu rnou t  due t o  t h e  l ow  (7-8 W/cm3) power dens i t y .  2. 

The combinat ion o f  low power d e n s i t y  and l a r g e  co re  h e a t  c a p a c i t y  a s s o c i a t e d  w i t h  

t h e  g r a p h i t e  moderator  and t h e  ceramic f u e l  l a r g e l y  m i t i g a t e  t h e  consequences o f  HTGR l o s s -  

o f - c o o l a n t  acc iden ts .  Loss of c o o l i n g  does n o t  l e a d  t o  severe c o n d i t i o n s  n e a r l y  as q u i c k l y  

as i n  conven t iona l  LWRs o r  FBRs s i n c e  t h e  hea t  c a p a c i t y  o f  t h e  co re  i s  mainta ined,  t h e r e -  

f o r e  a l l o w i n g  c o n s i d e r a b l e  t i m e  t o  i n i t i a t e  a c t i o n s  designed t o  p r o v i d e  a u x i l i a r y  co re  coo l i ng .  

The HTGR o f f e r s  a near- term p o t e n t i a l  f o r  r e a l i z a t i o n  o f  improved U308 u t i l i z a t i o n .  

The 330-MWe F o r t  S t .  V r a i n  p l a n t  has been under s t a r t - u p  f o r  seve ra l  yea rs  w i t h  a c u r r e n t  

l i c e n s e d  power l e v e l  o f  70% and t h e  p l a n t  has opera ted  a t  t h e  70% power l e v e l  f o r  l i m i t e d  

pe r iods .  
apparent  d u r i n g  t h i s  s t a r t - u p  p e r i o d  and w i l l  serve as t h e  b a s i s  f o r  improvements i n  t h e  

commercial p l a n t  design. 

A da ta  c o l l e c t i o n  program i s  p r o v i d i n g  feedback on problem areas t h a t  a r e  becoming 

An advantage o f  t h e  HTGR steam c y c l e  i s  t h a t  i t s  commerc ia l i za t i on  c o u l d  l e a d  t o  

l a t e r  c o m m e r c i a l i z a t i o n  of advanced gas-cooled systems based on t h e  HTGR technology.  

i n c l u d e  t h e  HTGR gas t u r b i n e  system which has a h i g h  thermal  e f f i c i e n c y  of 45 t o  50% and 

t h e  VHTR (Very H igh  Temperature Reactor)  system f o r  h igh- temperature process h e a t  a p p l i c a -  

t i o n .  

These 

Mass balance c a l c u l a t i o n s  have been performed by General Atomic f o r  s e v e r a l  a l t e r n a t e  
HTGR f u e l  c y c l e s , l  and some a d d i t i o n a l  c a l c u l a t i o n s  c a r r i e d  o u t  a t  ORNL have v e r i f i e d  c e r t a i n  

GA r e s u l t s . 2  T h e i r  r e s u l t s  f o r  t h e  f o l l o w i n g  f u e l  c y c l e s  a r e  presented here: 

D i s p e r s i b l e  Resource-Based Fue ls  

1. LEU, no r e c y c l e .  

a. 
b. 

Carbon/uranium r a t i o  (C/U)  = 350. 
C/U = 400, o p t i m i z e d  f o r  no recyc le .  

2. 

3. 

MEUjTh (20% 235U/U mixed w i t h  232Th), C/Th = 650, no recyc le .  

MEU/Th (20% 235U/U), C/Th = 306 f o r  i n i t i a l  core, C/Th = 400 f o r  r e l o a d  segments, 

2331) r e c y c l e .  

D i s p e r s i b l e  Denatured Fuel 

4. MEU/Th (15% 233U/U),  C/Th = 274/300 ( i n i t i a l  c o r e / r e l o a d  segments), o p t i m i z e d  

f o r  uranium r e c y c l e  ( 2 3 3 U  + 2351)). 

Energy-Center-Constrained Fuel 

5 .  Pu/Th, C/Th = 650 (batch- loaded co re ) .  

Reference Fuels  

6. 

7. 

8. 

HEU(235U)/Th, C/Th = 214/238 ( i n i t i a l  c o r e / r e l o a d  segments), no recyc le ,  

HEU(233U)/Th, C/Th = 150, h igh -ga in  design, uranium r e c y c l e .  

HEU(235U)/Th, C/Th = 180/180 ( i n i t i a l  co re / re load  segments), uranium r e c y c l e  
( f r o m  r e f .  3). 
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A l l  of t h e  above f u e l  c y c l e s  a r e  f o r  a 3360-MWtY 1344-MWe HTGR w i t h  a co re  power den- 

s i t y  o f  7.1 Wt/cm3. Table 4.4-1 p rov ides  a summary, o b t a i n e d  f r o m  t h e  d e t a i l e d  mass balance 
i n f o r m a t i o n  i n  r e f .  1, of t h e  convers ion  r a t i o ,  f i s s i l e  requi rements,  f i s s i l e  d ischarge,  and 

U308 and s e p a r a t i v e  work requi rements.  
an e q u i l i b r i u m  c y c l e  enr ichment  o f  7.4 w/o and 8.0 w/o, r e s p e c t i v e l y .  

p r e f e r r e d  f o r  no - recyc le  c o n d i t i o n s .  

Cases 1-a and 1-b i n v o l v e  t h e  use o f  LEU f u e l  w i t h  
Case 1-b would be 

I n  Case 2 tho r ium i s  used w i t h  20% 235U/U (MEU/Th) f o r  no - recyc le  c o n d i t i o n s .  

t h a t  w h i l e  t h e  i n i t i a l  U308 and f i s s i l e  l o a d i n g  requi rements a r e  h i g h e r  f o r  t h e  MEU/Th case 
than  f o r  t h e  LEU cases, due t o  t h e  l a r g e r  thermal  a b s o r p t i o n  c ross  s e c t i o n  o f  t h o r i u m  and t h e  

p a r t i a l  u n s h i e l d i n g  o f  t h e  238U resonances r e s u l t i n g  f r o m  i t s  reduced d e n s i t y ,  t h e  cumu la t i ve  

U308 requi rements a r e  s l i g h t l y  l e s s  f o r  t h e  MEU/Th case. 

a t t a i n a b l e  i n  HTGRs and t h e  r e s u l t a n t  l a r g e  amount o f  b red  2 3 3 U  which i s  burned i n  s i t u .  

Other  c o n v e r t e r  and advanced c o n v e r t e r  r e a c t o r s  (LWRs, SSCRs, and HWRS) t y p i c a l l y  r e q u i r e  

l e s s  U,O, f o r  t h e  LEU case than  f o r  t h e  MEU/Th case w i t h  no r e c y c l e .  

Note 

T h i s  r e s u l t s  f rom t h e  h i g h  burnup 

Case 3 a l s o  uses t h e  MEU/Th feed  b u t  w i t h  r e c y c l e  o f  2 3 3 U .  The unburned 2 3 5 U  and 

The b r e d  2 3 3 U  r e -  p l u t o n i u m  d i scha rged  i n  t h e  denatured 2 3 5 U  p a r t i c l e s  i s  n o t  r e c y c l e d .  

covered f rom t h e  f e r t i l e  p a r t i c l e ,  however, i s  denatured, combined w i t h  thor ium, and 

recyc led .  
t h a t  an i s o t o p i c  m i x  o f  15% 2 3 3 U  and 85% 2 3 8 U  p r o v i d e d  adequate dena tu r ing .  

burnup and t h e  f a c t  t h a t  t h e  the rma l -neu t ron  spectrum i n  HTGRs peaks near  t h e  239Pu and 241Pu 
resonances, a l a r g e  amount o f  t h e  f i s s i l e  p l u t o n i u m  b red  i n  t h e  denatured f u e l  i s  burned 

i n  s i t u ,  t hus  r e s u l t i n g  i n  t h e  l ow  f i s s i l e  p l u t o n i u m  c o n t e n t  o f  t h e  f u e l  a t  d ischarge.  

s i d e r a b l e  2 3 8 U  s e l f - s h i e l d i n g  i s  ob ta ined  by  t h e  lumping o f  t h e  238U i n  t h e  coated p a r t i c l e  

ke rne ls .  
p a r t i c l e s  , the reby  l o w e r i n g  t h e  2 3 8 U  resonance i n t e g r a l  and, consequent ly ,  t h e  amount o f  

bred p l u t o n i u m  d i ~ c h a r g e d . ~  

I n  t h e  c a l c u l a t i o n s  f o r  a l l  cases i n v o l v i n g  r e c y c l e  o f  denatured 233U,  GA assumed 
Due t o  t h e  h i g h  

Con- 

S tud ies  a r e  c u r r e n t l y  underway a t  GA concern ing  t h e  use o f  l a r g e r  d iamete r  f i s s i l e  

Case 4 employs a denatured 233U f e e d  and i n c l u d e s  uranium r e c y c l e .  It r e p r e s e n t s  a 

f e a s i b l e  successor t o  Case 3 once an exogenous source o f  2 3 3 U  i s  a v a i l a b l e .  

Case 5 i n v o l v e s  Pu/Th f u e l .  S ince no 238U i s  p r e s e n t  i n  t h e  core,  no p l u t o n i u m  i s  
bred; o n l y  233U i s  bred. 

r e s u l t i n g  i n  enhanced n e u t r o n  economy. 

e s s e n t i a l l y  achieves t h e  "Phoenix" f u e l  c y c l e  e f f e c t ,  i .e., t h e  decrease i n  239Pu c o n t e n t  

i s  l a r g e l y  compensated f o r  by b u i l d u p  o f  241P11 f rom 240Pu c a p t u r e  and by b u i l d u p  o f  233U 
f r om 232Th capture,  r e s u l t i n g  i n  a n e a r l y  c o n s t a n t  r a t i o  o f  f i s s i l e  c o n c e n t r a t i o n  t o  240Pu 

c o n c e n t r a t i o n .  There fo re  t h e  f u e l  r e a c t i v i t y  i s  r e l a t i v e l y  c o n s t a n t  o v e r  a l o n g  burnup 

p e r i o d ,  r e d u c i n g  t h e  need f o r  c o n t r o l  po ison.  T h i s  a l l o w s  t h e  c o r e  t o  be b a t c h  loaded; 

i . e . ,  t h e  e n t i r e  c o r e  i s  re loaded  a t  app rox ima te l y  5 - y r  i n t e r v a l s .  

m in im izes  down t i m e  f o r  r e f u e l i n g  and e l i m i n a t e s  problems o f  power s h a r i n g  between f u e l  

elements o f  d i f f e r e n t  ages. 

any c y c l e .  It i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  Pu/Th case p resen ted  i n  Table 4.4-1 i s  n o t  

T h i s  r e a c t o r  has g r e a t l y  reduced requi rements f o r  c o n t r o l  po ison,  
T h i s  r e s u l t s  f r o m  t h e  f a c t  t h a t  t h i s  Pu/Th HTGR 

T h i s  r e l o a d  scheme 

Furthermore, i t  a l l o w s  easy convers ion  t o  a U/Th HTGR a f t e r  



Table 4.4-1. Fuel U t i l i z a t i o n  C h a r a c t e r i s t i c s  f o r  HTGRs Under Various Fuel  Cycle Opt ions 

U,O, RequirementC Separa t ive  Work RequirementC 
E q u i l i b r i u m  Cycleb (ST/GWe) ( l o 3  kg SWU/GWe) I n i t i a l  Core Requirements? 

Discharge o f  
F i s s i l e  HM F i s s i l e  Nonrecycl ab1 e 30-yr T o t a l  30-yr T o t a l  

Conversion Ra t io  Inven to ry  Loading Makeup F i s s i l e  Ma te r ia l  f o r  CF o f  f o r  CF o f  
Case, Fuel  Type ( 1 s t  Cy./Eq. Cy. ) (kg/GWe) (MT/GWe) (kg/GWe-yr) (kg/GWe-yr) I n i t i a l  65.9%/75%d’e I n i t i a l  65.9%/75%d 

D ispe rs ib le  Resource-Based Fue ls  
1-a, LEU, 
no recyc le ,  
C/U = 350 

1-b, LEU, 
no recyc le ,  
C/U = 400 

2, MEU(ZO% 235U)/Th, 
no recyc le ,  
C/Th = 650 

3, MEU(ZO% 235U)/Th,f 
2 3 3 U  recyc le ,  
C/Th = 306/4OOg 

4, MEU(15% 233U)/Th,f 
U recyc le ,  
C/Th = 274/300 

5, Pu/Th, 
C/Th = 650 

6, HEU(Z35U)/Th, 
no recyc le ,  
C/Th = 214/238 

7, HEU(233U)/Th, 
h i / g a i n ,  U recyc le ,  
C/Th = 150 

8, HEU(235U)/Th, 
h i  /ga in ,  
U recyc le ,  
C/Th = 180/180 

0.580/0.553 

0.557/0.526 

0.630/0.541 

0.682/0.631 

0 . 8 ~ 0 . 7 6 4  

0.617/0.617 

0.723/0.668 

0.91 510.859 

/0.75 

901 23511 

819 2 3 5 U  

1077 235U 

1474 2 3 5 U  

1168 2330 

3153 Pufh 

1358 23511 

1395 2 3 3 U  
139 2 3 5 U  

1987 235drk 

113 235U 
69 Puf 

24.6 U 608 2350 

21.6 U 576 2 3 5 U  77 23511 
52 Puf 

5.4 u 551 235U 47 23% 
20.2 Th 74 2 3 %  

22 Puf 

7.4 u 397 2 3 5 u  
27.5 Th 

65 235U 
36 Puf 

D i s p e r s i b l e  Denatured Fuel 
7.9 u 246 2 3 3 U  35 Puf 

30.7 Th 

Energy-Center-Constrained Fuel 
12.2 Th 630 Puf 102 Puf 

97 23311 

Reference Fuels 

2.0 u 120 23311 
53.0 Th 12 23% 

44.6 TI)”k 239 235Uk 1 Puf 
2.1 UJ>k 6 2 3 5 U  

217 

197 

274 

371 

0 

0 

345 

0 

505j. 

4272/4860 

4040/4594 

3967/4515 

3229/3666 

0 

0 

3864/4395 

0 

/2280 

142 3319/3781 

130 3188/3629 

249 3640/4143 

340 2933/3361 

0 0 

a I n i t i a l  c y c l e  l a s t s  one ca lendar  yea r  a t  60% capac i t y  fac to r .  
bEqu i l i b r i um c y c l e  capac i ty  fac to r  i s  72%. 
‘&sumes 0.2 w/o t a i l s .  

Value preced ing  s lash  i s  f o r  an average 30-yr capac i t y  f a c t o r  of 65.9; va lue  fo l l ow ing  s lash  i s  f o r  a cons tan t  capac i t y  f a c t o r  o f  75%. 
o c r e d i t  taken f o r  end o f  l i f e  core. 

235U from MEU p a r t i c l e  o r  Pu recyc led  i n  Case 3; a l l  U recyc led  i n  Case 4, b u t  no Pu recyc led .  
S I n i t i a l  co re / re load  segment. 
!Core i s  ba tch  loaded; i n i t i a l  l oad  prov ides  f i s s i l e  m a t e r i a l  f o r  4 y r  o f  opera t ion .  
.Reference f u e l s  a re  considered on ly  as l i m i t i n g  cases. 

k l n i t i a l  c v c l e  Tenqth i s  1.6 vr. 
Numter, shown a re  f o r  a caoac i ty  f a c t o r  o f  75%. 

P 
I 

W 
CD 
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o p t i m i z e d  f o r  h i g h  convers ion;  r a t h e r  i t  i s  a Pu bu rne r  designed f o r  l ow  f u e l  c y c l e  cos ts .  
A Pu/Th case designed f o r  h i g h  2 3 3 U  p r o d u c t i o n  would have a C/Th r a t i o  f o r  t h e  e q u i l i b r i u m  

c y c l e  o f  s430 r a t h e r  than  650 as i n  Case 5 ( r e f .  5) .  

I n  Case 6 t h e  f e e d  i s  f u l l y  en r i ched  (93%)  uranium and t h o r i u m  and no r e c y c l e  i s  a l lowed.  

I f  2 3 3 U  r e c y c l e  i s  n o t  contemplated, t h e  economical optimum 
Such a system would p r o v i d e  t h e  means f o r  g e n e r a t i n g  a p o t e n t i a l  s t o c k p i l e  o f  233U i n  t h e  

absence o f  rep rocess ing  c a p a b i l i t y .  

once-through c y c l e  would have a l ower  t h o r i u m  l o a d i n g  (C/Th = 330). 

Case 7 i n v o l v e s  t h e  use o f  h i g h l y  e n r i c h e d  233U and uranium r e c y c l e .  The heavy f e r -  

t i l e  l o a d i n g  (C/Th = 150) r e s u l t s  i n  t h e  h i g h  convers ion  r a t i o  (and h i g h  i n i t i a l  f i s s i l e  

l o a d i n g  requ i remen t )  shown i n  Table 4.4-1. 

Case 8 i n v o l v e s  t h e  use o f  f u l l y  e n r i c h e d  (93%) uranium and t h o r i u m  designed f o r  

r e c y c l e  c o n d i t i o n s .  

r e c y c l e  case f o r  comparison w i t h  t h e  o t h e r  above cases. 

T h i s  i s  i n c l u d e d  as t h e  pre-1977 r e f e r e n c e  h i g h - g a i n  HEU(235U)/Th 

Both GA and ORNL have performed mass balance c a l c u l a t i o n s  f o r  an HEU(235U)/Th f u e l  

c y c l e  w i t h  uranium recycle.2,6 These c a l c u l a t i o n s  were f o r  a 1160-MWe p l a n t  w i t h  a power 

d e n s i t y  o f  8.4 Wt/cm3 and a C/Th r a t i o  f o r  t h e  f i r s t  c o r e  and r e l o a d  c y c l e s  o f  214 and 

238 r e s p e c t i v e l y .  

( f o r  a c a p a c i t y  f a c t o r  o f  75% and an assumed t a i l s  enr ichment  o f  0.2 w/o) o f  2783 ST U 3 O d  

GWe and 2778 kg  SWU/GWe, r e s p e c t i v e l y ,  

a r e  2690 ST U30,/GWe and 2684 kg  SWU/GWe. 

Comparison o f  these r e s u l t s  w i t h  t h e  same case w i t h o u t  r e c y c l e  (Case 6, Table 4.4-1) shows 

a U308 sav ings o f  ~ 3 8 %  i f  uranium i s  recyc led .  

The GA r e s u l t s  i n d i c a t e  cumu la t i ve  U308 and s e p a r a t i v e  work requi rements 

The co r respond ing  r e s u l t s  f o r  t h e  ORNL c a l c u l a t i o n s  

As can be seen, t h e  agreement i s  f a i r l y  good. 

It i s  conven t iona l  t o  compare 30-yr  cumu la t i ve  U308 and s e p a r a t i v e  work requi rements 

f o r  d i f f e r e n t  r e a c t o r  t ypes  on a pe r  GWe b a s i s  w i t h  an assumed c o n s t a n t  c a p a c i t y  f a c t o r .  
The r e s u l t s  r e p o r t e d  i n  Table 4.4-1 were generated f o r  an assumed v a r i a b l e  c a p a c i t y  f a c t o r  

which averaged 65.9% ove r  t h e  30-yr l i f e .  To f a c i l i t a t e  comparison w i t h  U308 requi rements 

i n  o t h e r  s e c t i o n s  o f  Chapter 4, es t ima ted  30-yr  requi rements f o r  a cons tan t  c a p a c i t y  f a c t o r  

o f  75% have a l s o  been i n c l u d e d  i n  t h e  t a b l e .  These va lues were ob ta ined  by  a p p l y i n g  a 

f a c t o r  o f  0.750/0.659 t o  t h e  c a l c u l a t e d  requi rements f o r  t h e  v a r i a b l e  c a p a c i t y  f a c t o r .  

Obv ious l y  t h i s  techn ique  i s  an approx ima t ion  b u t  i t  i s  f a i r l y  accurate.  

ments f o r  a 75% c a p a c i t y  f a c t o r  f o r  Case 8 were e x p l i c i t l y  c a l c u l a t e d  and n o t  o b t a i n e d  by  

t h e  above e s t i m a t i n g  procedure. 

The 30-yr r e q u i r e -  

As i s  i n d i c a t e d  i n  Table 4.4-1, t h e  MEU(20% 235U)/Th no - recyc le  cas.e i s  more r e -  

source e f f i c i e n t  t han  t h e  LEU no - recyc le  case. 

a b l e  i n  HTGR f u e l s  and t h e  h i g h  i n  s i t u  u t i l i z a t i o n  of 233U. 
t h rough  MEU(20% 235U)/Th c y c l e  r e q u i r e s  s i g n i f i c a n t l y  more U308 t h a n  t h e  once- through LEU 
c.ycle. Thus MEU(20% 235U)/Th f u e l s  i n  HTGRs a r e  an a t t r a c t i v e  o p t i o n  f o r  stowaway c y c l e s  

i n  which 2 3 3 U  i s  b r e d  f o r  l a t e r  use. 

T h i s  r e s u l t s  f rom t h e  h i g h  exposure a t t a i n -  

I n  wate r  r e a c t o r s ,  t h e  once- 
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4.4.2. Pebble-Bed High-Temperature Reactors 

A second h igh - tempera tu re  gas-cooled thermal  r e a c t o r  t h a t  i s  a p o s s i b l e  cand ida te  

f o r  t h e  denatured 2 3 3 U  f u e l  c y c l e  i s  t h e  Pebble-Bed Reactor  (PBR). 

began i n  August, 1966, i n  J u l i c h ,  West Germany, w i t h  t h e  c r i t i c a l i t y  o f  t h e  A rbe i tgeme insha f t  

Versuch Reaktor  (AVR), a 46-MWt r e a c t o r  t h a t  was developed t o  g a i n  knowledge and exper ience  

i n  t h e  c o n s t r u c t i o n  and o p e r a t i o n  of a h igh - tempera tu re  hel ium-cooled r e a c t o r  f u e l e d  w i t h  

Exper ience w i t h  PBRs 

s p h e r i c a l  elements comprised o f  carbon-coated f u e l  p a r t i c l e s .  

t o  serve as a b a s i s  f o r  f u r t h e r  development of t h i s  concept  i n  West Germany. 

T h i s  exper ience  was i n t e n d e d  

Genera t i on  

o f  e l e c t r i c i t y  w i t h  t h e  AVR began i n  1967. 

I n  a d d i t i o n  t o  g e n e r a t i n g  e l e c t r i c  power, t h e  AVR i s  a t e s t  f a c i l i t y  f o r  i n v e s t i g a t -  

i n g  t h e  behav io r  o f  s p h e r i c a l  f u e l  elements. I t  a l s o  i s  a s u p p l i e r  o f  h igh-burnup h i g h -  

temperature r e a c t o r  f u e l  elements f o r  t h e  West German f u e l  rep rocess ing  development work. 
The c o n t i n u a t i o n  o f  t h e  PBR development i n i t i a t e d  by t h e  AVR i s  rep resen ted  by  t h e  THTR 

a t  Schmehausen, a r e a c t o r  designed f o r  750 MWt w i t h  a n e t  e l e c t r i c a l  o u t p u t  o f  300 MW. 

S t a r t u p  o f  t h e  THTR i s  expected about  1980. 

The PBR concept o f f e r s  f a v o r a b l e  Table 4.4-2. PBR Core Design 

Power, Qt 
Power d e n s i t y  

3000 M W t  

5 MW/m3 

Hea t ing  o f  he l i um 250+985 "C 
He1 i um i n l  e t  p ressu re  40 atm 

P1 a n t  e f f i c i e n c y  , Qe/Qt 0.40 
He igh t  o f  b a l l  f i l l  550 cm 

Radius 589 cm 
B a l l  pack ing 5394 b a l l  s/m3 
I n n e r  f u e l i n g  zone: 

Outer  r a d i u s  505 cm 
4 Number o f  b a l l  f l o w  channels 

R e l a t i v e  r e s i d e n c e  t i m e  9/9/9/9 
Outer  f u e l i n g  zone: 

Outer  r a d i u s  589 cm 
1 

Re1 a t i  ve res idence  t ime 13 
Number o f  b a l l  f l ow  channels  

Top r e f l e c t o r :  

conse rva t i on  o f  uranium resources due t o  

i t s  low f i s s i l e  i n v e n t o r y  requi rements and 

t o  t h e  h i g h  burnup t h a t  i s  ach ievab le  i n  

PBR elements. T h i s  has been demonstrated 

by t h e  a n a l y s i s  o f  seve ra l  once-through 

c y c l e s  c a l c u l a t e d  f o r  t h e  PBR by a phys i cs  

des ign  group7 a t  KFA J u l i c h ,  West Germany, 
and summarized here. The r e a c t o r  c o r e  de- 
s i g n  used f o r  t h e  s tudy  i s  desc r ibed  i n  

Table 4.4-2. Var ious f u e l  e lement  t ypes  

were considered,  d i f f e r i n g  by t h e  coated 
p a r t i c l e  t ypes  used and by t h e  heavy meta l  

l oad ing .  The b a s i c  f u e l  element des ign  i s  

shown i n  Table 4.4-3, t h e  coated p a r t i c l e  

des igns a r e  desc r ibed  i n  Table 4.4-4, and 

t h e  composi t ions of t h e  v a r i o u s  f u e l  e l e -  

ment t ypes  a r e  g i v e n  i n  Table 4.4-5. The 

T h i  c knes s 
Graph i te  d e n s i t y  

Bottom r e f l e c t o r :  

Thickness 
G r a p h i t e  d e n s i t y  

Rad ia l  r e f  1 e c t o r  : 

Thickness 
G r a p h i t e  d e n s i t y  

200 once-through c y c l e s  considered a r e  de- 
0 * 3 2  s c r i b e d  below, w i t h  t h e  co re  composi t ions 

o f  each g i v e n  i n  Table 4.4-6. 
150 

1.60 
Case 1, LEU. Low-enriched uranium 

i s  loaded i n t o  t h e  coated f u e l  p a r t i c l e s .  

The r a d i a l  power p r o f i l e  i s  f l a t t e n e d  by 
100 

1.60 
v a r y i n g  t h e  enr ichment  i n  t h e  i n n e r  and 
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Table 4.4-3. P B R  Fuel Element Design o u t e r  r a d i a l  c o r e  zones. The enr ichment  

o f  t h e  i n n e r  zone i s  7.9 a t . %  and t h a t  o f  

t h e  o u t e r  zone i s  11.1 at.%. B a l l  d iameter  6 cm 

Thickness o f  g r a p h i t e  s h e l l  0.5 cm 
Graph i te  d e n s i t y  1 .70 g/cm3 Case 2, MEU/Th. ( U  + Th)02 f u e l  

w i t h  20% e n r i c h e d  uranium i s  loaded i n t o  

t h e  coated f u e l  p a r t i c l e s .  The heavy meta l  

l o a d i n g  i n  t h e  MEU/Th f u e l  element i s  between t h a t  o f  t h e  THTR and AVR elements. 

Case 1, t h e  r a d i a l  power i s  f l a t t e n e d  by t h e  c h o i c e  o f  f i s s i l e  l o a d i n s  o f  t h e  elements i n  t h e  

i n n e r  and o u t e r  r a d i a l  c o r e  zones, 6.85 and 11.4:; r e s p e c t i v e l y .  

would r e q u i r e  some development and t e s t i n g .  

As i n  

The coate i l  p a r t i c l e s  

Case 3, Seed and Breed F!EU/Th. ( U  + Th)O, f u e l  w i t h  20% e n r i c h e d  uranium i s  loaded 

i n t o  seed elements and Tho2 i s  loaded i n t o  breed elements. 

breed elements, ,361) b r e d  i n t o  t h e  seed elements w i l l  n o t  have contaminated t h e  2 3 3 U  p ro -  
duced i n  t h e  breed elements i n  case r e c y c l e  i s  op ted  f o r  l a t e r .  Graph i te  b a l l s  a r e  added 

t o  t h e  i n n e r  c o r e  zone t o  a d j u s t  t h e  carbon/heavy me ta l  r a t i o  (C/HM) t o  t h a t  o f  t h e  o u t e r  

zone. 

same as i n  t h e  AVR. 
ments, 16.54 g HM/ball ,  i s  c u r r e n t l y  be ing  tes ted .  

By t h u s  s e p a r a t i n g  t h e  seed and 

The heavy me ta l  l o a d i n g  o f  6 g HM/ball i n  t h e  seed elements i s  e s s e n t i a l l y  t h e  

The f e a s i b i l i t y  o f  a c o n s i d e r a b l y  h e a v i e r  l o a d i n g  o f  t h e  breed e l e -  

Case 4, HEU/Th. ( U  + Th)O, f u e l  w i t h  93% e n r i c h e d  uranium i s  loaded i n t o  t h e  coa ted  

The o n l y  
f u e l  p a r t i c l e s .  
those o f  THTR f u e l  elements, which have been l i c e n s e d  and a r e  b e i n g  manufactured. 
m o d i f i c a t i o n  i s  t h e  f i s s i l e  l o a d i n g .  

and o u t e r  r a d i a l  co re  zones i s  v a r i e d  t o  f l a t t e n  t h e  r a d i a l  power d i s t r i b u t i o n ,  t h e  i n n e r  zone 

f i s s i l e  l o a d i n g  b e i n g  6.23% o f  t h e  heavy me ta l  and t h e  o u t e r  zone f i s s i l e  l o a d i n g  b e i n g  10.9%. 

The coated p a r t i c l e  and f u e l  e lement  des igns a r e  e s s e n t i a l l y  i d e n t i c a l  t o  

Again t h e  f i s s i l e  l o a d i n g  o f  t h e  elements i n  t h e  i n n e r  

Case 5, Seed and Breed HEU/Th. (U + Th)Oz f u e l  w i t h  93% e n r i c h e d  uranium i s  loaded 

i n t o  seed elements and breed elements c o n t a i n  Tho, o n l y .  

tened by t h e  cho ice  o f  t h e  m i x i n g  f r a c t i o n  o f  seed and breed b a l l s  i n  t h e  i n n e r  and o u t e r  

r a d i a l  c o r e  zones, and g r a p h i t e  b a l l s  a r e  added t o  t h e  i n n e r  zone t o  adapt  t h e  C/HM r a t i o  

t o  t h a t  o f  t h e  o u t e r  zone. I n  t h e  seed elements t h e  HEU i s  mixed w i t h  some Tho2 i n  o r d e r  

t o  achieve a prompt n e g a t i v e  Doppler  c o e f f i c i e n t .  
b a l l s  i s  e s s e n t i a l l y  t h e  same as t h a t  i n  t h e  AVR and t h e  f e a s i b i l i t y  o f  t h e  l o a d i n g  o f  

t h e  breed elements i s  be ing  t e s t e d .  

The r a d i a l  power p r o f i l e  i s  f l a t -  

Again t h e  heavy me ta l  l o a d i n g  o f  t h e  

The mass f l o w  da ta  f o r  t h e  e q u i l i b r i u m  c y c l e  o f  each o f  t h e  f i v e  cases a r e  p re -  

The h i g h  thermal  c ross  s e c t i o n s  o f  239Pu, 24*Pu and 241Pu, t h e  sented i n  Table 4.4-7. 
s o f t  spectrum, and t h e  l ow  s e l f - s h i e l d i n g  o f  t h e  f u e l  e lement  des ign  l e a d  t o  a v e r y  h i g h  

i n - s i t u  u t i l i z a t i o n  o f  t h e  f i s s i l e  p l u t o n i u m  (95% f o r  t h e  MEU/Th c y c l e s ) .  

t h e  h i g h  burnup r e s u l t s  i n  t h e  low d i scha rge  p l u t o n i u m  f i s s i l e  f r a c t i o n s  shown i n  Tab le  

4.4-7. 

I n  a d d i t i o n ,  

The b u i l d u p  o f  p l u t o n i u m  i s o t o p e s  i n  t h e  MEU/Th c y c l e  i s  shown i n  Fig. 4.4-1. 
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Table 4.4-4. PBR Coated P a r t i c l e  Design 

Kernel Carbon Coat ings - 
Diameter D e n s i t y  Thicknesses Clens i t ies 'YPe 

(g/cm3 1 ( l J m )  ( g/cm3) 
Na t e  r i a 1 ( m )  

I U/Th02 400 9.50 85/30/80 1.0/1.6/1.85 
I 1  U/ThO, 400 9.50 50/80 1.0/1.85 

I11 uo2 800 9.50 11 0/80 1.0/1 .85 
__-_ 

Table 4.4-5. Composit ion of PBR Fuel Elements 

heavy Meta l  Moderat ion 
I d e n t i f i c a t i o n  Type o f  Loading R a t i o  

Coated P a r t i c l e a  (g /ba l1 )  (NC/NHM) 

M1 
112 

s1 

s2 
B1 

B2 

L1 

L2 

I 
I 

I 1  

I 1  
I 1  

I 1  

I11 
I11 

11.24 

8.07 
6.0 

6.0 
20.13 

16.54 

9.88 

11.70 

325 
458 

61 7 

629 

180 

220 

380 

320 

G Carbon 

'See Table 4.4-4. 

Table 4 - 4 4 .  Composit ion o f  PBR Core Regions Used i n  
Mass Flow C a l c u l a t i o n s  

I n n e r  Core Outer Core 

Fuel 
F i s s i l e  Loadinq Element Type F i  s s i  1 e Loading 

Case Fuel 
Element Typea 

( F r a c t i o n a l  M i x i n g )  ( Nf i s"'HM) ( Frac ti ona 1 M i  x i  ng ) (N f i  s/NHM) 

1, LEU L1 (1.0)  0.079 L2 (1.0)  0.111 

2, MEU/Th 1.12 ( 1  .O) 0.0685 M2 (1 .O) 0.114 
3, Seed and S 2  (0.485) 0.20 52 (0.765)  0.20 

4, HEU/Th M1 (1.0)  0.0623 M1 (1.0)  0.109 

Breed MEU/Th B2 (0.305) 82 (0.235) 
G (0.210) 

5, Seed and S1 (0.40) 0.27 S1 (0.69) 0.27 
Breed HEU/Th B l  (0 .39)  B1 (0.31) 

G (0 .21)  

See Table 4.4-5. a 



Tab le  4.4-7.  Fue l  U t i l i z a t i o n  C h a r a c t e r i s t i c s  f o r  E q u i l i b r i u m  Cyc les  o f  PBRs 
Under V a r i o u s  Fue l  O p t i o n s a  w i t h  No Recyc le  

Burnup I s o t o p i c  F r a c t i o n  Fue l  Convers ion  Fue 1 L o a d i n g  D i s c h a r g e  
R a t i o  E l  emen t s b  (kg/GWe-yr ) (kg/GWe-yr 1 o f  D i s c h a r g e  Pu (MWO/kg HM) Case Type 

1 LEU 

2 

3 

D i s p e r s i b l e  Resource-Based F u e l s  

0.58 L1 + L2 575 235u 93 23% 
80 2 3 6 U  

6168 2 3 8 U  5719 2 3 8 U  
6743 Utot' 5892 Utot' 

MEU/Th 0.58 

Seed & Breed 0.56 
MEU/Th 

M2 

s2 

82 

42 239(Pu,Np) 
26 2 4 0 P u  
21 241Pu 
24 242Pu 

113 Putot. 

4158 Th 3881 Th 

2163 2 3 8 U  1965 238U 
2697 Utot' 2195 Utot' 

9 239(Pu,Np) 
9 '40Pu 
5 24'Pu 

13  242Pu 

36 Putot' 

540 *35U 30 235U 
81 236U 

2190 2 3 %  1982 238U 

2730 Utot' 2093 Utot' 

9 2 3 9 ( P ~ , N p )  
9 24OPu 
5 241Pu 

14 242Pu 

37 putot. 

4170 Th 3881 Th 

82 z33(U,Pa) 
22 23411 

4 23511 
1 23611 

100 

0.37 2 3 9 ( P ~ , N p )  
0.23 240Pu 
0.19 241Pu 
0.21 242Pu 

Puf/Putot' = 0.56 

100 

201 

0.24 239(Pu,Np) 
0.25 240Pu 
0.14 241Pu 
0.38 242Pu 

Puf/Putot' = 0.38 

35 

f 
-Fa 
-Fa 

0.25 2 3 9 ( P ~ , N p )  
0.26 240Pu 
0.14 241Pu 
0.34 242Pu 

Puf/Putot' = 0.39 

108 U t o t '  
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CR/CIRLL @:: , , As can be seen, t h e  235Pu c o n t e n t  peaks a t  

5 30 MWD/kg, dec reas ing  t h e r e a f t e r .  

h i g h e r  Pu i s o t o p e s  tend  t o  peak a t  h i g h e r  

Compared t o  an LWR w i t h  LEU f u e l ,  

The 

u-239 0 . 0 1  
U - 2 4 0  u-242 burnups so t h a t  a t  d i scha rge  242Pu domi- 

na tes .  
t h e  PBR w i t h  MEU/Th f u e l  d i scha rges  o n l y  8% 100 tlUO/KC 50 

H ~ ~ ~ . T ~ ~ ~ ~ ~ ~ ~ - R ~ ~ , , ~ ~ , ~ ~ ~  as much f i s s i l e  p lu ton ium. Furthermore, t h e  
F ig ,  4.4-1. Bu i l dup  of t h e  Pluton iun;  f i s s i l e  f r a c t i o n  o f  t h e  d ischarged p lu ton iurn 

i s  o n l y  39% compared t o  71% f o r  an LWR. 
I s o t o p i c  Composit ion i n  t h e  MEU/Th Fuel .  

Table 4.4-8 p resen ts  U308 requi rements o f  t h e  v a r i o u s  once-through  cycle^.^,^ 
30-yr cumu la t i ve  U308 demands f o r  t h e  MEU/Th once- through c y c l e  and t h e  HEU/Th once- 

througn c y c l e  were determined by  e x p l i c i t  30 -y r  c a l c u l a t i o n s . 8  The 30 -y r  cuml;lative U308 

demands f o r  t h e  LEU, t h e  seed-and-breed MEU/Th and t h e  seed-and-breed HEU/Th c y c l e s  were 

determined f rom t h e  U308 demand f o r  t h e  e q u i l i b r i u m  c y c l e s  and es t ima tes  o f  t h e  i n v e n t o r y  

o f  t h e  start l ;p core ana o f  t h e  requi rements f o r  t h e  approach t o  e q u i l i b r i u m . 8  

The 

As can be seen f rom Table 4.4-8, f r o m  t h e  v i e w p o i n t  o f  U308 u t i l i z a t i o n  f o r  once- 

through c y c l e s  i n  t h e  PBR, LEU f u e l  i s  t h e  l e a s t  f a v o r a b l e  and HEU/Th f u e l  i s  t h e  most 

f a v o r a b l e  w i t h  MEU/Th f u e l  hav ing  a U30, u t i l i z a t i o n  between HEU/Th and LEU f u e l .  

be no ted  t h a t  t h e  cases p resen ted  i n  Table 4.4-8 do n o t  i n c l u d e  r e c y c l e  o f  t h e  b r e d  f i s s i l e  

m a t e r i a l .  

p a r a b l e  t o  a PWR o p e r a t i n g  w i t h  uranium and s e l f - g e n e r a t e d  Pu r e c y c l e  (see Case F ,  Table 

4.1-1) .  
would be r e q u i r e d  than f o r  t h e  PWR w i t h  U and Pu r e c y c l e .  One o p t i o n  f o r  t h e  r e c y c l e  i n  t h e  

seed-and-breed MEU/Th PBR case would be t o  c y c l e  t h e  f e r t i l e  b a l l s  back i n t o  t h e  f e e d  s t ream 

( w i t h o u t  rep rocess ing )  f o r  an a d d i t i o n a l  pass th rough  t h e  pebble bed if t h e  i r r a d i a t i o n  

behav io r  o f  t h e  f e r t i l e  b a l l s  pe rm i t s .  

I t  shou ld  

Under these no - recyc le  c o n s t r a i n t s  t h e  MEU/Th cases have a 30-yr  U 3 0 8  demand com- 

Thus i f  r e c y c l e  were per formed w i t h  t h e  MEU/Th PBR cases, s i g n i f i c a n t l y - l e s s  U308 

Table 4.4-8. U308 Requirements f o r  
Once-Through PBR Cyclesa 

Case 1, Case 2, Case 3, Case 4, Case 5, 

LEU MEU/Th MEU/Th HEU/Th HEU/Th 
Seed and Breed Seed and Breed 

Equi 1 i b r i  um c y c l e  143 135 137 126 126 
U308 demand, ST/GWE-yr 

30-year cumu la t i ve  
U308 demandYb ST/GWE 4500' 41 84d 4200' 4007' 4000' 

'The b a s i s  f o r  t hese  requi rements i s  a 1000-MWe p l a n t  o p e r a t i n g  a t  75% c a p a c i t y  

bAssumes no r e c y c l e .  

f a c t o r  f o r  30 years;  t a i l s  compos i t i on  i s  assumed t o  be 0.2 w/o. 

Es t ima ted  va lue;  c o u l d  d i f f e r  f rom an e x p l i c i t  30-yr  c a l c u l a t i o n  by  5 3%. e 

' E x p l i c i t  30 -y r  c a l c u l a t i o n .  
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4.5. LIQUID-METAL FAST BREEDER REACTORS 

T. J .  Burns 
Oak Ridge N a t i o n a l  L a b o r a t o r y  

A p r e l i m i n a r y  a n a l y s i s  o f  t h e  impact  o f  denatured f u e l  on breeder  r e a c t o r s  was 

performed by  Argonne N a t i o n a l  Labora to ry , l  Hanford Eng ineer ing  Development Laboratory ,2 

and Oak Ridge N a t i o n a l  L a b o r a t o r y 3  f o r  a v a r i e t y  o f  f i s s i l e / f e r t i l e  f u e l  o p t i o n s .  

a n a l y s i s  concen t ra ted  p r i n c i p a l l y  on o x i d e - f u e l e d  LMFBRs due t o  t h e i r  advanced s t a t e  o f  

development r e l a t i v e  t o  o t h e r  p o t e n t i a l  breeder  concepts. 

The 

Table 4.5-1 summarizes some o f  t h e  s i g n i f i c a n t  des ign and performance parameters 

f o r  t h e  v a r i o u s  LHFBR designs considered.  

i n  assess ing t h e  impact  of a l t e r n a t e  f u e l  c y c l e s  was e s s e n t i a l l y  t h e  same. 

des ign ( f o r  t h e  P u / ~ ~ * U  c y c l e )  was s e l e c t e d  and analyzed, and then  t h e  performance para-  

meters o f  a l t e r n a t e  f i s s i l e / f e r t i l e  combinat ions were c a l c u l a t e d  by r e p l a c i n g  t h e  r e f e r -  

ence c o r e  and b l a n k e t  m a t e r i a l  by t h e  a p p r o p r i a t e  a l t e r n a t i v e  m a t e r i a l  ( s ) .  

The procedure f o l l o w e d  by each a n a l y s i s  group 

A re fe rence  

As i n d i c a t e d  by Case 1 i n  Table 4.5-1, a d i f f e r e n t  r e f e r e n c e  des ign was s e l e c t e d  

by each group, emphasizing d i f f e r e n t  des ign  c h a r a c t e r i s t i c s .  
share c e r t a i n  c h a r a c t e r i s t i c s ,  however. Each i s  a " c l a s s i c a l "  LMFBR des ign  c o n s i s t i n g  o f  
two co re  zones o f  d i f f e r e n t  f i s s i l e  enr ichments surrounded by b l a n k e t s  ( a x i a l  and r a d i a l )  
o f  f e r t i l e  m a t e r i a l .  I n  assess ing t h e  performance impact  o f  v a r i o u s  f i s s i l e / f e r t i l e  com- 

b i n a t i o n s ,  no a t tempt  was made t o  m o d i f y  o r  o p t i m i z e  any o f  t h e  des igns t o  account f o r  

t h e  b e t t e r  thermophysica l  p r o p e r t i e s  (e.g., m e l t i n g  p o i n t ,  thermal  c o n d u c t i v i t y ,  e t c . )  
o f  t h e  a l t e r n a t e  m a t e r i a l s  r e l a t i v e  t o  t h e  r e f e r e n c e  system. 

s e l e c t i o n  and subsequent o p t i m i z a t i o n  o f  p r o l i f e r a t i o n - r e s i s t a n t  LMFBR c o r e  des igns i s  
c u r r e n t l y  be ing  addressed as p a r t  o f  t h e  more d e t a i l e d  P r o l i f e r a t i o n - R e s i s t a n t  Core 

Design s tudy  be ing  c a r r i e d  o u t  by DOE and i t s   contractor^.)^ 

The t h r e e  b a s i c  des igns do 

(Note: The q u e s t i o n  of 

I n  a l l  cases ENDF/B-IV n u c l e a r  d a t a 5  were u t i l i z e d  i n  t h e  c a l c u l a t i o n s .  The ade- 
quacy o f  these n u c l e a r  da ta  r e l a t i v e  t o  d e t a i l e d  e v a l u a t i o n  o f  t h e  denatured f u e l  c y c l e  i n  
f a s t  systems i s  open t o  some ques t ion .  Recent measurements o f  t h e  cap tu re  c ross  s e c t i o n  
o f  232Th,6 t h e  p r imary  f e r t i l e  m a t e r i a l  i n  t h e  denatured f u e l  cyc le ,  i n d i c a t e  s i g n i f i c a n t  
d i sc repanc ies  between t h e  measured and t a b u l a t e d  EFIDF/B-IV c ross  s e c t i o n s  f o r  t h e  energy 
range o f  i n t e r e s t .  A d d i t i o n a l l y ,  t h e  adequacy o f  t h e  n u c l e a r  d a t a  f o r  t h e  p r i m a r y  de- 

na tu red  f i s s i l e  species,  2 3 3 U ,  f o r  t h e  LMFBR s p e c t r a l  range has a l s o  been ques t i oned .7  

Due t o  these p o s s i b l e  n u c l e a r  da ta  u n c e r t a i n t i e s  and a l s o  t o  t h e  l a c k  o f  des ign  o p t i m i z a -  

t i o n  o f  t h e  r e a c t o r s  themselves, i t  i s  p ruden t  t o  r e g a r d  t h e  r e s u l t s  t a b u l a t e d  i n  

Table 4.5-1 as p r e l i m i n a r y  e v a l u a t i o n s ,  s u b j e c t  t o  r e v i s i o n  as more d a t a  become a v a i l a b l e .  

The compound system f i s s i l e  d o u b l i n g  t i m e  g i v e n  i n  Table 4.5-1 was C a l c u l a t e d  u s i n g  

t h e  s i m p l e  app rox ima t ion  t h a t  

0.693 0 ( I n i t i a l  Core + Eq. Cyc le Charge 
C ' S ' D * T  = (RF x Eq. Cyc le Discharge - Eq. Cyc le Ch i rge )  ' 



Table 4.5-1. Fuel  U t i l i z a t i o n  C h a r a c t e r i s t i c s  and Performance Parameters f o r  LMFBRs Under Var ious Oxide-Fuel Opt ions 

Core Speci f i c 
Apparent 
ComDound 

E q u i l i b r i u m  Cycle 

F i s k i l e  I n i t i a l  Net F i s s i l e  
(MWth p e r  kg Breeding Doub l ing  F i s s i l e  F i s s i l e  Produc t ion  C a l c u l a t i o n  
Power, BOL Reactor  M a t e r i a l s  

A x i a l  Rad ia l  Core Vol. F r a c t i o n s ,  Capaci ty  Thermal F i s s i l e  Ratio, Time I n v e n t o r y  Charge (k]/GWe-yr) Burnup Parameters, Data 
Case Core B l  anket  81 anket  Fuel  /Na/SS/Control F a c t o r  E f f i c i e n c y  Bzater ia i )  MOEC ( y r  1 (kq/GWe 1 (kg/GWe) 2 3U ,Puf (MWO/kg HM) Dim./Gr./Cy.a C o n t r i b u t o r  

Energy-Center-Constrained Fuels  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

2 3 3 ~ 1 2 3 8 ~  2 3 2 ~ h  
t2 32Th (20%) 

2 3 3 u / 2 3 8 u  2 3 2 ~ h  
t2 2T h (40%) 

42/ 38/20/0 
41 /44/15/0 
43/40/15/2 

42/ 38/20/0 
41/44/15/0 
43/40/15/2 

42/38/20/0 
41/44/15/0 

42/ 38/ 20/ 0 
41 /44/15/0 
43/40/15/2 

41 /44/15/0 

41 /44/15/0 
43/40/15/2 

42/38/20/C 
41/44/15/0 
43/40/15/2 

43/40/15/2 

43/40/15/2 

42/38/20/0 
41 /44/15/0 
43/4rJ/15/2 

0.75 
0.72 
0.75 

0.75 
0.72 
0.75 

0.75 
0.72 

0.75 
0.72 
0.75 

0.72 

0.72 
0.75 

0.75 
0.72 
0.75 

0.75 

0.75 

0.75 
0.72 
0.75 

0.36 
0.32 
0.39 

0.36 
0.32 
0.39 

0.36 
0.32 

0.36 
0.32 
0.39 

0.32 

0.32 
0.39 

0.36 
0.32 
0.39 

0.39 

0.39 

0.36 
0.32 
0.39 

1.27 17.2 
1.36 9.6 

1.10 1.27 12.7 

1.27 17.5 
1.35 10.4 

1.11 1.27 13.1 

1.27 19.5 
1.34 10.8 

1.20 40.2 
1.19 27.9 

3.94 1.14 36.1 

D i s p e r s i b l e  Denatured Fuels  

1.20 16.1 

1.19 17.3 
1.25 1.13 24.2 

1.16 27.5 
1.18 19.2 

1.25 1.12 26.4 

1.16 1.09 43.0 

1 - 1 0  1.05 118.1 

Reference Fuels  

1.04 -- 
1.06 154.0 

1.06 1.02 -- 

3424 
3072 
2270 

3443 
3077 
2291 

3480 
3093 

401 6 
3641 
271 2 

2937 

2956 
2038 

31 35 
2973 
2056 

2208 

2322 

3822 
3452 
2419 

1647 
1453 
804 

1523 
1540 

804 

1674 
1545 

1717 
1806 

920 

1483 

1488 
795 

1330 
1498 
80 1 

834 

875 

1673 
1726 

91 1 

0 ,+242 
0,+363 0,+187 

+122,+110 
+150,+197 
+154,+30 

+298,-77 
+299 ,+35 

+798,-662 
+898,-723 
+583,-493 

-698,923 

-566 ,+778 
- 354 ,+45 3 

- 348, +490 
-443 ,+638 
-254,+347 

-1 36,+203 

-41 ,+78 

+31 ,O 
+59,0 
+15,0 

51 

88 

51 

88 

51 

57 

95 

92 

51 

92 

95 

98 

57 

99 

2/11/? 
2/4/2 
2/9/12 

2/11/? 
2/4/2 
2/9/12 

2/11/? 
2/4/2 

2/11/? 
2/4/2 
2/9/12 

2/4/2 

2/4/2 
2/9/12 

2/11/? 
2/4/2 
2/9/12 

2/9/12 

2/9/12 

ANL 
HEDL 
ORNL 

AN L 
HEOL 
ORNL 

ANL 
HEDL 

ANL 
HEOL 
ORNL 

HEOL 

HEDL 
ORNL 

AN L 
HEOL 
ORNL 

ORNL 

ORNL 

ANL 
2/4/2 HEDL 
21911 2 ORNL 

_. _,-.-_- -- 
aDimensions/Groups/Cycl es. 
bReference f u e l  f o r  LMFBR. 
=Reference f u e l s  a r e  cons idered o n l y  as l i m i t i n g  cases. 
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where R F  i s  t h e  r e p r o c e s s i n g  r e c o v e r y  f a c t o r  (0.98). 

a b s o l u t e l y  c o r r e c t ,  i t  does p r o v i d e  a measure o f  t h e  r e l a t i v e  g rowth  c a p a b i l i t y  o f  each 

r e a c t o r .  
LMFBRs o p e r a t i n g  w i t h  a v a r i e t y  o f  d e s i g n  d i f f e r e n c e s  and f u e l  management schemes, t h e  

above e x p r e s s i o n  was used s i m p l y  t o  p r o v i d e  r e l a t i v e  va lues  f o r  each system. 
a l s o  be n o t e d  t h a t  same r e a c t o r  c o n f i g u r a t i o n s  l i s t e d  have d i s s i m i l a r  c o r e  and a x i a l  

b l a n k e t  m a t e r i a l s  and t h u s  would p r o b a b l y  r e q u i r e  m o d i f i c a t i o n s  t o  s t a n d a r d  r e p r o c e s s i n g  

procedures. 

Wh i le  such an e x p r e s s i o n  i s  n o t  

S ince  t h e  d a t a  summarized i n  Tab le  4.5-1 a r e  based on t h r e e  separa te  r e f e r e n c e  

It shou ld  

'The d a t a  p resen ted  i n  Tab le  4.5-1, a l t h o u g h  p r e l i m i n a r y ,  do se rve  t o  i n d i c a t e  c e r -  

t a i n  g e n e r i c  c h a r a c t e r i s t i c s  r e g a r d i n g  t h e  impac t  o f  t h e  a l t e r n a t e  LMFBR f u e l  o p t i o n s .  

c o n s i d e r i n g  those  cases i n  which s i m i l a r  c o r e  m a t e r i a l s  b u t  d i f f e r e n t  b l a n k e t  m a t e r i a l s  
a r e  u t i l i z e d  i t  i s  c l e a r  t h a t  t h e  c h o i c e  o f  t h e  b l a n k e t  m a t e r i a l  has o n l y  a r a t h e r  sma l l  

e f f e c t  on t h e  r e a c t o r  p h y s i c s  parameters. 

c o r e  f i s s i l e  and f e r t i l e  m a t e r i a l s  i s  c o n s i d e r a b l e ,  p a r t i c u l a r l y  on t h e  b r e e d i n g  r a t i o .  

U t i l i z i n g  2 3 3 U  as t h e  f i s s i l e  m a t e r i a l  r e s u l t s  i n  a s i g n i f i c a n t  decrease i n  t h e  b r e e d i n g  

r a t i o  r e l a t i v e  t o  t h e  co r respond ing  Pu- fue led  case ( r a n g i n g  f r o m  0.10 t o  0.15, depending 

on t h e  system). T h i s  decrease i s  due p r i m a r i l y  t o  t h e  l ower  v a l u e  o f  u (neu t rons  produced 
pe r  f i s s i o n )  o f  2 3 %  r e l a t i v e  t o  239Pu and 241Pu. 

i n  u i s  t h e  f a c t  t h a t  t h e  c a p t u r e - t o - f i s s i o n  r a t i o  o f  2 3 3 U  i s  s i g n i f i c a n t l y  l e s s  than  t h a t  

o f  t i e  t h o  p l u t o n i u m  i so topes .  

r e f l e c t  t h e  n e t  r e s u l t  o f  t hese  two e f f e c t s ,  t h e  decrease i n  u c l e a r l y  domina t ing .  

2 3 3 U  as t h e  f i s s i l e  m a t e r i a l  a l s o  r e s u l t s  i n  a s l i q h t  decrease i n  t h e  f i s s i l e  i n v e n t o r y  

r e q u i r e d  f o r  c r i t i c a l i t y .  T h i s  i s  due t o  two e f f e c t s ,  t h e  l ower  c a p t u r e - t o - f i s s i o n  r a t i o  
o f  233U r e l a t i v e  t o  t h e  p l u t o n i u m  i s o t o p e s ,  and t h e  obv ious decrease i n  t h e  a tomic  w e i g h t  

o f  233U r e l a t i v e  t o  Pu (% 2.5%). 

By 

On t h e  o t h e r  hand, t h e  impac t  o f  changes i n  t h e  

Somewhat compensating f o r  t h e  d i f f e r e n c e  

The d i f f e r e n c e s  i n  b r e e d i n g  r a t i o s  g i v e n  i n  Tab le  4.5-1 

Use o f  

The rep lacement  o f  2 3 8 U  by Z32Th as t h e  c o r e  f e r t i l e  m a t e r i a l  a l s o  has a s i g n i f i c a n t  

impac t  on t h e  o v e r a l l  b r e e d i n g  r a t i o  r e g a r d l e s s  o f  t h e  f i s s i l e  m a t e r i a l  u t i l i z e d .  

d a t a  i n  Table 4.5-1 i n d i c a t e ,  t h e r e  i s  a s u b s t a n t i a l  b r e e d i n g  r a t i o  p e n a l t y  a s s o c i a t e d  
w i t h  t h e  use o f  232Th as a c o r e  m a t e r i a l  i n  an LMFBR. T h i s  p e n a l t y  i s  due t o  t h e  much 

lower  f a i t  f i s s i o n  e f f e c t  i n  '32Th r e l a t i v e  t o  t h a t  i n  2 3 8 ~  ( r o u g h l y  a f a c t o r  of 4 l o w e r ) .  
The f e r t i l e  f a s t  f i s s i o n  e f f e c t  i s  r e f l e c t e d  i n  t h e  b r e e d i n g  r a t i o  i n  two ways. 

a l t h o u g h  t h e  excess neu t rons  generated by  t h e  f i s s i o n  o f  a f e r t i l e  nuc leus  can be sub- 

s e q u e n t l y  c a p t u r e d  by  f e r t i l e  m a t e r i a l ,  t h e i r  p r o d u c t i o n  i s  n o t  a t  t h e  expense o f  a 

f i s s i l e  nuc leus .  Moreover, t h e  f e r t i l e  f i s s i o n  e f f e c t  produces energy, t h e r e b y  r e d u c i n g  

t h e  f i s s i o n  r a t e  r e q u i r e d  of t h e  f i s s i l e  m a t e r i a l  t o  m a i n t a i n  a g i v e n  power l e v e l .  

b o t h  these  e f f e c t s  a c t  t o  improve t h e  b r e e d i n g  r a t i o ,  i t  i s  n o t  s u r p r i s i n g  t h a t  use o f  
Th-based f u e l s  r e s u l t  i n  s i g n i f i c a n t  d e g r a d a t i o n  i n  t h e  b r e e d i n g  r a t i o .  A f u r t h e r  

consequence of t h e  reduced f a s t  f i s s i o n  e f f e c t  o f  232Th  i s  a marked i n c r e a s e  i n  f i s s i l e  

i n v e n t o r y  r e q u i r e d  f o r  c r i t i c a l i t y ,  e v i d e n t  f rom t h e  va lues  g i v e n  i n  Table 4.5-1 f o r  t h e  

AS t h e  

F i r s t ,  

S ince 
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The c a l c u l a t i o n s  f o r  LMFBRs o p e r a t i n g  on denatured 2 3 3 U  f u e l  cover  a range o f  e n r i c h -  

ments. 

a 40% enrichment. A l l  these r e a c t o r s  are, o f  course, s u b j e c t  t o  t h e  b reed ing  r a t i o  p e n a l t y  

i n h e r e n t  i n  r e p l a c i n g  p l u t o n i u m  w i t h  2 3 3 U  as t h e  f u e l  m a t e r i a l .  
(8 and 9 )  a l s o  r e f l e c t  t h e  e f f e c t  o f  t h o r i u m  i n  t h e  LMFBR co re  spectrum. 

enr ichment  cases were c a l c u l a t e d  i n  an a t tempt  t o  parameter ize t h e  e f f e c t  of v a r y i n g  t h e  

amount o f  dena tu r ing . )  
r e a c t o r s  i s  t h e i r  s e l f - s u f f i c i e n c y  i n  terms o f  t h e  f u e l  m a t e r i a l  233U,  

LMFBRs t y p i c a l l y  c o n t a i n  b o t h  232Th and 2 3 8 U  as p o t e n t i a l  f i s s i l e  m a t e r i a l s ,  b o t h  2 3 3 U  and 

23yPu a r e  produced v i a  neu t ron  capture.  Thus i n  e v a l u a t i n g  t h e  s e l f - s u f f i c i e n c y  o f  a f a s t  
breeder  r e a c t o r ,  t h e  2 3 3 U  component o f  t h e  o v e r a l l  b reed ing  r a t i o  i s  o f  p r i m a r y  impor tance 

s i n c e  t h e  b red  p l u t o n i u m  cannot  be r e c y c l e d  back i n t o  t h e  denatured system. 

s c h e m a t i c a l l y  by F ig.  4.5-1, t h e  233U component o f  t h e  b reed ing  r a t i o  i nc reases  as t h e  

a l l o w a b l e  denatured enr ichment  i s  i nc reased  (which a l l o w s  t h e  amount o f  t h o r i u m  i n  t h e  f u e l  

m a t e r i a l  t o  be i nc reased) .  

b reed ing  r a t i o  i s  v e r y  s e n s i t i v e  t o  t h e  a l l o w a b l e  degree o f  d e n a t u r i n g  a t  t h e  l ower  e n r i c h -  
ments ( i .e.,  between 12% and 20%). The o v e r a l l  b reed ing  r a t i o  decreases as t h e  a l l o w a b l e  

enr ichment  i s  r a i s e d ,  b u t  a concomi tant  and s i g n i f i c a n t  decrease i n  t h e  r e q u i r e d  2 3 3 U  makeup 

p resen ts  a s t r o n g  i n c e n t i v e  f rom a performance v i e w p o i n t  t o  s e t  t h e  enr ichment  as h i g h  as 
i s  p e r m i t t e d  by n o n p r o l i f e r a t i o n  c o n s t r a i n t s .  

Table 4.5-1, t h e  l o w e s t  enr ichment  l i m i t  f e a s i b l e  f o r  t h e  conven t iona l  LMFBR t y p e  systems 

analyzed l i e s  i n  t h e  11-14% ( i n n e r - o u t e r  c o r e )  range. 
f u e l  ana would r e q u i r e  s i g n i f i c a n t  amounts o f  233U as makeup. 

t h e  233U/Th system i s  n o t  denatured. 

an upper bound on t h e  2 3 3 U  enrichment.) 

Cases 5, 6, and 7 assume an ~ 1 2 %  enrichment, Case 8 a 20% enrichrnent, and Case 9 

The l e s s  denatured cases 
(These h i g h e r  

A f u r t h e r  p o i n t  which must be addressed r e g a r d i n g  t h e  denatured 

Since t h e  denatured 

As i l l u s t r a t e d  

More i m p o r t a n t l y ,  t h e  magnitude o f  t h e  2 3 3 U  component o f  t h e  

I n  f a c t ,  based on t h e  d a t a  summarized i n  

Such a system would u t i l i z e  a l l  UO, 
( I t  shou ld  be no ted  t h a t  

I t  i s  i n c l u d e d  i n  Fig. 4.5-1 because i t  r e p r e s e n t s  

Since a l l  denatured r e a c t o r s  r e q u i r e  an i n i t i a l  i n v e n t o r y  o f  233U,  as w e l l  as v a r y i n g  

amounts o f  2 3 3 U  as makeup m a t e r i a l ,  a second c l a s s  o f  r e a c t o r s  must be cons ide red  when 
e v a l u a t i n g  t h e  denatured f u e l  cyc le .  

233U r e q u i r e d  by t h e  denatured r e a c t o r s .  

(Case 4), and a 233U/Th breeder  (Case lo).* I n  t h e  r e d u c e d - p r o l i f e r a t i o n  r i s k  scenar io ,  a l l  

t h r e e  o f  these systems, s i n c e  t h e y  a r e  n o t  denatured, would be s u b j e c t  t o  r i g o r o u s  safe-  

guards and opera ted  o n l y  i n  n u c l e a r  weapon s t a t e s  o r  i n  i n t e r n a t i o n a l l y  c o n t r o l l e d  energy 
centers .  

4.5-1, and t h e  i s o t o p i c  f i s s i l e  p r o d u c t i o n  ( o r  d e s t r u c t i o n )  o b t a i n e d  from t h e  ORNL c a l c u -  

l a t i o n s  i s  s c h e m a t i c a l l y  d e p i c t e d  by F ig.  4.5-2. C l e a r l y ,  each system has i t s  own unique 

p r o p e r t i e s .  

The purpose o f  t hese  systems would be t o  produce t h e  

r e a c t o r  wi th  t h o r i u m  b l a n k e t s  (Cases 2 and 3 ) ,  a Pu/Th r e a c t o r  w i t h  t h o r i u m  b l a n k e t s  

P o s s i b l e  LMFBR cand ida tes  f o r  t h i s  r o l e  a r e  t h e  

Performance parameters f o r  t hese  t h r e e  t ypes  o f  systems a r e  i n c l u d e d  i n  Table 

From t h e  s t a n d p o i n t  o f  2331) p r o d u c t i o n  c a p a b i l i t y ,  t h e  h y b r i d  Pu/Th system i s  

*See discussion on " t ransmute rs "  on p.4-10. 
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'b 1 2 %  2 o"/, 40% 3 3 U / T h  
Dena tu red  U Dena tu red  U Dena tu red  U 

Fig. 4.5-1. Mid-Equilibrium Cycle Breeding Ratio Isotopics f o r  
Denatured Oxide-Fueled LMFBRs. ( O R N L  Cases 7. 8. 9. and 10 from Table 4-5-11 

c l e a r l y  superior.  
s ince  i t  e s s e n t i a l l y  "transmutes" plutonium in to  2 3 3 U .  

radial  blanket generates s ign i f i can t ly  l e s s  2 3 3 U  but a l s o  markedly reduces the  required 
plutonium feed. 
excess of plutonium. 
duction, does not provide a means f o r  u t i l i z i n g  the  plutonium bred in the denatured systems, 
and  thus i t  does not appear t o  have a place i n  the  symbiotic systems u t i l i z i n g  energy-center 
reac tors  paired w i t h  dispersed reactors.  
r eac to r  w i t h  a pa r t i cu la r  denatured system i s  considered i n  Section 7.2.)  

However, i t  does requi re  a l a rge  quant i ty  of f i s s i l e  plutonium as makeup 
The P U / ~ ~ ~ U  system w i t h  t he  thorium 

In f a c t ,  f o r  the  case i l l u s t r a t e d ,  t h i s  system ac tua l ly  produces a s l i g h t  
The 2 3 3 U / T h  breeder, characterized by a very small excess 2 3 3 U  pro- 

(The coupling of each type of f i s s i l e  production 

As a f i n a l  po in t ,  preliminary es t imates  have been made of t he  sa fe ty  c h a r a c t e r i s t i c s  
of some of the  a l t e r n a t e  fuel cycle LMFBRs r e l a t i v e  t o  those of the P u / ~ ~ ~ U  reference 
cycle. 
of a 233U-fueled system i s  s ign i f i can t ly  smaller than t h a t  of t he  corresponding Pu-fueled 
system.8 
sodium voiding c h a r a c t e r i s t i c s  r e l a t i v e  t o  the  reference system. 
the reported r e s u l t s  ind ica te  t h a t  the Doppler coe f f i c i en t  f o r  Tho,-based f u e l s  i s  com- 
parable t o  t h a t  of the corresponding 238U0,-based fue ls .  

I n i t i a l  ca lcu la t ions  have indicated t h a t  the r e a c t i v i t y  change due t o  sodium voiding 

Thus, t he  denatured r eac to r s ,  s ince  they a r e  fueled with 233U, would have b e t t e r  
However, f o r  oxide f u e l s  
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Fig. 4.5-2. Equilibrium Cycle Net F i s s i l e  Production f o r  Possible 
Oxide-Fueled 2 3 3 U  Production Reactors. ( O R N L  Cases 10, 2 ,  and 4 from Table 4.5-1) 
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4.6. ALTERNATE FAST REACTORS 

4.6.1. Advanced Oxide-Fueled LMFBRs 

T .  J. Burns 
Oak Ridge National Laboratory 

One method of improving the breeding performance of the LMFBRs discussed in the 
previous section is to increase the core fertile loadings. 
accomplished by one of two means: 
diameters or the use of a heterogeneous design (i.e., intermixed core and blanket 
assemblies). 
previous section, using the same fuel elements for both concepts, the latter option was 
pursued to assess the impact of possible redesign options. 
preliminary results from calculations for a heterogeneous reactor core model consisting 
of alternating concentric fissile and fertile annuli (primed cases) and compares them 
with results from calculations for corresponding homogeneous cores (unprimed cases). 

Typically, this goal is 
redesign of the pins to accommodate larger pellet 

To maintain consistency with the "classical" designs considered in the 

Table 4.6-1 summarizes some 

As the data in Table 4.6-1 indicate, the heterogeneous configuration results in a 
significant increase in the overall breeding ratio relative to the corresponding homo- 
geneous calculation. 
loading for criticality due to the increase in the core fertile loading. However, the 
increase in the breeding gain more than compensates for the increased fissile require- 
ments, resulting in an overall improvement in the fissile doubling time. On the other hand, 
because of the high fissile loading requirements, it appears that a heterogeneous model for 
the denatured cases with 12% enrichment (cases 6 or 7 of the previous section) is unfeasible; 
therefore, an enrichment of * 20% was considered as the minimum for the denatured heterogene- 
ous configuration. 

The heterogeneous reactors also require a much greater fissile 

While the denatured heterogeneous configurations result in an increase in the 

Figure 4.6-1 depicts the breeding ratio components for both the homo- 
overall breeding ratio, it is significant that the 233U component of the breeding ratio 
also improves. 
geneous and heterogeneous denatured configurations. 
as the upper limit.) As Fig. 4.6-1 indicates, the heterogeneous configurations are 
clearly superior from the standpoint of 233U self-sufficiency (i .e. , requiring less 
makeup requirements). Moreover, if enrichments in the range o f  30% - 40% are allowed, 
it appears possible for a denatured heterogeneous reactor to produce enough 233U to 
satisfy its own equilibrium cycle fuel requirements. 
be required only t o  supply the initial inventory plus the additional makeup consumed 
before the equilibrium cycle is reached. 

(Again , the 233U/Th LMFBR is included 

Production reactors would therefore 



Table 4.6-1. Comparison o f  Fuel U t i l i z a t i o n  Character is t ics  and Performance Parameters 
f o r  Homogeneous and Heterogeneous LMFBRs Under Various Oxide-Fuel Options 

Equi l ibr ium Cycle 

Charge (kg/GWe-yr) 

Reactor Mater ia ls F i s s i l e  I n i t i a l  
Breeding Doubl i ng F i s s i l e  F i s s i l e  F i s s i l e  Discharge 

Axial  In te rna l  Radial Ratio, Time ( y r )  Inventory 
Casea Dr i ve r  Blanket Blanket Blanket MOEC (RF=0.98) (kg/GWe) (kg/GWe-yr) 233u PUT 

8b 
8 '  
gC 
9 Id  

10 
10' 

Pu/U 
Pu/U 
Pu/U 
PU/U 

Pu/Th 
Pu/Th 

23 3U/ (U+Th) 
233u /u  

23 3u/u 

3U/ (U+Th) 

U 

U 

U 

U 

Th 
Th 

Th 
U 

Th 
U 

Th 
Th 

U 

Th 

Th 

Th 
- 
Th 

- 
Th 

Energy-Center-Constrained Fuels 
U 1.27 12.7 
U 1.50 10.2 
Th 1.27 13.1 
Th 1.44 12.9 
Th 1.14 36.1 
Th 1.35 18.2 

Dispers ib le  Denatured Fuels 

Th 1.09 43.0 
Th 1.29 18.0 
Th 1.05 118.1 
Th 1.29 20.8 

Reference Fuels e 

Th 1.02 - 
Th 1.20 30.1 

2270 
3450 
2291 
3725 
2712 
41 59 

2208 
3338 
2322 
4062 

241 9 
371 8 

804 
1173 - 
804 154 

1250 536 
920 583 

1365 800 

834 698 
1624 1548 
875 835 

1354 1457 

91 1 926 
1309 1454 

991 
1517 
834 

1013 
427 
808 P 

I 
m 
Ln 

203 
306 
78 

108 

0 

0 

aCapacity f a c t o r  i s  75%; unprimed cases are f o r  homogeneous cores, primed cases f o r  heterogeneous cores; 

=40% 233U/U. 
dIncluded f o r  i l l u s t r a t i v e  purposes only; exceeds design constraints.  
eReference f u e l s  are considered only as limiting cases. 

see Table 4.5-1 f o r  case description. 
b20% 233u/u. 
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233U(20%)/U/Th 233U (40%)/U/Th 3U ( 1 OO%)/Th 

Het. Het. 

t l  i l '  9 9' 1u 1 0 '  
CASE NUMBER 

Fig. 4.6-1. 

4.5-1 and 4.6-1.) 

Breeding Ratio Com onents for LMFBRs Operating on 233U. Cases 8,8' for 20% 233U/U, and Cases 9,9' for 40% 23 r: U/U; Cases 10,lO' for 233U/Th with no 138U; see Tables 

The heterogeneous designs also can be employed for the energpcenter production 
reactors required by the denatured fuel cycles. 
possible production reactors all show significant increases in the quantity o f  233U 
produced. The net production rates are illustrated schematically by Fig. 4.6-2. More 
importantly, however, use of a heterogeneous core design will allow the isotopics of the 
fissile material bred in the internal blankets to be adjusted for changing demand 
requirements without modifying the driver assemblies. For example the internal blankets 
of the Pu/U LbIFBR could be either Tho, or 23*U02, depending on the demand requirements 
for 233U and Pu. 

As indicated in Table 4.6-1, the three 
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Fig.  4.6-2. Net F i s s i l e  P roduc t i on  Rates f o r  LMFBRs. (Cases 10, lO'  f o r  233U/Th co re  
core,  and Cases 4,4' f o r  Pu/Th core;  see Tables 4.5-1 w i t h  no 238U,  Cases 2,2 '  f o r  

and 4.6-1.) 
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4.6.2. Carbide- and Metal-Fueled LNFBRS 

D. L .  Selby 
P.  M .  Haas H .  E .  Knee 

Oak Ridge National Laboratory 

Another method t h a t  ds being considered f o r  improving the  breeding r a t i o s  o f  LMFBRs 
and i s  cur ren t ly  under development1 i s  one t h a t  uses carbide- o r  metal-based fue l s .  
major advantages o f  the  metal- and carbide-based fue l s  a r e  t h a t  they will  requi re  lower 
i n i t i a l  f i s s i l e  inventories than comparable oxide-based fue l s  and will  r e s u l t  in shor te r  
doubling times. This i s  espec ia l ly  t rue  f o r  metal-based f u e l s ,  f o r  which doubling times 
a s  low as 6 years  have been ca lcu la ted .2  Since f o r  f a s t  reac tors  the denatured fuel cycle 
would have a n  inherently lower breeding gain than the  reference plutonium-uranium cycle ,  
these advantages would be espec ia l ly  important; however, a s  discussed below, before e i t h e r  
carbide- o r  metal-based fue l s  can be f u l l y  evaluated, many additional s tud ie s  a r e  needed. 

The 

Carbide-Based Fuels 

Carbide-based fue l s  have been considered f o r  use as advanced fue l s  in conventional Pu/U 
B u r n u p  l eve ls  as high a s  120,000 MWD/T appear f eas ib l e ,  and the f i s s ion  gas re lease  LMFBRs. 

i s  l e s s  than tha t  f o r  mixed oxide fue l s .3  
t i v i t y ,  which allows higher l i n e a r  power r a t e s  with a lower center - l ine  temperature. 
general ,  the breeding r a t i o  f o r  carbide fue l s  i s  higher than the breeding r a t i o  f o r  oxide 
fue l s  b u t  lower than tha t  f o r  metal fue l s .  

Carbide fue l s  a l so  have a higher thermal conduc- 
In 

Both helium and sodium bonds a re  being considered f o r  carbide p i n s .  A t  present 247 
carbide pins w i t h  both types of bonds a r e  being i r r ad ia t ed  i n  EBR-11. 
the pins include fuel dens i ty ,  cladding type,  cladding thickness,  type of shroud f o r  the  
sodium-bonded pin,  and various power and temperature conditions.  The lead p i n s  have already 
achieved a b u r n u p  level of 10 a t . % ,  and interim examinations have revealed no major problems. 
T h u s  there  appears t o  be no reason why the goal of 1 2  a t . %  b u r n u p  cannot be achieved. 

Other d i f fe rences  i n  

In terms of s a fe ty ,  i r r ad ia t ed  carbide fuel re leases  g rea t e r  q u a n t i t i e s  of f i s s ion  g a s  
upon melting than does oxide fue l .  
e i t h e r  an advantage o r  a disadvantage. 
be the  poten t ia l  f o r  la rge-sca le  thermal in t e rac t ion  between the fuel and the coolant [see 
discussion of po ten t ia l  FCIs (Fpl-C_0olant Lnterac t ions)  below]. 

Depending upon the accident scenar io ,  t h i s  could be 
Another problem associated with carbide fue l s  may 

Metal -Based Fuels 

Reactors with metal-based fue l s  have been operating i n  this country since 1951 
(Fermi-I, EBR-I, and EBR-11). Relative t o  oxide- and carbide-fueled systems, t he  metal- 
fueled systems a r e  characterized by higher breeding r a t i o s ,  lower doubling times, higher 
heat conductivity,  and lower f i s s i l e  mass. 
by several  disadvantages, including fuel swelling problems, t h a t  necess i t a t e  operation a t  
lower fuel temperatures. 

These advantages are somewhat o f f s e t ,  however, 
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Most o f  t h e  i n f o r m a t i o n  a v a i l a b l e  on meta l  f ue l s  i s  f o r  u ran ium- f i ss ium (U-Fs) f u e l .  

( F i s s i u m  c o n s i s t s  o f  e x t r a c t e d  f i s s i o n  p roduc ts ,  p r i n c i p a l l y  z i rconium, niobium, molyb- 

denum, technet ium, ruthenium, rhodium, and pa l l ad ium. )  Some i n f o r m a t i o n  i s  a v a i l a b l e  

f o r  t h e  Pu/U-Zr and U/Th a l l o y  f u e l s  b u t  none e x i s t s  on Pu/Th meta l  f u e l s .  (The U/Th 

f u e l s  do n o t  r e q u i r e  t h e  a d d i t i o n  o f  ano the r  me ta l  f o r  s t a b i l i t y . )  I n  terms o f  i r r a d i a t i o n  

exper ience,  app rox ima te l y  700 U-Fs d r i v e r  f u e l  elements have achieved burnups o f  10 a t . %  

w i t h o u t  f a i l u r e .  Less i r r a d i a t i o n  i n f o r m a t i o n  i s  a v a i l a b l e  f o r  t h e  Pu/U-Zr a l l o y ,  w i t h  
o n l y  16 Pu/U-Zr encapsulated elements hav ing  been i r r a d i a t e d  t o  4.6 a t .% b ~ r n u p . ~  F a s t  

r e a c t o r  exper ience  w i t h  U/Th f u e l s  i s  a l s o  q u i t e  l i m i t e d ;  however, a r e c e n t  s tudy  a t  

Argonne N a t i o n a l  Labora to ry  has shown t h a t  t h e  i r r a d i a t i o n  performance o f  U/Th f u e l s  should 

be a t  l e a s t  as good as t h a t  o f  U-Fs f u e l s . 5  

Wi th  r e s p e c t  t o  s a f e t y ,  one concern w i t h  me ta l  f u e l s  i s  t h e  p o s s i b i l i t y  o f  thermal  

i n t e r a c t i o n s  between t h e  f u e l  and t h e  c ladd ing .  For  most me ta l  a l l o y s ,  t h e  f u e l  w i l l  s w e l l  

t o  c o n t a c t  t h e  c l a d d i n g  between 3 and 5 at.% burnup. 

i r r a d i a t i o n  experiments; however, f o r  burnups up t o  10 at.%, no more than  4% o f  t h e  
c l a d d i n g  has been a f f e c t e d .  

l i m i t i n g  f a c t o r  f o r  f u e l  burnup remains t o  be determined. 

T h i s  e f f e c t  has been observed i n  

Thus whether o r  n o t  f u e l - c l a d d i n g  i n t e r a c t i o n s  w i l l  be a 

F o r  t r a n s i e n t  cyerpower (TOP) a n a l y s i s ,  t h e  behav io r  o f  U/Th elements has been shown 
t o  be s u p e r i o r  t o  t h e  behav io r  of t h e  p r e s e n t  EBR-I1 f u e l  (uranium w i t h  5% f i ss ium) ,  t h e  U/Th 

elements hav ing  a 136OoC f a i l u r e  t h r e s h o l d  versus 1000°C f o r  t h e  E B R - I 1  elements. 

U/Th me ta l  p i n s  would have a h i g h e r  r e l i a b i l i t y  d u r i n g  t r a n s i e n t s  than  t h e  f u e l  p i n s  a l r e a d y  i n  

use i n  f a s t  r e a c t o r s .  

s e n t  a ma jo r  problem, more so than  f o r  c a r b i d e  f u e l s  (see below). 

Thus 

On t h e  o t h e r  hand, f u e l - c o o l a n t  i n t e r a c t i o n  (FCI)  a c c i d e n t s  may p re -  

P o t e n t i a l  f o r  Large-Scale FCIs 

The p o t e n t i a l  f o r  a l a r g e - s c a l e  FCI t h a t  would be capable o f  p roduc ing  mechanical 

work s u f f i c i e n t  t o  breach t h e  r e a c t o r  vessel  and the reby  r e l e a s e  r a d i o a c t i v i t y  f r o m  t h e  
p r i m a r y  conta inment  has been an i m p o r t a n t  s a f e t y  concern f o r  LMFBRs f o r  a number o f  years.  

The assumed s c e n a r i o  f o r  a l a r g e - s c a l e  FCI i s  t h a t  a l a r g e  mass o f  mo l ten  f u e l  (a  m a j o r  

p o r t i o n  o f  t h e  c o r e )  p r e s e n t  as t h e  r e s u l t  o f  an h y p o t h e t i c a l  c o r e  d i s r u p t i v e  a c c i d e n t  
(HCDA) c o n t a c t s  and " i n t i m a t e l y  mixes with" abou t  t h e  same mass of  l i q u i d  sodium. The 

ex t reme ly  r a p i d  h e a t  t r a n s f e r  from t h e  mo l ten  f u e l  ( w i t h  temperatures perhaps 3000 t o  

4000'K) t o  t h e  much c o o l e r  sodium (%lOOO°K) produces r a p i d  v a p o r i z a t i o n  o f  t h e  sodium. 
If  t h e  m i x i n g  and thermal  c o n d i t i o n s  a r e  i d e a l ,  t h e  p o t e n t i a l  e x i s t s  f o r  t h e  vapor i za -  

t i o n  t o  be ex t reme ly  r a p i d ,  i.e., f o r  a vapor "exp los ion "  t o  occu r  w i t h  t h e  sodium vapor 

a c t i v e  as t h e  work ing  f l u i d  t o  produce mechanical work. 

A g r e a t  deal  o f  l a b o r a t o r y  exper imen ta t i on ,  model ing e f f o r t ,  and some " i n - p i l e "  

t e s t i n g  has been c a r r i e d  o u t  i n  t h i s  c o u n t r y  and elsewhere t o  d e f i n e  t h e  mechanisms f o r  

and t h e  n e c e s s a r y - a n d - s u f f i c i e n t  c o n d i t i o n s  f o r  an e n e r g e t i c  F C I  o r  vapor e x p l o s i o n  f o r  
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Z i v e n  m a t e r i a l s ,  p a r t i c u l a r l y  f o r  o x i d e  LMFBR f u e l  and sodium. Al though t h e r e  i s  no con- 

c l k s i v e  t h e o r e t i c a l  and/or  exper imen ta l  evidence, t h e  most w i d e l y  accepted t h e o r y  i s  t h a t  

f S 2 r  an e n e r g e t i c  vapor e x p l o s i o n  t o  occur ,  t h e r e  must be i n t i m a t e  l i q u i d - l i q u i d  c o n t a c t  

o f  t h e  fragmented mc l ten  f u e l  p a r t i c l e s  and t h e  c o n t a c t  temperature a t  t h e  fue l - sod ium 

sur fdce n u s t  exceed t h e  temperature r e q u i r e d  f o r  homogeneous n u c l e a t i o n  o f  t h e  sodium. 
A cons ide rab le  amount o f  evidence e x i s t s  t o  suggest t h a t  f o r  o x i d e  f u e l  i n  t h e  r e a c t o r  

evv iwnrnent ,  t h e  p o t e n t i a l  f o r  a 12rSe-scale vapor e x p l o s i o n  i s  extrerneiy remote. The 

ltey f a c t o r  i s  t h e  r e l a t i v e l y  low thermal c o n d u c t i v i t y  o f  t h e  ox ide  f u e l ,  which does n o t  

pemiit r a p i d  enough hea t  t r a n s f e r  f r o %  t h e  f u e l  t o  cause t h e  f u e l - s o d i u m  c o n t a c t  tempera- 

t l i r e  t o  exceed t h e  sodium homogeneous n u c l e a t i o n  tsmperature.  

The p r imary  d i f f e r e n c e  between c a r b i d e  and/or meta l  f u e l s  as opposed t o  o x i d e  f u e l s  

1s t h e i r  r e l a t i v e l y  h i g h e r  thermal  c o n d u c t i v i t y .  

i t  i s  p o s s i b l e  t o  c a l c u l a t e  c o o l a n t  temperatures which exceed t h e  sodium homogeneous nuc lee -  

t i n n  temperature. 

occur  f o r  carb ide-sodium o r  metal-sodium systems. 

nisms f o r  vapor e x p l o s i o n  have n o t  been comp le te l y  s u b s t a n t i a t e d .  

t h e  bomogeneous n d c l e a t i o n  c r i t e r i o n  i s  adequate, i t  i s  c l e a r  t h a t  t h e  p o t e n t i a l  f o r  l a r g e -  

s c a l e  vapcr  exp los ion ,  a t  l e a s t  i n  c lean  l a b o r a t o r y  systems, i s  g r e a t e r  f o r  c a r b i d e  o r  
y e t a l  i q  scd1u-n t han  f o r  o x i d e  i n  sodium. Cont inued t h e o r e t i c a l  and exper imen ta l  s tudy  i< 

necessary t o  g a i n  a thorougo understanding o f  t h e  d e t a l l s  o f  t h e  mechanisms i n v o l v e d  arid L 

es t ima te  t h e  l i k e l i h o o d  f o r  vapor e x p l o s i o n  under r e a c t o r  a c c i d e n t  c o n d i t i o n s  f o r  any 
breeder  system. 

Under t y p i c a l  assumed a c c i d e n t  c o n d i t i o n <  

Th is  does n o t  mean, however, t h a t  a l a r g e - s c a l e  FCI w i l l  n e c e s s a r i l y  

As no ted  above, t hese  t h e o r i e s  as mecha- 

However, i n s o f a r  as 

Breeding Performance o f  A l t e r n a t e  Fuel Schemes 

Table 4.6-2 shows t h a t  i n  terms o f  f i s s i l e  p roduc t i on ,  t h e  r e f e r e n c e  Pu/U co re  
w i t h  U b l a n k e t s  g i v e s  t h e  b e s t  b reed ing  performance r e g a r d l e s s  o f  f u e l  t y p e  (ox ide ,  c a r -  

DiAe, o r  m e t a l ) .  For t h e  c a r b i d e  systems considered,  a heterogeneous co re  des ign  u s i n g  

?U, ’d  c a r b i d e  f u e l  w i t h  a U c a r b i d e  b l a n k e t  g i ves  a b reed ing  r a t i o  o f  1.550. 

systems considered,  a nominal two-zone homogeneous core des ign  us ing  U-Pu-Zr a1 l o v  f u e l  

g i ves  a b r e e d i n g  r a t i o  o f  1.614. 

For  t h e  meta’ 

The inc reased  f i s s i l e  p r o d u c t i o n  c a p a b i l i t y  o f  t h e  c a r b i d e  and me ta l  f u e l s  i s  
e s p e c i a l l y  advantageous f o r  t h e  denatured cyc les .  A b reed ing  r a t i o  as h i g h  as 1.4 has 

been c a l c u l a t e d  f o r  a me ta l  denatured system, and t h e  b reed ing  r a t i o  f o r  a c a r b i d e  de- 

natures system i s  n o t  expected t o  be s u b s t a n t i a l l y  sma l le r .  However, a good p a r t  o f  t h e  
f i j s l l e  p r o d u c t i o n  o f  any denatured system i s  p l u t o n i u m . ‘  Thus t h e  denatured system i s  

n o t  a good producer  o f  2 3 3 U .  However, when used w i t h  t h e  energy pa rk  concept, where +he 

p l u t o n i u m  produced by t h e  denatured systems can be used as a f u e l ,  t h e  denatured c a r b i d e  

and me ta l  uranium systems a r e  v i a b l e  concepts. 

t s  be v a l u a b l e  as t ransmute r  systems f o r  p roduc ing  2 3 3 U  frorv L32Th. 
Meta l  and c a r b i d e  concepts may a l s o  prove 
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Table 4.6-2. Beginniqa-of-Life Breeding Ratios f o r  
Various LMFBR Fuel Concepts 

Fuel a 

Breeding Ratio 
Oxide Carbide Metal 

B l  anket Fuels Fuels Fuels 

Pu/238U ( re ference)  
2 3 1 ~  '"?"U/'pu-Zr 

2 " ~ / ' 3 8 U / p ~ - ~ r  

2 ? 3 U / L  ? % / P u / T h  
3 3 U / 2 ? 8 U / P ~ / T h  

h / T h  
2 3 3 U / T h  
2 3 5 U / T h  

23 3 U / 2  3aU-Zr (denatured) 

1 .44' 1 .  55Cb 1.629" 
1.614 
1.537 
1.532 
1.406 

1 .30' 1 .353b 1 .38lC 
1 .041 1.044 1.105" 
3.786 0.817 0.906" 

1 .41b 

"All P u  i s  LWR discharge P u .  
'Radial heterogeneous design. 

From r e f .  2. C 

Of the  thorium metal systems considered, the  U / P u / T h  t e rnary  metal system vrds fodnd -. 
I r r ad ia t ion  experiments have shown t h a t  the  U/Pu /Th  a i loy  ' 3 -  t o  be the  best  *33U producer. 

be i r r ad ia t ed  a t  temperatures u p  t o  700'C w i t h  burnups of u p  t o  5.6 a t . % . 5  Beginning-of- 
cycle breeding r a t i o s  around 1.4 have been ca lcu la ted  f o r  t h i s  system, and i t  appears t ha t  
optimization of core and blanket geometry may increase the  breeding r a t i o  t o  as high as 1.5. 
I t  i s  a l so  c l e a r  t h a t  t he  equilibrium cycle breeding r a t i o  may be as much as 10% higher d u e  
t o  t he  f lux  increase i n  t he  blankets from the 2 3 3 U  production. 
2 3 3 U  producer (no plutonium i s  produced), b u t  a l so  a c t s  as a plutonium sink by burning plb- 
tonium produced in l ight-water reac tors .  

This system not only i s  a 

Summary and Conclusions 

Both carbide- and metal-based fue l s  have l a rge r  breeding gains and po ten t i a l ly  lower 
doubling times than the  oxide-based fue l s .  
design aspect (espec ia l ly  f o r  233U/Th concepts w i t h  t h e i r  inherently lower breeding g a i n s ) ,  
these advantages a re  enhanced even more. 
r e s i s t a n t  nuclear design, the carbide- and metal-fueled reac tors  have the  poten t ia l  t o  
cont r ibu te  extensively t o  the energy requirements of t h i s  country in  the  fu ture .  
the  f i r s t  s t ep  i s  t o  e s t ab l i sh  carbide and metal fuel data bases s imi l a r  t o  the  present 
data base f o r  oxide f u e l s ,  pa r t i cu la r ly  f o r  s a fe ty  analyses. 
carbide and metal fue l s  c a l l  f o r  a lead concept s e l ec t ion  f o r  t he  carbide fue l s  by $1981, 
w i t h  the metal fuel s e l ec t ion  coming i n  .~1984. 

When the p ro l i f e ra t ion  i ssue  i s  considered i n  the  

In l i g h t  of the  emphasis on p ro l i f e ra t ion -  

However, 

Present development plans f o r  
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4.6.3 Gas-Cooled Fas t  Breeder Reactors 

T. J .  Burns 
Oak Ridge N a t i o n a l  Labora to ry  

I n  a d d i t i o n  t o  t h e  sodium-cooled f a s t  r e a c t o r s  d i scussed  above, t h e  impact  o f  t h e  v a r i o u s  

a l t e r n a t e  f i s s i l e / f e r t i l e  f u e l  combinat ions on t h e  Gas-Cooled F a s t  Breeder  Reactor  (GCFR) has 

a l s o  been addressed (a l t hough  n o t  t o  t h e  degree t h a t  i t  has f o r  t h e  LMFBR). A 1200-MWe Pu/U 

GCFR design w i t h  f o u r  enr ichment  zones was s e l e c t e d  as t h e  re fe rence  case.7-8 The v a r i o u s  

a l t e r n a t i v e  f i s s i l e / f e r t i l e  f u e l  combinat ions were then  s u b s t i t u t e d  f o r  t h e  re fe rence  f u e l .  

No des ign  m o d i f i c a t i o n s  o r  o p t i m i z a t i o n s  based on t h e  a l t e r n a t e  f u e l  p r o p e r t i e s  were pe r -  

formed. 

a l t e r n a t e - f u e l e d  GCFRs a r e  n o t  comparable t o  t h e  r e s u l t s  g i v e n  i n  S e c t i o n  4.5 f o r  LMFBRs 

due t o  markedly  d i f f e r e n t  des ign  assumptions f o r  t h e  r e f e r e n c e  cases. 

I t  shou ld  a l s o  be emphasized t h a t  t h e  r e s u l t s  o f  t h i s  scop ing  e v a l u a t i o n  f o r  

The r e s u l t s  o f  t h e  p r e l i m i n a r y  c a l c u l a t i o n s  f o r  t h e  a l t e r n a t e - f u e l e d  GCFRs, sum- 

mar i zed  i n  Table 4.6.3, r e f l e c t  t r e n d s  s i m i l a r  t o  those  shown by LMFBRs; i .e . ,  r e l a t i v e  

t o  t h e  r e f e r e n c e  case, a s i g n i f i c a n t  b reed ing  r a t i o  p e n a l t y  occurs when 2 3 3 U  i s  used as 

t h e  f i s s i l e  m a t e r i a l  and 232Th as t h e  c o r e  f e r t i l e  m a t e r i a l .  1"1oreover, t h e  magnitude 

o f  t h e  p e n a l t y  (ABR) i s  l a r g e r  f o r  t h e  GCFR than  f o r  t h e  LMFBR. 

c o o l a n t ,  t h e  c h a r a c t e r i s t i c  spectrum o f  t h e  GCFR i s  s i g n i f i c a n t l y  ha rde r  than  t h a t  o f  

a comparably s i z e d  LMFBR. I n  l i g h t  o f  t h e  r e l a t i v e  n u c l e a r  p r o p e r t i e s  o f  t h e  v a r i o u s  

f i s s i l e  and f e r t i l e  spec ies d iscussed i n  S e c t i o n  4.5, t h i s  i nc reased  p e n a l t y  due t o  t h e  

ha rde r  spectrum i s  n o t  s u r p r i s i n g .  
t h e  f i s s i l e  Pu i so topes  i n  t h e  GCFR i s  s i g n i f i c a n t l y  h i g h e r  than  t h e  number produced i n  
t h e  s o f t e r  spectrum o f  an LMFBR. 

t i v e l y  i n s e n s i t i v e  t o  s p e c t r a l  changes. 

233U-based f u e l s  i n  t h e  GCFR i s  due t o  t h e  b e t t e r  performance o f  t h e  Pu r e f e r e n c e  system 
r a t h e r  than  t o  any marked changes i n  2 3 3 U  performance. A s i m i l a r  argument can be made 

f o r  t h e  replacement o f  co re  f e r t i l e  m a t e r i a l .  Owing t o  t h e  ha rde r  spectrum, t h e  f e r t i l e  

f a s t - f i s s i o n  e f f e c t  i s  more pronounced i n  t h e  GCFR than  i n  an LMFBR. 
i n  t h e  f e r t i l e  f i s s i o n  c ross  s e c t i o n  r e s u l t i n g  from replacement  o f  238U by  232Th r e s u l t s  

i n  a l a r g e r  decrease i n  t h e  b reed ing  r a t i o .  

case, 233U-fueled GCFRs r e q u i r e  s m a l l e r  f i s s i l e  i n v e n t o r i e s  than  do t h e  co r respond ing  

Pu- fue led  cases. 

Owing t o  t h e  h e l i u m  

The number o f  neutrons produced p e r  f i s s i o n  ( w )  o f  

The va lue  of w f o r  233U, on t h e  o t h e r  hand, i s  r e l a -  

Hence, t h e  l a r g e r  p e n a l t y  a s s o c i a t e d  w i t h  

Thus, t h e  r e d u c t i o n  

I t  shou ld  a l s o  be no ted  t h a t  as i n  t h e  LMFBR 

The b e t t e r  b reed ing  performance o f  Pu i n  t h e  ha rde r  spectrum o f  t h e  GCFR, on t h e  

o t h e r  hand, i n d i c a t e s  t h a t  t h e  GCFR would be a v i a b l e  cand ida te  f o r  t h e  r o l e  o f  energy 
c e n t e r  " t ransmuter , "  e i t h e r  as a Pu/Th system o r  as a Pu/U + Tho, r a d i a l  b l a n k e t  system. 

It must be emphasized, however, t h a t  t hese  conc lus ions  a r e  t e n t a t i v e  as t h e y  a r e  based 
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on o n l y  t h e  p r e l i m i n a r y  d a t a  presented i n  Table 4.6-3. 

heterogeneous des igns and/or  ca rb ide -  o r  metal-based f u e l s  has n o t  been addressed. 

shou ld  a l s o  be no ted  t h a t  e v a l u a t i o n  o f  which t y p e  o f  r e a c t o r  i s  b e s t  s u i t e d  f o r  a g i v e n  
r o l e  i n  t h e  denatured f u e l  c y c l e  must a l s o  r e f l e c t  nonneu t ron i c  c o n s i d e r a t i o n s  such as 

c a p i t a l  cos t ,  p o s s i b l e  i n t r o d u c t i o n  date,  e t c .  

The p o s s i b i l i t y  o f  employing 

It 

T a b l e  4.6-3. Fue l  U t i l i z a t i o n  C h a r a c t e r i s t i c s  and Per fo rmance  Paramete rs  f o r  GCFRs 
Under  V a r i o u s  Fue l  O p t i o n s d  

( 2 %  l o s s e s  assumed i n  r e p r o c e s s i n g )  

I n i t i a l  F i s s i l e  E q u i l i b r i u m  C y c l e  
F i s s i l e  B r e e d i n g  D o u b l i n g  F i s s i l e  F i s s i l e  D i s c h a r g e  

R e a c t o r  M a t e r i  a1 s 

Charge (kg/GWe-yr)  A x i a l  R a d i a l  I n v e n t o r y  R a t i o ,  Time ( y r )  
Core B l a n k e t  B l a n k e t  (ky/GWe) MOEC (RF=0.98) ( ky lGWe-y r )  T 3  U PUT 

Pu/U U 

Pu/U U 

Pu ITh  Th 

233U/Ub U 
2 3 3u/u' Th 

733U/U  + Thd Th 

233U/U  + The Th 

L 3 3 U I T h  Th 

U 

Th 

Th 

Th 

Th 

Th 

Th 

Th 

Energy -Cen te r -Cons t ra ined  F u e l s  

2641 1.301 14.3 

2693 1.276 15.4 

31 70 1.150 48.3 

D i s p e r s i b l e  Dena tu red  F u e l s  

2538 1 .088  50.5 

2587 1.074 66 .8  

2720 1.060 98.4 

2956 1.004 

Re fe rence  F u e l s  ' 
31 08  0.970 

965 
987 

1158 

1001 

1019 

1031 

1131 

1192 

1163 

224 941 

626 61 9 

671 400 

822 256 

871 208 

1054 81 

1169 
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5.0. INTRODUCTION 

T.  J .  Burns 
Oak Ridge National Laboratory 

Currently,  a major portion of the  nuclear generating capacity i n  the  U.S. cons is t s  
of LWRs operating on the  LEU once-through cycle.  
cycle will  requi re  t h a t  the  nuclear fuel cycle be closed; thus research and development 
e f f o r t s  d i rec ted  a t  nuclear fuel cyc le  a c t i v i t i e s ,  t h a t  i s ,  reprocessing, fabr ica t ion  of 
fuel assemblies containing recycle material  , e t c . ,  will  be necessary, a s  well a s  research 
and development of spec i f i c  reac tor  systems designed t o  u t i l i z e  these  a l t e r n a t e  f u e l s .  
da te ,  most fuel cycle R&D has been d i rec ted  a t  closing the  P u / U  fuel cycle under the  
assumption t h a t  plutonium would eventually be recycled i n  the  ex i s t ing  LWRs. With the  
exception of t he  HTGR ( fo r  which a 330-MWe prototype reac tor  i s  undergoing t e s t i n g  a t  Fort 
S t .  Vrain),  and the  Light Water Breeder Reactor ( L W B R )  a t  Shippingport, Pa., U.S. reac tors  
have not been designed t o  operate on thorium-based fue l s ,  and  t h u s  the R&D f o r  thorium- 
based fuel cycles has not received a s  much a t t en t ion  a s  the  R&D f o r  t he  P u / U  cycle.  
r e s u l t ,  any s t r a t egy  f o r  implementation of the  denatured fuel cycle on a timely bas is  must 
be concerned with fuel cycle research and development. 
reac tor -spec i f ic  research and development s ince  the  implementation of the  denatured 2 3 3 U  
cycle in any reac tor  wi l l  necess i ta te  design changes i n  the  reac tor .  

Implementation of t he  denatured 2 3 3 U  fuel 

To 

As a 

I t  must a l so  be concerned with 

The following two sec t ions  of t h i s  chapter contain estimates of t he  research and 
development cos t s  and possible schedules f o r  the  reac tor - re la ted  research and development 
and the  fuel -cycle-related research and development required f o r  implementation of the  
denatured fuel cycle in the  various types of reac tors  t h a t  have been considered i n  e a r l i e r  
chapters of this repor t .  I t  should be noted t h a t  these  two sec t ions  a r e  i n t r i n s i c a l l y  
connected: t he  implementation of a reac tor  operating on recycle fuel necess i t a t e s  the 
p r io r  implementation of the  reprocessing and f ab r i ca t ion  f a c i l i t i e s  a t tendant  t o  t h a t  f u e l ,  
and conversely, the  decision t o  cons t ruc t  a reprocessing f a c i l i t y  f o r  a spec i f i c  recycle 
fuel type i s  d i c t a t ed  by the  existence ( o r  projected ex is tence)  of a reac tor  discharging 
the  fue l .  
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5.1. REACTOR RESEARCH AND DEVELOPMENT REQUIREMENTS 

N. L. Shap i ro  
Combustion Eng ineer ing  Power Systems 

The d i scuss ions  i n  t h e  p reced ing  chap te rs ,  and a l s o  t h e  d i s c u s s i o n  t h a t  f o l l o w s  i n  

Chapter 6, a l l  assume t h a t  LWRs and advanced c o n v e r t e r s  based on t h e  HTGR, HWR, and SSCR 5' 

cep ts  w i l l  be a v a i l a b l e  f o r  commercial o p e r a t i o n  on denatured uranium-thor ium (DUTH) f u e l s  

on a r e l a t i v e l y  near- term t i m e  sca le .  I f  t h i s  c o m m e r c i a l i z a t i o n  schedule i s  t o  be ach ieved  

s u b s t a n t i a l  r e a c t o r - r e l a t e d  research  and development w i l l  be r e q u i r e d .  The purpose o f  t h i s  

s e c t i o n  i s  t o  d e l i n e a t e  t o  t h e  degree p o s s i b l e  a t  t h i s  p r e l i m i n a r y  s tage o f  development tht. 

magnitude and scope o f  t he  r e a c t o r  R,D&D requi rements necessary f o r  imp lemen ta t i on  o f  t h e  

r e a c t o r s  on DUTH f u e l s  and, f u r t h e r ,  t o  determine whether  t h e r e  a r e  s i g n i f i c a n t  R,D&D c o s t  

d i f f e r e n c e s  between t h e  r e a c t o r  systems. The requi rements l i s t e d  a r e  those b e l i e v e d  t o  be 

necessary t o  r e s o l v e  t h e  t e c h n i c a l  i ssues  t h a t  c u r r e n t l y  p rec lude  t h e  deployment o f  t h e  

v a r i o u s  r e a c t o r  concepts on DUTH f u e l s ,  and no a t t e m p t  i s  made t o  p re judge  o r  t o  i n d i c a t e  

a p r e f e r r e d  system. 

It i s  t o  be emphasized t h a t  t h e  p roper  development o f  r e a c t o r  R,D&D c o s t s  and schedu 

would r e q u i r e  a comprehensive i d e n t i f i c a t i o n  o f  des ign  and l i c e n s i n g  problems, t h e  developme, 

o f  d e t a i l e d  programs t o  address these problems, and t h e  subsequent development o f  c o s t s  and 

schedules based upon these programs. U n f o r t u n a t e l y ,  t h e  assessment o f  a l t e r n a t e  c o n v e r t e r  
concepts has n o t  as y e t  progressed t o  t h e  p o i n t  t h a t  problem areas can be f u l l y  i d e n t i f i e d ,  

and so d e t a i l e d  development o f  R,D&D programs i s  g e n e r a l l y  i m p r a c t i c a l  a t  t h i s  s tage.  Con- 

sequent ly ,  we have had t o  r e l y  on somewhat s u b j e c t i v e  e v a l u a t i o n s  o f  t h e  t e c h n o l o g i c a l  s t a t h  
of each concept, and upon r a t h e r  approximate and somewhat i n t u i t i v e  es t ima tes  o f  t h e  c o s t s  

r e q u i r e d  t o  r e s o l v e  t h e  s t i l l  unde f ined  problem areas.  A more d e t a i l e d  development o f  t h e  

requi rements f o r  many o f  t h e  cand ida te  systems w i l l  be performed as p a r t  o f  t h e  c h a r a c t e r i z a -  

t i o n  and assessment programs c u r r e n t l y  under way i n  t h e  N o n p r o l i f e r a t i o n  A1 t e r n a t i v e  System: 

Assessment Program (NASAP). 

I n  genera l ,  r e a c t o r  R,D&D requi rements can be d i v i d e d  i n t o  two ma jo r  c a t e g o r i e s :  
( 1 )  t h e  R,D&D p e r t a i n i n g  t o  t h e  development o f  t h e  r e a c t o r  concept  on i t s  r e f e r e n c e  f u e l  

c y c l e ;  and ( 2 )  t h e  R,D&D necessary f o r  t h e  deployment o f  t h e  r e a c t o r  o p e r a t i n g  on an a l t e r n -  

a t e  f u e l  c y c l e  such as a DUTH f u e l  c y c l e .  

t h a t ,  w i t h  t h e  e x c e p t i o n  o f  t h e  HTGR (whose r e f e r e n c e  f u e l  c y c l e  a l r e a d y  i n c l u d e s  tho r ium) ,  

t h e  r e f e r e n c e  c y c l e s  o f  t h e  advanced c o n v e r t e r s  would i n i  t i a l l  Y be t h e  uranium c y c l e  (i .e., 

235U/238U) and t h a t  no r e a c t o r  would employ DUTH f u e l  u n t i l  a f t e r  i t s  s a t i s f a c t o r y  pe r -  

formance had been assured i n  a l a r g e - p l a n t  demonstrat ion.  

cons ide r  t h e  development o f  advanced c o n v e r t e r s  u s i n g  DUTH f u e l  as t h e i r  r e f e r e n c e  f u e l  
cyc le ,  such s imul taneous development c o u l d  be a p o t e n t i a l  impediment t o  c o m m e r c i a l i z a t i o n  
s i n c e  surveys o f  t h e  u t i l i t y  and manu fac tu r ing  s e c t o r s 1  i n d i c a t e  a nea r  u n i v e r s a l  r e l u c t a n c e  * 

embark on e i t h e r  a new r e a c t o r  technology o r  a new f u e l  c y c l e  technology,  l a r g e l y  because 

I n  t h e  d i s c u s s i o n  p resen ted  he re  i t  i s  assumed 

Al though i t  i s  p o s s i b l e  t o  
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o f  t h e  u n c e r t a i n t i e s  w i t h  r e s p e c t  t o  r e a c t o r  o r  f u e l  c y c l e  performance, economics, l i c e n s -  
a b i l i t y ,  and t h e  s t a b i l i t y  o f  government p o l i c i e s .  

a c t o r  t echno logy  c o n d i t i o n a l  upon t h e  success fu l  development o f  an u n t r i e d  f u e l  c y c l e  tech -  

no logy  would o n l y  compound these concerns and comp l i ca te  t h e  a l r e a d y  d i f f i c u l t  problem o f  

commerc ia l i za t i on .  The development o f  advanced c o n v e r t e r  concepts i n t e n d e d  i n  t i a l l y  f o r  

uranium f u e l i n g  would a l l o w  research  and development, des ign,  and t h e  eventual  demonstra- 
t i o n  o f  t h e  concept  t o  proceed s imu l taneous ly  w i t h  t h e  separate development o f  t h e  DUTH 

c y c l e .  

Thus a t tempts  t o  i n t r o d u c e  a new r e -  

The R,D&D r e l a t e d  t o  t h e  r e a c t o r  concept i t s e l f  t y p i c a l l y  can be d i v i d e d  i n t o  t h r e e  

components: 

( 1 )  P r o o f  o f  p r i n c i p l e  ( o p e r a t i n g  t e s t  r e a c t o r  o f  smal l  s i z e ) .  

( 2 )  

( 3 )  

Design, c o n s t r u c t i o n ,  and o p e r a t i o n  o f  p r o t o t y p e  p l a n t  ( i n t e r m e d i a t e  s i z e ) .  

Design, c o n s t r u c t i o n ,  and o p e r a t i o n  o f  comnerc ia l - s i ze  demonstrat ion p l a n t  (about  

1000 MWe). 

Each s tage t y p i c a l l y  i n v o l v e s  some degree o f  b a s i c  research,  component des ign  and t e s t i n g ,  

and l i c e n s i n g  development. I n  c e r t a i n  i ns tances ,  v a r i o u s  stages o f  t h e  development can be 
bypassed. T h i s  i s  p a r t i c u l a r l y  t r u e  o f  t echno log ies  r e p r e s e n t i n g  o n l y  a modest depar tu re  

f rom t h e  p r e s e n t  r e a c t o r  technology,  i n  which case p r o t o t y p e  r e a c t o r  c o n s t r u c t i o n  may be 

bypassed comp le te l y  and demonstrat ions per formed on commerc ia l -s ize u n i t s .  

made t o  do t h i s ,  t h e  t i m e  r e q u i r e d  t o  i n t r o d u c e  commerc ia l -s ize u n i t s  can be shor tened,  b u t  

f i n a n c i a l  r i s k s  a r e  i nc reased  because o f  t h e  l a r g e r  c a p i t a l  commitment r e q u i r e d  f o r  f u l l -  

s c a l e  u n i t s .  On t h e  o t h e r  hand, t o t a l  R&D c o s t s  a r e  somewhat reduced, s i n c e  some f r a c t i o n  

o f  t h e  R&D r e q u i r e d  f o r  p r o t o t y p e  des ign  u s u a l l y  proves n o t  t o  be a p p l i c a b l e  t o  l a r g e - p l a n t  

des ign.  

I f  a d e c i s i o n  i s  

It i s  a l s o  p o s s i b l e  i n  c e r t a i n  i ns tances  t o  pe r fo rm component R&D and des ign  f o r  t h e  

p r o t o t y p e s  i n  such a f a s h i o n  t h a t  i d e n t i c a l  components can be used d i r e c t l y  i n  t h e  demon- 

s t r a t i o n  u n i t s .  

t h e  R&D necessary t o  s c a l e  up components c o u l d  be avoided. 

Thus, by employing components o f  t h e  same des ign  and s i z e  i n  b o t h  systems 

Each o f  t h e  t h r e e  advanced c o n v e r t e r  r e a c t o r s  d iscussed i n  t h i s  s e c t i o n  has a l r e a d y  

proceeded through t h e  p r o o f - o f - p r i n c i p l e  s tage.  

ed w i t h i n  t h e  U n i t e d  S ta tes ,  w i t h  a 330-MWe p r o t o t y p e  c u r r e n t l y  o p e r a t i n g  ( t h e  F o r t  S t .  V r a i n  

p l a n t ) .  

t h i s  t ype  have been commerc ia l ized i n  t h e  Canadian CANDU r e a c t o r .  

i n  des ign  between t h e  CANDU and t h e  HWR p o s t u l a t e d  f o r  U.S. s i t i n g  ( f o r  example, t h e  ex- 

pected use o f  s l i g h t l y  e n r i c h e d  f u e l  i n  a U . S .  HWR) and a l s o  t o  d i f f e r e n c e s  i n  l i c e n s i n g  

c r i t e r i a ,  i t  would s t i l l  be d e s i r a b l e  t o  c o n s t r u c t  a U.S. p r o t o t y p e  p l a n t  b e f o r e  proceeding 

t o  t h e  commerc ia l -s ize demons t ra t i on  p l a n t  phase. The SSCR rep resen ts  o n l y  a modest 

depar tu re  f rom t h e  des ign  o f  PWRs a l r e a d y  o p e r a t i n g ,  b u t  even so, t h e  c o n s t r u c t i o n  and 

o p e r a t i o n  o f  a p r o t o t y p e  p l a n t  would a l s o  be t h e  l o g i c a l  n e x t  s tage i n  t h e  e v o l u t i o n  o f  t h i s  

concept. 

O f  these, t h e  HTGR i s  t h e  most h i g h l y  develop- 

HWRs have r e c e i v e d  much l e s s  development w i t h i n  t h e  U n i t e d  S ta tes ,  b u t  r e a c t o r s  o f  

However, due t o  d i f f e r e n c e s  
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As has been pointed out above, r e l a t i v e l y  rapid introduction schedules f o r  the  
various reac tors  have been postulated i n  the  nuclear power scenarios described in Chapter 
6. 
which advanced converters and the  denatured uranium-thori um (DUTH)  cyc le  can cont r ibu te  t o  
improved uranium resource u t i l i z a t i o n  so as t o  defer  the  need f o r  plutonium-fueled breeder 
reac tors  and t o  eliminate from fu r the r  consideration those concepts which cannot cont r ibu te  
s ign i f i can t ly  to  this goal even i f  rap id ly  introduced. 
duced i n  1991 and HWRs and HTGRs in 1995. In view of the time requirements f o r  p lan t  
construction and l icens ing ,  i t  i s  c l e a r  t h a t  the  prototype p lan t  s tage  wi l l  have t o  be 
bypassed i f  these introduction da tes  a r e  t o  be achieved. 
below i t  has been assumed t h a t  t he  program f o r  each r eac to r  wi l l  be d i rec ted  toward the  
construction of the  demonstration p lan t .  This reac tor / fue l  cyc le  demonstration i s  i n  
turn divided in to  two par t s :  
provide the  basic information necessary f o r  the  design and l icens ing  of a commercial-size 
demonstration f a c i l i t y ;  and another cons is t ing  of t he  f ina l  design, cons t ruc t ion ,  and 
operation of the f a c i l i t y .  
has been assumed because of the subs tan t ia l  R&D and f i r s t -of -a -k ind  engineering cos t s  t h a t  
wi l l  be incurred and because of the increased risks associated w i t h  bypassing the  prototype 
s tage .  

This i s  because one of the  objec t ives  of this r epor t  i s  t o  e s t ab l i sh  the degree t o  

The SSCR i s  assumed t o  be in t ro -  

Consequently, f o r  the  discussion 

one cons is t ing  of the generic reac tor  R&D required t o  

For t h i s  demonstration program, continued government f u n d i n g  

In considering fue l -cyc le- re la ted  reac tor  R , D & D ,  i t  i s  assumed t h a t  the  demonstration 
of the  reac tor  concept on i t s  reference cycle has been accomplished and only t h a t  R , D & D  re- 
quired t o  s h i f t  t o  an a l t e r n a t e  cycle ( s p e c i f i c a l l y  a DUTH cyc le)  need be addressed.* The 
bas ic  types of fue l -cyc le- re la ted  reac tor  R , D & D  a r e :  

( 1 )  Data-base development. 

( 2 )  Reactor components development. 

(3 )  Reactor/fuel cycle demonstration. 

The purpose of the data base development R&D i s  t o  provide physics ve r i f i ca t ion  and 
fuel performance information necessary f o r  the  design and l icens ing  of reac tors  operating on 
t h e  subjec t  fuel cycle;  the  i n t e n t  here i s  t o  provide information s imi l a r  t o  t h a t  which has 
been developed f o r  the  use o f  mixed-oxide fue l s  i n  LWRs. 
have typ ica l ly  consisted of c r i t i c a l  experiments t o  provide a bas i s  t o  demonstrate the  a b i l i t y  
of ana ly t ica l  models t o  pred ic t  such important sa fe ty- re la ted  parameters a s  r e a c t i v i t y  l e v e l ,  
coe f f i c i en t s  of r e a c t i v i t y ,  and poison worths. 
cons i s t  of such aspects a s  fuel rod i r r ad ia t ions  t o  e s t ab l i sh  in- reac tor  performance and 
discharge i so top ic s ;  special  reac tor  experiments t o  e s t ab l i sh  such parameters a s  in - reac tor  
swelling, dens i f i ca t ion ,  cen ter - l ine  temperature and f i s s ion  gas r e l ease ;  and tests o f  the 

Physics ve r i f i ca t ion  experiments 

Safety-related fuel performance R&D might 

*Note t h a t  the  R , D & D  requirements included a r e  those r e l a t ed  t o  the design, l i cens ing  and 
operation of the reactor only.  
considered separa te ly  ( see  Section 5 .2) .  
r eac to r  R , D & D  i s  t h a t  already performed f o r  plutonium recycle.  
R , D & D  was performed both by the government and by the p r iva t e  sec to r  t o  develop reac tor  
design changes and/or reac tor - re la ted  cons t r a in t s ,  l i cens ing  information, and in- reac tor  
demonstrations t o  support the eventual u t i l i z a t i o n  of mixed-oxide f u e l s .  

The requirements f o r  developing the  fuel cyc le  i t s e l f  a r e  
The prime example of such fue l -cyc le- re la ted  

Here, f a i r l y  extensive 
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performance o f  t h e  f u e l  d u r i n g  a n t i c i p a t e d  o p e r a t i o n a l  t r a n s i e n t s .  S ince such s a f e t y - r e l a t e d  

f u e l  performance i n f o r m a t i o n  would be developed as p a r t  o f  t h e  f u e l  r e c y c l e  program d i s -  

cussed i n  S e c t i o n  5.2, t h e  R&D c o s t s  f o r  t h i s  aspec t  a r e  mentioned he re  o n l y  f o r  completeness. 

Reactor  components development has been i n c l u d e d  s ince ,  i n  p r i n c i p l e ,  t h e  use o f  

a l t e r n a t e  f u e l s  m i g h t  change t h e  bases f o r  r e a c t o r  des ign s u f f i c i e n t l y  t h a t  a d d i t i o n a l  com- 

ponents development c o u l d  be r e q u i r e d .  The e x t e n t  of t h e  r e a c t o r  des ign  m o d i f i c a t i o n s  r e -  

q u i r e d  t o  accommodate a change f rom a r e a c t o r ' s  re ference f u e l  t o  denatured f u e l  would, o f  

course, v a r y  w i t h  t h e  r e a c t o r  type.  

The t h i r d  aspec t  o f  f u e l - c y c l e - r e l a t e d  R&D i s  t h e  r e a c t o r / f u e l  c y c l e  demonstrat ion.  

T h i s  demons t ra t i on  i n c l u d e s  t h e  co re  phys i cs  des ign  and s a f e t y  a n a l y s i s ,  which i d e n t i f i e s  

any changes i n  des ign b a s i s  events  o r  i n  r e a c t o r  des ign n e c e s s i t a t e d  by t h e  denatured 

uranium-thor ium f u e l  cyc les ,  t h e  p r e p a r a t i o n  of an a n a l y s i s  r e p o r t  (SAR), and t h e  subse- 

quen t  i n - r e a c t o r  demonstrat ion of s u b s t a n t i a l  q u a n t i t i e s  o f  denatured f u e l s .  

I n  summary, a number o f  assumptions have been made t o  a r r i v e  a t  a p o i n t  o f  r e f e r -  

ence f o r  e v a l u a t i n g  t h e  research  and development r e q u i r e d  f o r  r e a c t o r s  t o  be commerc ia l ized 

on a DUTH f u e l  c y c l e  w i t h i n  t h e  p o s t u l a t e d  schedule. I n  p a r t i c u l a r ,  i t  has been assumed 

t h a t  t h e  p r o t o t y p e  p l a n t  s tage  e i t h e r  has been completed o r  can be bypassed f o r  HTGRs, 

HWRs, and SSCRs, and thus  t h e  rema in ing  R,D&D r e l a t e d  t o  t h e  r e a c t o r  concept  i t s e l f  i s  

t h a t  r e q u i r e d  t o  ope ra te  a commerc ia l -s ize demonstrat ion p l a n t .  

a r e  based on each r e a c t o r ' s  r e f e r e n c e  f u e l  r a t h e r  than  on a DUTH f u e l ;  t o  c o n v e r t  t h e  

r e a c t o r s  t o  a DUTH f u e l  w i l l  r e q u i r e  a d d i t i o n a l  R,D&D t h a t  w i l l  be f u e l - c y c l e - r e l a t e d .  

Fo r  t h e  LWRs, which have l o n g  passed t h e  demonstrat ion s tage on t h e i r  r e f e r e n c e  f u e l ,  a l l  

t h e  r e a c t o r  R,D&D r e q u i r e d  t o  ope ra te  t h e  r e a c t o r s  on a DUTH f u e l  i s  f u e l - c y c l e - r e l a t e d .  

The demons t ra t i on  program i n  t h i s  case would be t h e  demonstrat ion o f  DUTH f u e l  i n  a 

c u r r e n t - g e n e r a t i o n  LWR. Th is  d i s c u s s i o n  does n o t  c o n s i d e r  r e a c t o r  R,D&D t o  

s u b s t a n t i a l l y  improve t h e  resource  u t i l i z a t i o n  o f  LWRs, which, as i s  p o i n t e d  o u t  i n  

S e c t i o n  4.1 and Chapters 6 and 7, i s  c u r r e n t l y  be ing  s t u d i e d  as one approach f o r  i n c r e a s -  
i n g  t h e  power p r o d u c t i o n  f rom a f i x e d  resource  base.) 

The demonstrat ion p l a n t s  

(Note: 

T h i s  e v a l u a t i o n  has a l s o  r e q u i r e d  t h a t  assumptions be made r e g a r d i n g  t h e  degree o f  

f i n a n c i a l  suppor t  t h a t  c o u l d  be expected f rom t h e  government. These assumptions, and t h e  

c r i t e r i a  on which they  a r e  based, a r e  p resen ted  i n  t h e  d i scuss ions  below on each r e a c t o r  

t ype .  Wh i le  t h e  assumptions r e g a r d i n g  government p a r t i c i p a t i o n  a r e  unavoidably  a r b i t r a r y  
and may be s u b j e c t  t o  debate, i t  i s  t o  be p o i n t e d  o u t  t h a t  b a s i c a l l y  t h e  same assumptions 

have been made f o r  a l l  r e a c t o r  types.  

correspond t o  o t h e r  s e t s  o f  assumptions. 

Thus t h e  reader  may s c a l e  t h e  c o s t s  presented t o  

F i n a l l y ,  i t  i s  t o  be no ted  t h a t  w h i l e  t h e  n u c l e a r  power systems i n c l u d e d  i n  t h i s  

s tudy  o f  t h e  denatured 2 3 3 U  f u e l  c y c l e  i n c l u d e  f a s t  breeder  r e a c t o r s ,  no es t ima tes  a r e  

i n c l u d e d  i n  t h i s  s e c t i o n  f o r  FBRs. Es t ima ted  research  and development c o s t  schedules f o r  
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the LMFBR on i t s  reference cycle a r e  cur ren t ly  being revised, and a study of the denatured 
f a s t  breeder fuel cycle,  which includes f a s t  transmuters and denatured breeders,  is  included 
a s  pa r t  of the  INFCE program ( In te rna t iona l  Nuclear Fuel Cycle Evaluation).  
from the INFCE study should be ava i lab le  in the near fu tu re .  

The r e s u l t s  

5.1.1. Light-Water Reactors 

Preliminary evaluations of design and safe ty- re la ted  considerations f o r  LWRs operat-  
ing on the  conventional thorium cycle ind ica te  thorium-based fue l s  can be employed i n  LWRs 
with l i t t l e  o r  no  modification. 
under the assumption t h a t  denatured fuel wi l l  be employed i n  LWRs of e s s e n t i a l l y  present 
design. 
example, changes in  the number of control d r ives ,  shim loadings,  o r  fuel management, e t c . )  
b u t  r a the r  r e f l e c t s  our cur ren t  be l i e f  t h a t  design changes necessitated by DUTH fue l s  wi l l  
be s u f f i c i e n t l y  straightforward so a s  t o  be accommodated w i t h i n  the engineering design 
typ ica l ly  performed f o r  new plan ts .  

Consequently, the R&D cos ts  given here have been estimateci 

This assumption i s  not meant t o  exclude minor changes t o  r eac to r  design ( f o r  

As has been described in  the discussion above, the f i r s t  phase of such fuel-cycle- 
re la ted  research cons is t s  of the development of a data base from which sa fe ty - r e l a t ed  
parameters and fuel performance can be predicted i n  subsequent core physics design and 
sa fe ty  ana lys i s  programs. 
mation should be thoroughly reviewed, and a preliminary evaluation of sa fe ty  and l icens ing  
i ssues  should be made i n  order t o  iden t i fy  missing information and guide the  subsequent 
development program. Although t h i s  i n i t i a l  phase i s  required t o  f u l l y  define the  required 
data base R & D ,  i t  i s  possible to  an t i c ipa t e  in  advance the  need t o  e s t ab l i sh  information 
i n  the areas of physics ve r i f i ca t ion  and safe ty- re la ted  fuel performance. 

First, ex i s t ing  thorium mater ia l s  and fuel performance infor -  

As shown in  Table 5.1-1, the physics ve r i f i ca t ion  program under data base develop- 
ment i s  estimated t o  cos t  ~ $ 1 0  mi l l ion .  
the information required t o  pred ic t  important sa fe ty- re la ted  physics parameters and t o  
demonstrate the accuracy of such predictions a s  p a r t  of the sa fe ty  ana lys i s .  Improved 
values must be obtained f o r  cross sec t ions  of thorium and of isotopes i n  the  thorium 
depletion chains,  such a s  2 3 3 U  and protactinium, a l l  of which have been la rge ly  neglected 
i n  t he  pas t .  
both a t  room temperature and a t  elevated temperatures, such experiments being very im- 
portant f o r  accura te ly  ca lcu la t ing  safe ty- re la ted  physics c h a r a c t e r i s t i c s  and a l so  f o r  
es t ab l i sh ing  the quan t i t i e s  of plutonium produced during i r r a d i a t i o n .  F ina l ly ,  an LWR 
physics ve r i f i ca t ion  program should include a s e r i e s  of c r i t i c a l  experiments, preferably 
both a t  room temperature and a t  elevated moderator temperatures, f o r  each of the fuel 
types under consideration ( i  .e . ,  f o r  thorium-based fue l s  u t i l i z i n g  denatured 2 3 5 ~ ,  denature? 
2 3 3 U ,  o r  plutonium). These experiments would serve as a bas i s  f o r  demonstrating the  aaeuliar, 
of the cross-section data s e t s  and of the a b i l i t y  of ana ly t ica l  models t o  Fredic t  such 

safe ty- re la ted  parameters as r e a c t i v i t y ,  power d i s t r i b u t i o n s ,  moderator temperature 
r e a c t i v i t y  coe f f i c i en t s ,  boron worth,  and control rod worth. 

This program should be designed both t o  provide 

Resonance in tegra l  measurements should a l s o  be performed f o r  denatured fue l s  
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Tab le  501-1. Government Research and Development Requi red t o  Convert 

(20% 235U/238U-Th o r  12% 233U/238U-Th) 
L ight -Water  Reactors t o  Denatured Uranium-Thorium Fuel Cycles 

Assumptions: A l l  b a s i c  r e a c t o r  R&D r e q u i r e d  f o r  commerc ia l i za t i on  o f  LWRs o p e r a t i n g  on 
t h e i r  r e f e r e n c e  f u e l  c y c l e  (LEU) has been completed. 

Use o f  denatured f u e l  can be demonstrated i n  a c u r r e n t - g e n e r a t i o n  LWR. 

Because u t i l i t y  sponsor ing demonstrat ion w i l l  be t a k i n g  some r i s k  o f  
decreased r e a c t o r  a v i l a b i l i t y ,  a 25% government subsidy i s  assumed f o r  
a 3-year  demonstrat ion program. 

Note: LWRs can be opera ted  on t h e  denatured 235U/238U-Th f u e l  c y c l e  be fo re  any o t h e r  r e a c t o r  
system; however, t hey  cannot  be economica l l y  conipeti t i v e  w i t h  LWRs o p e r a t i n g  on t h e  
LEU once-through c y c l e  because h i g h e r  U308 requi rements a r e  a s s o c i a t e d  w i t h  t h o r i u m  
f u e l .  Any commercial LWRs o p e r a t i n g  on a denatured c y c l e  b e f o r e  t h e  y e a r  2000 must 
be subs id i zed .  

c o s t  
Research and Development ( $ M )  

A. Data base development 

A l .  Phys ics v e r i f i c a t i o n  program 10 
Improve c ross  s e c t i o n s  f o r  Th, 2 3 3 U ,  Pa, e t c .  
Measure resonance i n t e g r a l s  f o r  denatured uranium- 
t h o r i u m  f u e l s  a t  room temperature and a t  e l e v a t e d  
temperatures. 

Per form and analyze c r i t i c a l  exper iments f o r  
each f u e l .  

A2. Fuel-performance program 

Per form i n - r e a c t o r  p r o p e r t i e s  experiments 
Per form power ramp exper iments 

Per form f u e l - r o d  i r r a d i a t i o n  exper iments 

Per form t r a n s i e n t  t e s t s  

B. Reactor  components development (develop hand1 i n g  
equi  pment/procedures f o r  r a d i o a c t i v e  232U-~on-  
t a i n i n g  f r e s h  f u e l  e lements) .  

C. Demonstrat ion des ign  and l i c e n s i n g  

C1.  Develop co re  des ign  changes as r e q u i r e d  f o r  
denatured f u e l s  

Per form s a f e t y  a n a l y s i s  o f  m o d i f i e d  core 

Prepare s a f e t y  a n a l y s i s  r e p o r t  (SAR); c a r r y  
through l i c e n s i n g  

Demonstrat ion o f  LWR o p e r a t i n g  on denatured f u e l  
(p robab ly  jU/ 2 3  *U-Th ) 

C2. 

C3. 

D. 

( 30  - 150)a 

5 - 25 

20 - 100 

50b - 200 

aWould be i n c l u d e d  i n  f u e l  r e c y c l e  R&D c o s t s  (see S e c t i o n  5 . 2 ) .  

b P o t e n t i a l  government subsidy; i .e., t o t a l  c o s t  o f  demons t ra t i on  i s  $200M. 
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The fuel performance program under LWR data-base development would cons i s t  of the  
establishment of sa fe ty- re la ted  fuel performance information such a s  t r a n s i e n t  fuel damage 
l i m i t s ,  thermal performance both f o r  normal operation and with respec t  t o  LOCA* margins on 
s tored  heat,  dimensional s t a b i l i t y  (dens i f i ca t ion  and swel l ing) ,  gas absorption and re lease  
behavior, and fuel cladding in te rac t ion .  The i n i t i a l  phase of t h i s  program should cons i s t  

of in - reac tor  proper t ies  experiments, power ramp t e s t s ,  t r a n s i e n t  fuel damage t e s t s ,  and 
fuel rod i r r ad ia t ions .  
program cur ren t ly  underway i n  Norway's Halden HWR and would be designed t o  provide informa- 
t i on  on such parameters a s  center - l ine  temperature, swelling and dens i f i ca t ion ,  and f i s s ion -  
gas re lease  during operati  on. 
of the fuel rod segments i n  ex i s t ing  LWRs and the subsequent power ramping of these segments 
i n  special  t e s t  reac tors  t o  e s t ab l i sh  an t i c ipa t ed  fuel performance during power changes 
typ ica l ly  encountered i n  the operation of LWRs. 
national inter-ramp and over-ramp programs cu r ren t ly  being undertaken a t  Studsvik. The 
t r ans i en t  fuel damage experiments would be designed t o  provide information on the  performance 
of the denatured fue l s  under the  more rapid t r ans i en t s  possible d u r i n g  operation and i n  
postulated acc idents .  
t i on  on the i r r a d i a t i o n  performance of prototypical thorium-based fuel rods, and, with 
subsequent pos t - i r r ad ia t ion  i so topic  analyses,  would a l s o  provide information on b u r n u p  
and plutonium production. (As noted previously,  the fuel performance program cos t s  a r e  
included, though not s p e c i f i c a l l y  de l inea ted ,  under the fuel cyc le  R,D&D discussed in 
Section 5 .2 . )  

The in- reac tor  proper t ies  experiments would be s imi l a r  t o  the 

The power ramp experiments would cons i s t  of prei  rradi a t i  on 

Examples of such programs a r e  the  i n t e r -  

Lastly,  the fuel rod i r r a d i a t i o n  experiments would provide informa- 

In addition t o  the  data base development, some as  y e t  un ident i f ied  r eac to r  components 
development could be expected. 
$5 - $25 mill ion i s  included i n  Table 5.1-1. 

To cover t h i s  aspect of the program, an estimated cos t  of 

The remaining fue l -cyc le- re la ted  R&D f o r  LWRs would be devoted t o  developing core 
design changes and safe ty  ana lys i s  information i n  preparation f o r  a reac tor / fue l  cycle 
demonstration. 
would be determined u s i n g  the  spec i f i c  design a t t r i b u t e s  of the  demonstration reac tor .  
The e f f e c t s  of a l t e r n a t e  fuel cycles on p lan t  s a fe ty  and l icens ing  would requi re  examina- 
t ion  of s a fe ty  c r i t e r i a  and the  dynamic analyses of design bas is  events.  
s a fe ty  c r i t e r i a ,  such as acceptable fuel design limits and l i m i t s  on maximum energy deposi- 
t i on  i n  the  f u e l ,  would have t o  be determined. 
r e s u l t  from a l t e r n a t e  fuel loadings and the implication of these  changes on r eac to r  design 
and sa fe ty  would a l s o  have t o  be i d e n t i f i e d  and accommodated w i t h i n  the  design. 
example, changes i n  fuel and moderator temperature r e a c t i v i t y  coe f f i c i en t s ,  boron worth, 
control-rod worth, prompt-neutron l i f e t ime  and delayed-neutron f r ac t ion  must be addressed 
s ince  they can have a l a rge  impact on the  performance and sa fe ty  of the system. The e f -  
f e c t s  of a l t e r n a t e  fuel cycles on the d.ynamic system responses should be determined f o r  a l l  
t r ans i en t s  required by Regulatory Guide 1.70, Revision 2. I t  would a l s o  be necessary t o  
determine the  implications of denatured fuel cycles on p lan t  operation and load change 
performance t o  determine whether the  response of p lan t  control and pro tec t ion  systems i s  

In this  phase of the  program, safe ty- re la ted  behavior of a l t e r n a t e  fuel 

Appropriate 

Changes i n  core physics parameters t h a t  

For 

~ 

*LOCA = Loss-of-Coolant Accident 
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a l t e r ed .  
of t h i s  development task and pursued w i t h  l i cens ing  a u t h o r i t i e s  through approval. 

A s a fe ty  ana lys i s  repor t  f o r  denatured thorium fue l s  would be prepared a s  par t  

The reac tor  development cos t  associated with commercializing the  LWR on the DUTH fuel 
cycle i s  t h o u g h t  t o  be about $200 mi l l ion .  
mercial s t a t u s  of the LWR and from the r e l a t i v e l y  small r i sk  associated with deploying a 
new fuel type, s ince  i f  the demonstration program i s  unsuccessful, the reac tor  can always 
be returned t o  uranium fue l ing .  The estimated cos t  f o r  the  l ight-water reac tor  i s  based 
on an assumed 25% government subsidy f o r  a three-year in - reac tor  demonstration. The 25% 
subsidy i s  intended primarily t o  ensure the  sponsoring u t i l i t y  aga ins t  the poten t ia l  f o r  
decreased r eac to r  a v a i l a b i l i t y  which might r e s u l t  from unsa t i s fac tory  performance of the 
DUTH f u e l .  
discussed i n  Section 5 . 2 . )  

This r e l a t i v e l y  low cos t  r e s u l t s  from the  com- 

(The cos t  of the fuel i t s e l f  i s  included in the  fuel recycle development cos ts  

5.1.2. High-Temperature Gas-Cooled Reactors 

Although a number of a l t e r n a t e  high-temperature gas-cooled reac tor  technologies have 
been or a r e  being developed by various count r ies ,  t h i s  discussion considers the  reac tor  con- 
cept developed by the General Atomic Company. U. s. experience with high-temperature gas- 
cooled reac tors  dates from March 3, 1966, when the 40-MWe Peach Bottom Atomic Power S ta t ion  
became operable. More recent ly ,  the 330-MWe Fort S t .  Vrain H T G R  p lan t  has been completed 
and i s  cur ren t ly  undergoing i n i t i a l  rise-to-power t e s t ing .  Consequently, HTGR s t a t u s  in  
the  U .  S.  i s  considered t o  be a t  the  prototype s tage  and the basic reac tor  development 
s t i l l  required i s  t h a t  associated with the  demonstration of a la rge  p lan t  design. Al- 
though the success of the Fort S t .  Vrain prototype cannot be f u l l y  assessed unt i l  a f t e r  
several years of operation, i n  t h i s  discussion s a t i s f a c t o r y  performance of the Fort  S t .  

Vrain p lan t  has been assumed. 

Cost estimates f o r  the  R&D requirements f o r  the  development of a la rge  commercial 
HTGR on i t s  reference HEU/Th cycle are shown i n  Table 5.1-2. 
t h a t  R & D  required r e l a t i v e  t o  t he  Fort S t .  Vrain p lan t .  
majority of the  R&D expenditures would be d i rec ted  toward component R & D  and component 
design, s p e c i f i c a l l y  f o r  the development of the  PCRV (pres t ressed  concrete reac tor  v e s s e l ) ,  
steam generator,  instrumentation and con t ro l ,  mater ia l s  and methods, and the main helium 
c i r c u l a t o r s  and serv ice  systems. In addi t ion ,  an estimated $30 mill ion t o  $60 mill ion 
would be required f o r  l i cens ing  and preparing a sa fe ty  ana lys i s  repor t  f o r  the  i n i t i a l  
power reac tor  demonstration program. 

These estimates include only 
As these tab les  ind ica t e ,  the 

The cos t  of a power reac tor  demonstration p lan t  f o r  the HTGR on i t s  reference cycle 
would be s i g n i f i c a n t l y  higher than the cos t  given e a r l i e r  f o r  an LWR on a DUTH cycle,  
r e f l ec t ing  the increased cos t  and risk associated with deploying new concepts. 
developing the poten t ia l  r eac to r  demonstration cos ts  f o r  the HTGR,  we have assumed t h a t  
a Since i t  
wi l l  be necessary t o  commit a t  l e a s t  the second t h r o u g h  f i f t h  of a k i n d  p r io r  t o  the 
successful operation of t h i s  i n i t i a l  demonstration un i t  i f  the postulated deployment 

In 

subs tan t ia l  government subsidy (50%) would be required f o r  the  f i r s t  u n i t .  



5 .1 -2 .  Government Research and Development Required t o  Demonstrate HTGRS, HWRs, and SSCRs on T h e i r  Reference Cycles 

Assumptions 
1. 

2. Log ica l  p rogress ion  o f  b a s i c  r e a c t o r  R&D ( e x c l u d i n g  f u e l  performance and r e c y c l e  R&D) i s :  

A l l  r e a c t o r s  except LWRs s t i l l  r e q u i r e  b a s i c  r e a c t o r  research  and development f o r  o p e r a t i o n  on t h e i r  re fe rence f u e l  c y c l e s  

A. Proof of  p r i n c i p l e  w i t h  smal l  t e s t  r e a c t o r .  

B. Design, c o n s t r u c t i o n ,  and o p e r a t i o n  o f  p r o t o t y p e  r e a c t o r  and/or  component t e s t i n g  f a c i l i t y  

C. Design, c o n s t r u c t i o n ,  and o p e r a t i o n  o f  demonst ra t ion  p l a n t .  

3.  S u b s t a n t i a l  government subs id ies  a r e  r e q u i r e d  f o r  r a p i d  commerc ia l i za t ion  of  r e a c t o r s  s i n c e  un favorab le  near- term 
economics and/or h i g h - r i s k  f a c t o r s  make e a r l y  comni tnwnt  on concepts by  p r i v a t e  s e c t o r  u n a t t r a c t i v e .  

................................................................. 

High-Temperature Gas-Cooled Reactors Heavy-Water Reactors b,c S p e c t r a l - S h i f t - C o n t r o l l e d  Reactors 
(Reference Fuel  Cycle:  HEU/Th) a (Reference Fuel Cycle:  SFU) (Reference Fuel Cyc le :  LEU) __ 

c o s t  c o s t  c o s t  
Research and Development 4% Research and Development m Research and Development m 

A. Proof of  p r i n c i p l e  accomplished A.  P roo f  o f  p r i n c i p l e  accompl ished A.  Proo f  of p r i n c i p l e  accomplished i n  
i n  Peach Bottom Reactor _ _  by Canada ._ BR3 r e a c t o r  i n  Belgium .. 

B. Pro to type r e a c t o r  opera t ion  i n  
p rogress  ( F t .  S t .  V ra in  p l a n t )  ._ 

C .  Large p l a n t  d e s i g n  and l i c e n s i n g  

C1. Component R&D 80-90 

PCRV; steam genera tors ;  
c o n t r o l  and i n s  trunwn t a  t i on; 
m a t e r i a l s ;  main he l ium c i r -  
c u l a t o r s  and s e r v i c e  systems 

C2. Component des ign  50-100 

C3. L i c e n s i n g  and SAR development 30-60 

0. Large p l a n t  demonst ra t ion  

50% subs idy  o f  f i r s t  u n i t  400 

25% subs idy  of  n e x t  f o u r  u n i t s  700 

B. Pro to types  o f  n a t u r a l - u r a n i u m  
fue led  r e a c t o r s  a l r e a d y  opera ted  
a t  < lo00 Me by Canada 

C. Large p l a n t  des ign  and l i c e n s i n g  

C1. Technology t r a n s f e r  and 120 
manufactur ing l i c e n s e  f e e  

Core m o d i f i c a t i o n s ;  develop- 
ment and m o d i f i c a t i o n  f o r  
U.S. s i t i n g  

C2. Component R&D 60-150 

C3. L i c e n s i n g  and SAR development 30-100 

0. Large p l a n t  demonst ra t ion  

50% subs idy  of  f i r s t  u n i t  400 

25% subs idy  o f  n e x t  four  u n i t s  700 

6.  Pro to type o p e r a t i o n  n o t  b e l i e v e d  t o  
be necessary 

C. Large p l a n t  des ign  and l i c e n s i n g  

C1. Component R&D 3c-10 

Develop 0,O upgrader technology; 
perform t h e r m a l - h y d r a u l i c  t e s t s ;  
va lve ,  sea l ,  and pump development 
t o  min imize  leakage; deve lop  
r e f u e l i n g  techniques 

C2. L i c e n s i n g  and SAR development 20-50 

0. Large p l a n t  demonst ra t ion  ( i n  m o d i f i e d  PWR) 

100% subs idy  o f  e x t r a  equipment 
( p l u s  o t h e r  c o s t s )  f o r  f i r s t  u n i t  

100% subs idy  of  e x t r a  equipment f o r  
n e x t  four  u n i t s  100 

140 

'Estimates t,ased on those f rom A r t h u r  D. L i t t l e ,  Inc .  

bDemonstrat ion p l a n t  may r e q u i r e  r e a c t i v a t i o n  o f  U.S. heavy-water f a c i l i t i e s ;  c o m n e r c i a l i z a t i o n  of these r e a c t o r s  w i l l  n e c e s s i t a t e  development 

'Assumed t o  be CANDU-PWR-based des ign  deployed under Canadian l i c e n s e ;  R&D c o s t s  would be s i g n i f i c a n t l y  h i g h e r  f o r  U.S. -o r ig ina ted  design. 

study, "Gas Cooled Reactor Assessment,'' August, 1976, p l u s  subsequent exper ience a t  
t h e  F t .  S t .  V r a i n  p l a n t .  

o f  D2D p r o d u c t i o n  i n d u s t r y .  

t h i s  assumption, a U.S. p r o t o t y p e  i s  n o t  thought  necessary, a l though i t  may s t i l l  be d e s i r a b l e .  
i n  Canadian p l a n t s ,  w h i l e  o t h e r  d e s i g n  m o d i f i c a t i o n s  such as h i g h e r  o p e r a t i n g  pressures  can be demonstrated i n  t h e  l e a d  p l a n t  of  t h e  l a r g e  p l a n t  
demonst ra t ion  program a f t e r  comple t ion  o f  component R&D. 

Under 
The use of  SFU/higher burnups can be demonstrated 
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schedule i s  t o  be maintained, o u r  cos ts  presume f u r t h e r  governmental support wi l l  be nec- 
essary ( a  25% subsidy i s  assumed) f o r  the second through f i f t h  un i t s .  As noted in  Table 
5.1-2, a 50% subsidy of the f i r s t  un i t  i s  expected to  be about $400 mi l l ion ,  and a 25% 
subsidy of the next four uni t s  i s  expected t o  t o t a l  $700 mi l l ion .  
underlying government subs id ies  of the reac tor  demonstration program shown in  Table 5.1-2 
have been defined, these cos ts  can be adjusted t o  r e f l e c t  e i t h e r  d i f f e r e n t  l eve l s  of govern- 
ment support o r  a change i n  the overall  cos t  of the  demonstration program. 

Since the  assumptions 

As has been s t a t ed  above, i t  has been assumed t h a t  the  advanced converters such as 
the H T G R  would a l l  be successfully demonstrated on t h e i r  reference cycles before they a re  
converted t o  D U T H  cycles.  
thorium-based cycle,  i t  i s  l i k e l y  t h a t  a denatured cycle could be designated a s  the  
reference cycle f o r  t h i s  reac tor  and  thus t h a t  the lead p lan t  demonstration program w o u l d  
be f o r  a DUTH-fueled H T G R .  I f  t h i s  were done, the  additional cos ts  required t o  convert 
the HTGR t o  a denatured fuel might be smaller t h a n  those associated with converting LWRs 
from t h e i r  uranium-based fuel cycle t o  a thorium-based cycle.  

However, s ince  the  reference cycle fo r  the H T G R  i s  already a 

5.1.3. Heavy-Water Reactors 

Although a number of a l t e r n a t e  heavy-water reac tor  concepts have been developed by 
various na t ions ,  only the  CANDU pressurized heavy-water reac tor  has been deployed in  s ig -  
n i f i can t  numbers. 

reference reac tor  f o r  deployment i n  t he  United S ta tes .  The R&D cos t  can vary considerably, 
depending on whether developed Canadian technology i s  u t i l i z e d  or whether the U,S, e l e c t s  
t o  independently develop a heavy-water-reactor concept. I t  i s  assumed here t h a t  t he  U.S. 

HWR will be based on the CANDU-PHWR and deployed under Canadian l i cense  and w i t h  Canadian 
cooperation. 
CANDU design t o  t h a t  of a l a rge  p lan t  (1,000-MWe) f o r  U.S. s i t i n g .  An order of magnitude 
higher R&D commitment would be required i f  i t  were necessary t o  reproduce the  development 
and demonstrations which the  Canadians have performed t o  date. 

Therefore, as noted previously, the CANDU reac tor  i s  taken as the 

T h u s ,  our cos t s  address only those aspects required t o  extend the  present 

Research and development requirements f o r  the  HWR a r e  included i n  Table 5.1-2. In- 
herent i n  these  requirements i s  the assumption t h a t  although the U.S. design would be based 
on the CANDU-PHWR, s i g n i f i c a n t  changes would have to  be made in  order t o  r ea l i ze  a com- 
mercial o f fe r ing  in the U.S. These modifications cons i s t  of the  development of a la rge  
p lan t  design (l,OOO-MWe), the  use of s l i g h t l y  enriched fuel both t o  improve resource 
u t i l i z a t i o n  and t o  reduce power cos t s ,  modifications of the  HWR design t o  reduce capi ta l  
cos t  ( the  p r a c t i c a l i t y  of which i s  generally re la ted  t o  the use of s l i g h t l y  enriched f u e l ) ,  
and modifications required f o r  U.S. l i cens ing .  

The ra ther  l a rge  range of po ten t ia l  R&D cos ts  shown in Table 5.1-2, pa r t i cu la r ly  

f o r  l i cens ing  and SAR development, i s  i nd ica t ive  of the  uncertainty introduced by 
l icens ing ,  i . e . ,  t o  the  degree t o  which the  HWR wi l l  be forced t o  conform t o  l icens ing  
c r i t e r i a  developed f o r  the LWR. 
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The f i r s t  aspec t  o f  l a r g e  p l a n t  des ign  and l i c e n s i n g  R&D, i d e n t i f i e d  as component 

R&D, i s  r e l a t e d  p r i m a r i l y  t o  t h e  e x t e n s i o n  o f  t h e  CANDU t o  1,000 MWe, t h e  use o f  s l i g h t l y  

e n r i c h e d  f u e l  , and p o s s i b l e  i nc reases  i n  system p ressu re  so as t o  reduce e f f e c t i v e  c a p i t a l  

c o s t .  

l y  accomplished than  w i t h  o t h e r  concepts such as t h e  LWR, s i n c e  i t  can be accomplished 

s i m p l y  by  adding a d d i t i o n a l  f u e l  channels and an a d d i t i o n a l  c o c l a n t  l oop .  The use o f  

s l i g h t l y  e n r i c h e d  f u e l  and h i g h e r  o p e r a t i n g  p ressu res  shou ld  r e s u l t  i n  no fundamental 

changes t o  CANDU design, b u t  neve r the less  w i l l  n e c e s s i t a t e  some development i n  o r d e r  t o  

accommodate t h e  h i g h e r  i n t e r c h a n n e l  peak ing  expected w i t h  s l i g h t l y  e n r i c h e d  f u e l s  and t h e  

e f f e c t  o f  h i g h e r  system p ressu res  on p ressu re - tube  des ign  and performance. M o d i f i c a t i o n s  

f o r  U.S. s i t i n g  a r e  somewhat d i f f i c u l t  t o  q u a n t i f y  s i n c e  a thorough l i c e n s i n g  rev iew  o f  

t h e  HWR has y e t  t o  be completed. A l though t h e r e  i s  no doubt  o f  t h e  fundamental s a f e t y  o f  

t h e  CANDU, m o d i f i c a t i o n s  f o r  U.S. s i t i n g  and l i c e n s i n g  a r e  neve r the less  a n t i c i p a t e d  f o r  

such reasons as d i f f e r i n g  se i sm ic  c r i t e r i a  (due t o  t h e  d i f f e r i n g  geology between t h e  U.S. 

and Canada) and because o f  d i  f f e r i n g  1 i cens i  ng t r a d i  t i ons. 

t i o n  on t h e  performance o f  s l i g h t l y  e n r i c h e d  uranium f u e l  shou ld  a l s o  be developed by i r-  

r a d i a t i n g  such f u e l  i n  e x i s t i n g  HWRs (such as i n  Canada's NPD p l a n t  nea r  Chalk R i v e r )  t o  

t h e  d i scha rge  burnups a n t i c i p a t e d  f o r  t h e  r e f e r e n c e  des ign  (abou t  21,000 MWe/TeM). 

o f  a n a l y z i n g  t h e  response o f  t h e  HWR t o  a n t i c i p a t e d  o p e r a t i o n a l  occurrences and o t h e r  

p o s t u l a t e d  acc iden ts  w i l l  have t o  be developed and approved by t h e  Nuc lea r  Regu la to ry  

Commission, and a s a f e t y  a n a l y s i s  r e p o r t  i n  conformance w i t h  NRC c r i t e r i a  w i l l  have t o  be 

developed and defended. 

I n  genera l ,  i n c r e a s i n g  t h e  power o u t p u t  o f  t h e  HWR t o  1,000 MWe shou ld  be more r e a d i -  

Addi ti onal  exper imen ta l  i nforma- 

Methods 

As i s  t h e  case f o r  t h e  HTGR, t h e  c o s t  f o r  a power demons t ra t i on  p l a n t  f o r  t h e  HWR 

would be s i g n i f i c a n t l y  h i g h e r  than  t h e  c o s t  f o r  a DUTH-fueled LWR. 

s t r a t i o n  c o s t s  shown i n  Table 5.1-2 have been e s t i m a t e d  under t h e  same s e t  o f  assumptions 

used f o r  e s t i m a t i n g  t h e  HTGR p l a n t .  

The l a r g e  p l a n t  demon- 

The c o s t  o f  a program t o  c o n v e r t  an HWR f rom i t s  r e f e r e n c e  u ran  

f u e l  would be approx ima te l y  equal t o  t h a t  p r e v i o u s l y  desc r ibed  f o r  t h e  

um c y c l e  t o  denatured 

LWR. 

5.1.4. S p e c t r a l - S h i f t - C o n t r o l l e d  Reactors  

As was n o t e d  i n  Chapter 4, t h e  SSCR c o n s i s t s  b a s i c a l l y  o f  a PWR whose r e a c t i v i t y  

S ince t h e  SSCR p r o o f - o f -  p r i n c i p l e  has a l r e a d y  been 

c o n t r o l  system u t i l i z e s  heavy w a t e r  i n s t e a d  o f  s o l u b l e  boron t o  compensate f o r  r e a c t i v i t y  

changes d u r i n g  t h e  o p e r a t i n g  c y c l e .  

demonstrated by t h e  o p e r a t i o n  o f  t h e  BR3 r e a c t o r  i n  Belgium, and s i n c e  v a r i o u s  components 

r e q u i r e d  f o r  heavy-water h a n d l i n g  and r e c o n c e n t r a t i o n  a r e  w e l l  e s t a b l i s h e d  by  heavy-water 

r e a c t o r  o p e r a t i n g  exper ience,  t h e  SSCR i s  cons ide red  t o  be a t  a s tage  where e i t h e r  a 

p r o t o t y p e  o r  a l a r g e  power p l a n t  demons t ra t i on  i s  r e q u i r e d .  

F o r  most a l t e r n a t i v e  r e a c t o r  concepts a t  t h i s  s tage  o f  development, a p r o t o t y p e  

program would be necessary because o f  t h e  c a p i t a l  c o s t  and h i g h  r i s k  a s s o c i a t e d  w i t h  
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bypassing the  prototype s tage  and constructing a la rge  power reac tor  demonstration. 
a prototype program may a l so  be des i rab le  f o r  the  SSCR, pa r t i cu la r ly  i f  the prototype pro- 
gram involved the modification of an ex i s t ing  PWR f o r  s p e c t r a l - s h i f t  control r a the r  than 
the construction o f  a wholly new plan t  f o r  t h i s  purpose. 
reac tor  R&D requirements given f o r  the  SSCR i n  Table 5.1-2 a r e  based on the assumption 
t h a t  t h i s  prototype s tage  i s  bypassed. 
r a the r  unique among the various a l t e r n a t i v e s  because o f  i t s  c lose  re la t ionship  t o  present 
PWR technology. 
could be designed so t h a t  the p lan t  would be operated i n  e i t h e r  the  conventional poison 
control mode o r  in the s p e c t r a l - s h i f t  control mode. 
cap i t a l  investment i n  the p lan t  and the power output of the p lan t  i t s e l f  i s  not a t  r i s k .  
Likewise, the  poten t ia l  f o r  se r ious  l icens ing  delays i s  l a rge ly  mitigated,  s ince  the reac- 
t o r  could i n i t i a l l y  be operated a s  a poison-controlled PWR and e a s i l y  reconfigured f o r  
the  s p e c t r a l - s h i f t  control once the  l icens ing  approvals were obtained. 
cap i t a l  a t  r i sk  i s  l imited to  the additional expenditures required t o  r e a l i z e  spec t r a l -  
s h i f t  cont ro l ,  roughly $30 - $60 mill ion f o r  component R&D, plus ren ta l  charges on the 
heavy water inventory.  The additional expenditures f o r  design and l icens ing ,  $20 - $50 
mi l l ion ,  would have a l so  been necessary f o r  the prototype. 

Such 

However, the  estimates o f  the 

This can be j u s t i f i e d  on the  bas i s  t h a t  the SSCR i s  

In pa r t i cu la r ,  no r eac to r  development would be required and the  reac tor  

As a r e s u l t ,  a grea t  majority of the 

Consequently, the 

The component R&D would cons i s t  of a thermal-hydraulic development task ;  valves and 
seal development; development of D20 upgrader technology; and  re fue l ing  methods development, 
des ign  and t e s t i n g .  
from nucleate boi l ing  cor re la t ion  f o r  the SSCR moderator s imi l a r  t o  t h a t  which has been 
developed f o r  the PWR l ight-water moderator. 
s imi l a r ,  b u t  t e s t s  t o  demonstrate t h i s  assumption f o r  the various mixtures of heavy and  
1 i g h t  water wi 11 be requi red. 

The thermal-hydraulic t e s t s  would be designed t o  produce a departure 

The co r re l a t ions  a r e  expected t o  be very 

Valves and sea l  development wi l l  be necessary in  order t o  minimize leakage of the  
heavy-water mixture; reduction of coolant leakage i s  important both from an economic 
standpoint (because of the  cos t  o f  D20) and because of the poten t ia l  radiological hazard 
from tritium which i s  produced i n  t h e  coolant.  Methods o f  reducing coolant leakage from 
valves and s e a l s  have been extensively explored a s  p a r t  of t he  design e f f o r t  on heavy- 
water reac tors  and u t i l i z a t i o n  of heavy-water reac tor  experience i s  assumed. 
program would address the appl ica t ion  o f  the technologies developed f o r  the heavy-water 
reac tor  t o  the  l a rge r  s i z e  components and higher pressures encountered in  the SSCR. 

The R&D 

The D20 upgrader employed i n  the SSCR i s  ident ica l  i n  concept t o  the upgraders used 
on heavy-water reac tors  and i n  the l a s t  s tage  ( f in i sh ing  s t age )  of D20 production f a c i l i t i e s .  
The s i z ing  of various components i n  the upgrader would, however, be somewhat d i f f e r e n t  f o r  
SSCR appl ica t ion  because of the range of D20 concentration feeds ( r e su l t i ng  from the 
changing D20 concentration during a reac tor  operating cyc le ) ,  and because of the  la rge  
volume of low D20 concentration coolant which must be upgraded toward the end of each 
operating cycle.  The upgrader R&D program would consider t he  s i z ing  of  the upgrader, 
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and shou ld  a l s o  address methods o f  m i n i m i z i n g  t h e  D20 i n v e n t o r y  i n  t h e  upgrader  so as t o  

m in im ize  D20 i n v e n t o r y  charges. 

L a s t l y ,  component R&D shou ld  address methods f o r  r e f u e l i n g  and f o r  c o o l a n t  exchange 

d u r i n g  r e f u e l i n g .  

t o r  (so as t o  a v o i d  t h e  r a d i o l o g i c a l  hazard o f  t r i t i u m ) ;  t h e  l i g h t  w a t e r  must subsequent ly  be 

rep laced  w i t h  t h e  l i g h t - w a t e r l h e a v y - w a t e r  m i x t u r e  p r i o r  t o  i n i t i a t i n g  t h e  n e x t  o p e r a t i n g  

c y c l e .  I n  o r d e r  t o  accompl ish t h i s  r e f u e l i n g / c o o l a n t  exchange w i t h o u t  n e c e s s i t a t i n g  l a r g e  

volumes o f  heavy w a t e r  f o r  t h i s  purpose, a m o d i f i e d  b leed-and- feed procedure i s  b e i n g  ex- 
p l o r e d  i n  which t h e  d i f f e r e n c e s  i n  d e n s i t y  between t h e  warm w a t e r  i n  t h e  co re  and t h e  coo l  

makeup w a t e r  i s  e x p l o i t e d  i n  o r d e r  t o  m in im ize  c o o l a n t  m i x i n g  and t h e  amount o f  excess D20 

i n v e n t o r i e s  r e q u i r e d .  

c o o l a n t  exchange procedure s e l e c t e d )  w i l l  be r e q u i r e d .  

R e f u e l i n g  shou ld  be per formed w i t h  pu re  l i g h t  w a t e r  p r e s e n t  i n  t h e  reac-  

Scale t e s t s  o f  t h i s  r e f u e l i n g  procedure ( o r  any o t h e r  r e f u e l i n g /  

The R&D r e l a t e d  t o  s a f e t y  and l i c e n s i n g  shou ld  c o n s i s t  f i r s t  o f  d a t a  development f o r  

t h e  SSCR o p e r a t i n g  on t h e  uranium f u e l  c y c l e .  

i n  t h e  i n i t i a l  SSCR development work performed by  the  USAEC i n  t h e  1960s. 

work, p r i m a r i l y  i n  t h e  area o f  phys i cs  v e r i f i c a t i o n  o f  s a f e t y - r e l a t e d  parameters (i .e., c r i t i c a l  

exper iments which e s t a b l i s h  r e a c t i v i t y  p r e d i c t i o n s ,  power d i s t r i b u t i o n s ,  D20 wor ths,  and con- 

t r o l  r o d  wor ths )  a r e  r e q u i r e d  f o r  uranium f u e l .  

i n g  R&D shou ld  c o n s i s t  o f  a p r e l i m i n a r y  system design,  t h e  performance o f  a s a f e t y  a n a l y s i s  

f o r  t h e  SSCR, and t h e  development of a s a f e t y  a n a l y s i s  r e p o r t  f o r  s p e c t r a l - s h i f t - c o n t r o l  

o p e r a t i o n .  A t  t h i s  s tage,  component des ign  and development would be l i m i t e d  t o  those areas 

i n  which some des ign  changes would be r e q u i r e d  i n  o r d e r  t o  ensure t h a t  t h e  consequences o f  
p o s t u l a t e d  a c c i d e n t s  and a n t i c i p a t e d  o p e r a t i o n a l  occurrences w i t h  t h e  SSCR would be comparable 

t o  those f o r  t h e  conven t iona l  PWR. 

T h i s  d a t a  base has been p a r t i a l l y  developed 

However, a d d i t i o n a l  

The second aspec t  o f  t h e  s a f e t y  and l i c e n s -  

The main areas though t  t o  r e q u i r e  a t t e n t i o n  a r e  t h e  i m p l i c a t i o n s  o f  c o e f f i c i e n t s  o f  

r e a c t i v i t y  on a c c i d e n t s  t h a t  r e s u l t  i n  a cool-down o f  t h e  p r i m a r y  c o o l a n t ,  t h e  D20 d i l u t i o n  
acc iden t ,  and t r i t i u m  p roduc t i on .  
on p l a n t  o p e r a t i o n  and l o a d  change performance shou ld  a l s o  be addressed as p a r t  o f  t h e  

p r e l i m i n a r y  des ign  e v a l u a t i o n .  

The i m p l i c a t i o n s  o f  t h e  s p e c t r a l - s h i f t  mode o f  c o n t r o l  

W i th  r e s p e c t  t o  t h e  l a r g e  p l a n t  demons t ra t i on  o f  t h e  SSCR, t h e  f i n a n c i a l  r i s k  t o  

u t i l i t i e s  would be l i m i t e d  t o  t h e  e x t r a  c a p i t a l  equipment r e q u i r e d  t o  r e a l i z e  s p e c t r a l - s h i f t  

c o n t r o l .  

than f o r  any o f  t h e  o t h e r  advanced conver te rs ,  i t  has been assumed here t h a t  t h e  government 

would e s s e n t i a l l y  purchase t h e  e x t r a  equipment r e q u i r e d  f o r  t h e  f i r s t  f i v e  u n i t s  ( a t  $25 m i l -  

l i o n  p e r  u n i t ) .  

c a p a c i t y  f a c t o r s  a n t i c i p a t e d  f o r  an exper imenta l  u n i t  have been added. 

t h e  f i r s t  u n i t  i n c l u d e s  t h e  c a r r y i n g  charges on t h e  D20 i n v e n t o r y .  
a r e  n o t  i n c l u d e d  f o r  t h e  second th rough  f i f t h  u n i t s  s i n c e  i t  shou ld  be p o s s i b l e  t o  
demonstrate t h e  s p e c t r a l - s h i f t  c o n t r o l  on t h e  f i r s t  u n i t  before t h e  D,O f o r  t h e  rema in ing  

u n i t s  needs t o  be purchased, so t h a t  a d e c i s i o n  t o  employ s p e c t r a l - s h i f t  c o n t r o l  i n  sub- 

sequent u n i t s  would be one which i s  p u r e l y  commercial i n  na tu re .  

Because t h e  proposed schedule f o r  c o m m e r c i a l i z a t i o n  is  more r a p i d  f o r  t h e  SSCR 

I n  t h e  case o f  t he  f i r s t  u n i t ,  a d d i t i o n a l  f u n d i n g  t o  m i t i g a t e  t h e  l o w e r  

D20 c a r r y i n g  charges 

A l s o  t h e  c o s t  f o r  
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I t  i s  u n l i k e l y  t h a t  an SSCR would be conver ted  t o  t h e  denatured f u e l  c y c l e  un less  a 

s i m i l a r  change had p r e v i o u s l y  occu r red  i n  t h e  LWR. I n  t h i s  case, o n l y  a demons t ra t i on  o f  
t h e  pe 

These 

5.1-1. 

formance 

ncrementa 

Schedules 

f denatured f u e l  i n  t h e  s p e c t r a l - s h i f t  mode o f  c o n t r o l  would be needed. 

c o s t s  a r e  es t ima ted  t o  be $10 - $60 m i l l i o n .  

5.1.5. R,D&D Schedules 

f o r  comp le t i ng  the  R,D&D e f f o r t  d e l i n e a t e d  above a r e  summarized i n  F i g .  

A l though i t  can be argued t h a t ,  g i v e n  s t r o n g  governmental suppor t  b o t h  i n  f u n d i n g  

and i n  h e l p i n g  usher  t h e  v a r i o u s  concepts through the  l i c e n s i n g  process, these schedules 
c o u l d  be acce le ra ted ,  t h e  schedules shown a r e  though t  t o  be on t h e  o p t i m i s t i c  s i d e  o f  what 

can reasonably  be expected t o  be achieved.  I n  p a r t i c u l a r ,  a n ine -yea r  p e r i o d  has been as- 

sumed f o r  t h e  des ign,  l i c e n s i n g  and c o n s t r u c t i o n  of a new r e a c t o r  type; t h i s  would appear 

somewhat o p t i m i s t i c  s i n c e  i t  i s  c u r r e n t l y  t a k i n g  l o n g e r  t o  b r i n g  conven t iona l  LWRs on l i n e .  

I t  should a l s o  be no ted  t h a t  i n  genera l  t h e  t i m e  s c a l e  r e q u i r e d  t o  develop a l t e r n a t e  f u e l  

c y c l e  techno log ies  ( c f .  S e c t i o n  5.2) i s  es t ima ted  t o  be a t  l e a s t  as long,  and sometimes 

l o n g e r ,  t han  t h a t  r e q u i r e d  t o  develop r e a c t o r - r e l a t e d  aspects .  I n  genera l ,  t h i s  i s  because 

t e s t  f a c i l i t i e s  ( f o r  example, t o  pe r fo rm demonstrat ion i r r a d i a t i o n )  a r e  a v a i l a b l e  e i t h e r  

i n  t h e  U.S. o r  i n  Canada, so  t h a t  R&D work p r i o r  t o  t h e  des ign,  l i c e n s i n g ,  and c o n s t r u c t i o n  

o f  a l a r g e  demons t ra t i on  p l a n t  c o u l d  be r a p i d l y  i n i t i a t e d .  

5.1.6. Summary and Conclusions 

I t  has been the  purpose o f  t h i s  s e c t i o n  t o  d e l i n e a t e  t h e  magnitude and scope o f  reac-  

t o r  R,D&D expend i tu res  a s s o c i a t e d  w i t h  t h e  use of DUTH f u e l  i n  c o n v e r t e r  r e a c t o r s  and t o  

determine i f  t h e r e  a r e  s i g n i f i c a n t  R,D&D c o s t  d i f f e r e n c e s  between r e a c t o r  systems. 
mendations f o r  t h e  f u r t h e r  development o f  s p e c i f i c  denatured r e a c t o r s  a r e  p r o v i d e d  i n  

S e c t i o n  7.5 where t h e  R&D requi rements d iscussed here a r e  weighed a g a i n s t  t h e  p o t e n t i a l  

b e n e f i t s  o f  v a r i o u s  n u c l e a r  power systems u t i l i z i n g  denatured f u e l s ,  as p resen ted  i n  
Chapter 6. 

Recom- 

I n  deve lop ing  t h e  n u c l e a r  power scenar ios  examined i n  Chapter 6, i t  was recogn ized  

t h a t  t h e  b e n e f i t s  o f  o p e r a t i n g  LWRs and a l t e r n a t e  r e a c t o r  t ypes  on DUTH f u e l s  a r e  dependent 

upon t h e  speed and e x t e n t  t o  which t h e  systems can be deployed. S ince t h e  p r i m a r y  goal  o f  
t h i s  i n t e r i m  r e p o r t  i s  t o  e s t a b l i s h  whether  t h e r e  i s  an i n c e n t i v e  f o r  DUTH-fueled systems, 

a r a t h e r  r a p i d  deployment schedule was assumed so t h a t  t h e  maximum b e n e f i t s  t h a t  c o u l d  be 

a n t i c i p a t e d  f r o m  each r e a c t o r / f u e l  c y c l e  system c o u l d  be determined.  

t h e r e  i s  i n s u f f i c i e n t  i n c e n t i v e  f o r  f u r t h e r  development c o u l d  thus be i d e n t i f i e d  and e l i m i n a t e d  

f rom f u r t h e r  c o n s i d e r a t l a n .  T rade-o f f s  between t h e  p rospec ts  f o r  commerc ia l i za t i on ,  R&D 

c o s t s  , and deployment schedules and economic/resource i n c e n t i v e s  c o u l d  then  be eva lua ted  

i n  g r e a t e r  d e t a i l  for t h e  rema in ing  o p t i o n s .  

Systems f o r  which 
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RFACTOB 
DATA R4SE DEVELOPMENT 

DEMO DESIGN AND LICENSING 
DEMONSTRATION 

LWRs on Denatured Cycle" 

EST I MTED 

I 

#I 40 - 160b - 25 - 125 

50 

CALWDAR YEAR 
1978 1980 1985 1990 1995 

C A m R  YEAR 
978 1980 1985 1990 1995 2000 2005 

EST I MlEtl 
COSTS 
(m) 

' Indicates  m i n i m u m  time from s t andpo in t  of r e a c t o r  development; s t a r t  time would be delayed f o r  
b i n t e r f a c i n g  w i t h  fue l  cyc le  development. 

'$50 mil l ion  i s  p o t e n t i a l  government subsidy.  
Includes $30-150 mi l l i on  f o r  fue l  performance program ( s e e  Table 5.1-2). 

(HEU/Th C Y C L E )  

PROTOTYPE CONSTRUCTION 

DEMO DESIGN AND LICENSING 
DEM, CONSTRUCT1 ON 
DEMO OPERATION 

AMI OPERATION 

RFACTOE 
(SEU CYCLE) 

PROTOTYPE CONSTRUCTION 
AND OPERATION 

DEMO DESIGN AND LICENSING 
DEMO CONSTRUCTION 
DEMO OPERATION 

~~0~ (LEU CYCLE)  

Du*y) CONSTRUCTION 
MM) OPERATION 

dFirst demonstrat ion u n i t  only. 
xcludes c o s t  of D,O p l a n t  f a c i l i t i e s .  

c o s t s  above PWR c o s t s .  

Fig .  5.1-1. R&D Schedules and Costs for Government-Supported 
Demonstration o f  Various Reactor Systems 
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The most r a p i d  deployment schedule cons ide red  t o  be f e a s i b l e  was one i n  which t ime  

was a l l o w e d  t o  r e s o l v e  t e c h n i c a l  problems b u t  one t h a t  was l a r g e l y  unimpeded by commerc ia l iza-  

t i o n  c o n s i d e r a t i o n s .  

c o n s i s t e n t  w i t h  t h i s  approach. However, i t  i s  recogn ized  t h a t  t he  h i g h - r i s k  f a c t o r s  and 

p o t e n t i a l l y  un favo rab le  near- term economics o f  such a schedule would make i t  u n a t t r a c t i v e  

t o  t h e  p r i v a t e  s e c t o r ,  e s p e c i a l l y  f o r  those systems r e q u i r i n g  l a r g e - p l a n t  demons t ra t i on .  

Demonstrat ion program c o s t s  a r e  viewed as h i g h l y  u n c e r t a i n  and dependent upon t h e  s p e c i f i c  

economic i n c e n t i v e s  f o r  each r e a c t o r l c y c l e  concept and on such f a c t o r s  as t h e  l i c e n s i n g  

c l i m a t e  and genera l  h e a l t h  o f  t h e  i n d u s t r y  p r e v a i l i n g  a t  t h e  t ime  o f  deployment. Thus t h e  
cos ts  a s s o c i a t e d  w i t h  t h e  R,D&D schedules a r e  assumed t o  be l a r g e l y  government f i nanced .  

The R,D&D schedules t h a t  have been presented i n  t h i s  s e c t i o n  a r e  

A comparison o f  t h e  t o t a l  es t ima ted  cos ts  t o  t h e  government f o r  t h e  v a r i o u s  r e a c t o r  

As noted, t h e  R,D&D c o s t s  a r e  l o w e s t  systems d iscussed above i s  presented i n  Table 5.1-3. 

Table 5.1-3. Est imated T o t a l  Government Suppor t  Requi red f o r  Demonstrat ion o f  
LWRs on DUTH Fuels  and Advanced Conver ters  on Var ious Fuels  

T o t a l  Costs 
System ($M) Comments 

LWR; DUTH Fuels  85 - 185a I n  c u r r e n t - q e n e r a t i o n  LWR; no sepa- 
r a t e  demonstrat ion p l a n t  r e q u i r e d .  

Advanced Conver ters ;  
Reference Fuels  

HTGR; HEU/Th Fuel 560 - 650b If DUTH f u e l  s e l e c t e d  as r e f e r e n c e  
f u e l ,  a d d i t i o n a l  i nc remen ta l  c o s t  
p robab ly  l e s s  than  c o s t  o f  conve r t -  
i n g  LWRs t o  DUTH f u e l s .  

A d d i t i o n a l  i nc remen ta l  c o s t  t o  con- 
v e r t  t o  DUTH f u e l s  app rox ima te l y  
equal  t o  t h a t  f o r  LWR conversion. 
Could be conver ted  t o  DUTH f u e l  f o r  
810M - 860M i f  LWRs a l r e a d y  con- 
ve r ted .  

Q Inc ludes  25% subs idy  f o r  demonstrat ion of LWR on DUTH f u e l ;  exc ludes f u e l  
bperformance program (see Table 5.1-1). 

Covers f i r s t  demonstrat ion u n i t  o n l y ;  25% subs idy  o f  f ou r  a d d i t i o n a l  u n i t s  
a n t i c i p a t e d  (see Table 5.1-2). 
Excludes c o s t s  o f  heavy-water p l a n t  f a c i l i t i e s .  

HWR; SEU Fuel  610 - 77Ob>' 

190 - 25ObS' SSCR; LEU Fuel 

C 

f o r  t h e  LWR on denatured f u e l  because o f  t h e  a l r e a d y  widespread deployment o f  t h i s  r e a c t o r  

concept. It i s  assumed t h a t  a l l  b a s i c  R&D r e q u i r e d  f o r  commerc ia l i za t i on  o f  LWRs opera t -  

i n g  on t h e i r  r e f e r e n c e  f u e l  c y c l e  (LEU) has been completed, and t h a t  t h e  use o f  denatured 

f u e l  can be demonstrated i n  c u r r e n t - g e n e r a t i o n  LWRs. 

as such, w i l l  n o t  be r e q u i r e d .  

r i s k s ,  however, and a 25% government subs idy  i s  assumed t o  be necessary f o r  a th ree -yea r  

demons t ra t i on  program. 

Thus, an LWR demonstrat ion p l a n t ,  

The commitment o f  an LWR t o  DUTH f u e l s  w i l l  e n t a i l  some 
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The R,D&D c o s t s  a r e  h i g h e s t  f o r  t h e  HTGR and HWR, which a r e  y e t  t o  be demonstrated 

on t h e i r  r e f e r e n c e  c y c l e s  f o r  t h e  l a r g e  u n i t  s i z e  (1000-MWe) p o s t u l a t e d  i n  t h i s  r e p o r t .  
The c o s t  o f  these demonstrat ion u n i t s  c o n s t i t u t e s  t h e  l a r g e s t  f r a c t i o n  o f  t h e  t o t a l  e s t i -  

mated R,D&D cos ts ,  a l t hough  s u b s t a n t i a l  c o s t s  w i l l  a l s o  be i n c u r r e d  f o r  l a r g e  p l a n t  des ign  

and l i c e n s i n g ,  which i n c l u d e s  component R&D, component des ign,  and l i c e n s i n g  and SAR 

development. 

t h e  assumption t h a t  exper ience  e q u i v a l e n t  t o  t h a t  o f  t h e  F o r t  S t .  V r a i n  HTGR p r o t o t y p e  

can be ob ta ined  f rom Canadian technology.  The SSCR i s  viewed as hav ing  R,D&D c o s t s  

i n t e r m e d i a t e  between those o f  t h e  LWR and those o f  t h e  HTGR because o f  t h e  heavy r e l i a n c e  

o f  t h e  SSCR on LWR technology.  As has been d iscussed i n  t h e  t e x t ,  once these r e a c t o r s  

have been demonstrated on t h e i r  r e f e r e n c e  cyc les ,  a d d i t i o n a l  R,D&D w i l l  be r e q u i r e d  t o  

c o n v e r t  them t o  DUTH f u e l s .  

The R,D&D requi rements f o r  t h e  HTGR and HWR a r e  judged t o  be s i m i l a r  under 

S e c t i o n  5.1 References 

1. "The Economics and U t i l i z a t i o n  o f  Thorium i n  Nuc lea r  Power Reactors," Resource P lann ing  
Associates,  Inc. ,  January 16, 1968 ( d r a f t ) .  
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5.2. FUEL RECYCLE RESEARCH AND DEVELOPMENT REQUIREMENTS 

I. Spiewak 
Oak Ridge N a t i o n a l  Labora to ry  

The purpose of t h i s  s e c t i o n  i s  t o  summarize t h e  t e c h n i c a l  problems t h a t  must be ad- 

dressed by  a f u e l  r e c y c l e  research and development program b e f o r e  r e a c t o r  systems p roduc ing  

and u s i n g  denatured uranium-thor ium (DUTH) f u e l s  can be deployed commerc ia l ly .  P r e l i m i n a r y  

es t ima tes  o f  t h e  schedule and c o s t s  f o r  such a program a r e  a l s o  i n c l u d e d  t o  p r o v i d e  some 

p e r s p e c t i v e  on t h e  commitments t h a t  w i l l  be r e q u i r e d  w i t h  t h e  i n t r o d u c t i o n  o f  r e a c t o r s  

o p e r a t i n g  on denatured fue l s .  

t i e s  i n  t h e  program. 

f o r  t h e  r e c y c l e  of DUTH f u e l s  a r e  now be ing  conducted by t h e  DOE Nuclear  Power I l i v i s i o n ' s  

Advanced Fuel Cyc le E v a l u a t i o n  Program (AFCEP), and when t h e  r e s u l t s  f rom these s t u d i e s  be- 
come a v a i l a b l e ,  t h e  u n c e r t a i n t i e s  i n  c o s t s  and schedules shou ld  be reduced. 

Wide ranges i n  t h e  es t ima tes  r e f l e c t  t h e  c u r r e n t  u n c e r t a i n -  

However, d e t a i l e d  s t u d i e s  o f  t h e  research and development requi rements 

5.2.1. Technology S ta tus  Summary 

The t e c h n o l o g i c a l  areas i n  a fue l  r e c y c l e  program cove r  f u e l  f a b r i c a t i o n / r e f a b r i c a t i o n  

( f u e l  m a t e r i a l  p repara t i on ,  r o d  f a b r i c a t i o n ,  element assembly); f u e l  q u a l i f i c a t i o n  ( i r r a d i a -  

t i o n  performance t e s t i n g  and e v a l u a t i o n ) ;  f u e l  rep rocess ing  (headend t rea tmen t ,  s o l v e n t  

e x t r a c t i o n ,  p r o d u c t  convers ion,  o f f -gas  t rea tmen t ) ;  and waste t rea tmen t  ( c o n c e n t r a t i o n ,  c a l -  

c i n a t i o n ,  v i t r i f i c a t i o n ,  and r a d i o a c t i v e - g a s  t rea tmen t ) .  

Fuel Fa b r i  c a t  i on/Refa b r i  c a t i  on and Qua l  i f i c a t i o n  

I n  genera l ,  t h e  b a s i c  technology f o r  t h e  f a b r i c a t i o n  o f  uranium o x i d e  p e l l e t  f u e l s  i s  

es tab l i shed ,  w i t h  t h e  f a b r i c a t i o n  o f  b o t h  LWR and HWR uranium f u e l s  b e i n g  conducted on a 

commercial sca le.  I n  c o n t r a s t ,  Pu/U o x i d e  p e l l e t  f u e l s  have been f a b r i c a t e d  o n l y  on a smal l  

p i l o t - p l a n t  sca le ,  and a s i g n i f i c a n t  amount of research and development i s  s t i l l  r e q u i r e d .  

Areas r e q u i r i n g  f u r t h e r  s tudy  i n c l u d e  demonstrat ion o f :  

(1)  

( 2 )  

( 3 )  

( 4 )  

( 5 )  

a p e l l e t i z i n g  process t o  ensure u n i f o r m  p r o d u c t  c h a r a c t e r i s t i c s  and performance; 

methods f o r  v e r i f y i n g  and c o n t r o l l i n g  t h e  c h a r a c t e r i s t i c s  o f  t h e  Pu/U f u e l s ;  

processes f o r  t h e  recove ry  o f  contaminated scrap; 

a r e l i a b l e  n o n d e s t r u c t i v e  assay system f o r  powders, f u e l  rods, and wastes; 

t h e  a b i l i t y  t o  ope ra te  a l a r g e - s c a l e  p l a n t  remote ly ,  b u t  w i t h  hands-on maintenance 

( i n  t h e  case where Pu/U ox ides  c o n t a i n i n g  h i g h  q u a l i t y  p l u t o n i u m  a r e  be ing  f a b r i c a t e d ) ;  

and 

s a t i s f a c t o r y  i r r a d i a t i o n  performance o f  Pu/U f u e l s  produced i n  commercial-scale 

processes and equipment. 
(6) 
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I n  the  case of metal-clad oxide fue l s  t h a t  a r e  thorium based, the areas requiring 
fu r the r  study a re  e s s e n t i a l l y  the same as those l i s t e d  above f o r  the  P u / U  oxide f u e l s ;  how- 
ever,  i n  cont ras t  t o  Pu/U-oxide f u e l s ,  where s i g n i f i c a n t  e f f o r t  has already been devoted 
toward resolving t h i s  l i s t  of a r eas ,  r e l a t i v e l y  l i t t l e  R & D  has been performed to  da te  f o r  
thorium-based fue l s  and consequently a l a rge r  amount of research and development would be 
required. 
thorium along with the  233U)  requi res  t h a t  the  re fabr ica t ion  processes a l l  be remotely 
operated and maintained. This requirement wi l l  necess i t a t e  additional development of the  
re fabr ica t ion  processes and may requi re  the  development of new fab r i ca t ion  methods. 
qua l i f i ca t ion  of U/Th and P u / T h  oxide fue l s  wi l l  a l so  requi re  additional R&D e f f o r t s .  

The in tense  r ad ioac t iv i ty  of the  decay daughters of 2 3 2 U  (which i s  produced in the  

The 

H T G R  fue l s  a r e  coated uranium oxide o r  carbide microspheres embedded i n  a graphite 
fuel element. The process and equipment concepts f o r  re fabr ica t ing  H T G R  fuel remotely 
have been iden t i f i ed ;  however, additional R&D p r io r  t o  construction of a hot demonstra- 
t i on  f a c i l i t y  i s  needed. This should cover: 

( 1 )  

( 2 )  

( 3 )  the  control of e f f luen t s ,  and 

( 4 )  

the  scaleup of re fabr ica t ion  equipment, 

t he  recycle of scrap mater ia l ,  

the  assay of fuel-containing mater ia l s .  

Additional R&D wi l l  a l so  be required f o r  qua l i f i ca t ion  of the recycle fue l .  

While the  reference HTGR fuel cycle already includes thorium, f u r t h e r  development work 
wi l l  be required t o  f ab r i ca t e  DUTH fue l s  f o r  HTGRs because of the  requirement of a higher 
uranium content of the  f i s s i l e  p a r t i c l e  and the increased production of plutonium during 
i r rad ia  ti  on. 

Fuel Reprocessing 

The basic technology f o r  reprocessing of uranium and uranium/plutonium oxide p e l l e t  
This technology i s  based on many years fue l s  with low burnup  e x i s t s  i n  the  Purex process. 

of government reprocessing experience w i t h  mi l i ta ry- re la ted  f u e l s ;  
reprocessing p lan t  f o r  mixed oxide power reac tor  fue l s  t h a t  conforms t o  cur ren t  U.S. federal  
and s t a t e  requirements has not y e t  been operated. 
p i lo t - sca l e  work has been successfully ca r r i ed  ou t  on a l l  important processes and components 
of t he  reprocessing p l an t ,  ope rab i l i t y ,  r e l i a b i l i t y ,  and cos t s  of an in tegra ted  p lan t  have 
not been demonstrated in  a l l  cases a t  fuel exposures expected i n  commercial r eac to r s .  
Spec i f ic  a reas  t h a t  s t i l l  require development work include the  following: 

however, a commercial 

Additionally,  while engineering or 

(1 ) operation and maintenance of the mechanical headend equipment; 

( 2 )  methods f o r  handling highly radioactive residues t h a t  remain a f t e r  the  d isso lu t ion  
of high-burnup fue l ;  

t h e  technology f o r  reducing radioactive off-gas re leases  ( e .g . ,  Kr-85, iodine and  
tritium) t o  conform to  an t ic ipa ted  regulations;  

(3 )  
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( 4 )  remote l y  ope ra ted  and d i r e c t l y  ma in ta ined  convers ion  processes f o r  p l u t o n i u m  from 

power r e a c t o r  f u e l s ;  and 

h i g h - l e v e l  waste s o l i d i f i c a t i o n  and v i t r i f i c a t i o n  t o  p repare  f o r  t e r m i n a l  s to rage .  ( 5 )  

The technology f o r  rep rocess ing  thorium-based o x i d e  p e l l e t  f u e l s  i s  l e s s  advanced than  

t h a t  f o r  uranium-based f u e l s .  The Thorex process has been used t o  process i r r a d i a t e d  t h o r i -  

um o x i d e  f u e l s  o f  low burnup i n  government p l a n t s  and i n  l i m i t e d  q u a n t i t i e s  i n  a s m a l l - s c a l e  

i n d u s t r i a l  p l a n t .  

i c a l l y  designed f o r  t ho r ium process ing,  n o r  has h i g h l y  i r r a d i a t e d  t h o r i u m  o x i d e  f u e l  

been processed by t h e  Thorex process i n  eng inee r ing -sca le  equipment. 

Thorium o x i d e  f u e l s  have n o t  been processed i n  a l a r g e - s c a l e  p l a n t  s p e c i f -  

The p r i n c i p a l  d i f f e r e n c e s  between t h e  rep rocess ing  development r e q u i r e d  t o  reprocess 

m e t a l - c l a d  thorium-based o x i d e  f u e l s  and graphi te-based HTGR f u e l  occu r  i n  t h e  headend 

t rea tmen t .  

accomplished by a Thorex- type s o l v e n t  e x t r a c t i o n  process. 

P a r t i t i o n i n g  o f  f u e l  m a t e r i a l s  f rom b o t h  c lasses  o f  r e a c t o r  f u e l  can then  be 

I n  t h e  case o f  m e t a l - c l a d  o x i d e  f u e l s ,  a d d i t i o n a l  headend process R&D i s  r e q u i r e d  t o  

determine how z i r con ium c l a d d i n g  can be removed ar.d t h e  ThU2 fue l  d i s s o l v e d .  

waste h a n d l i n g  problems may be encountered i f  f l u o r i d e  i s  r e q u i r e d  t o  d i s s o l v e  Tho2. 

S i g n i f i c a n t  

I n  t h e  case of t h e  headend process development f o r  graphi te-based HTGR f u e l s ,  develop- 
ment work i s  needed w i t h  i r r a d i a t e d  m a t e r i a l s  i n  t h e  

opera t i ons ,  and i n  t h e  t rea tmen t  o f  l ’ +C-con ta in ing  o f f -gases  assoc ia ted  w i t h  t h e  headend 

o f  t h e  rep rocess ing  p l a n t .  

c rush ing ,  b u r n i n g  and p a r t i c i e  Separat iur l  

S p e c i f i c  areas o f  s o l v e n t  e x t r a c t i o n  process development work r e q u i r e d  t o  reprocess 
a l l  t ho r ium-con ta in ing  r e a c t o r  f u e l  i n c l u d e :  

( 1 )  f u e l  d i s s o l u t i o n ,  f eed  adjustment ,  and c l a r i f i c a t i o n ;  

( 2 )  

( 3 )  
( 4 )  p a r t i t i o n i n g  o f  f u e l  s o l u t i o n s  c o n t a i n i n g  U, Pu, and Th; 

( 5 )  
(6 )  process and equipment des ign  i n t e g r a t i o n ;  and 

( 7 )  

technology development f o r  c o n t a i n i n g  220Rn and o t h e r  r a d i o a c t i v e  gases t o  conform t o  

r e g u l a t i o n s  ; 
recovery  o f  f u l l y  i r r a d i a t e d  t h o r i u m  i n  l a r g e - s c a l e  f a c i l i t i e s ;  

recove ry  and h a n d l i n g  o f  h i g h l y  r a d i o a c t i v e  p r o d u c t  streams; 

h igh-1 eve1 waste c o n c e n t r a t i o n  and v i t r i f i c a t i o n .  

Waste Treatment 

Waste t rea tmen t  R&D requi rements common t o  a l l  f u e l  c y c l e s  i n v o l v e  development o f  

t h e  technology needed f o r  i m m o b i l i z i n g  h i g h - l e v e l  and i n t e r m e d i a t e - l e v e l  s o l i d  and gaseous 

wastes. Processes f o r  concen t ra t i on ,  c a l c i n a t i o n ,  and v i t r i f i c a t i o n  o f  these a r e  needed. 

The waste t rea tmen t  requi rements f o r  t h e  v a r i o u s  f u e l  c y c l e s  a r e  s i m i l a r ,  b u t  t hey  would 

be more complex f o r  t h e  thorium-based c y c l e s  i f  f l u o r i d e s  were p r e s e n t  i n  t h e  wastes. 
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5.2.2. Research, Development, and Demonstrat ion Cost Ranges and Schedules 

Wh i le  f u e l  r e c y c l e  R&D needs can be i d e n t i f i e d  f o r  a v a r i e t y  o f  a l t e r n a t e  f u e l  

c y c l e s  and systems, t h e  l aunch ing  o f  a ma jo r  developmental e f f o r t  t o  i n t e g r a t e  these 

a c t i v i t i e s  i n t o  a s p e c i f i c  i n t e g r a t e d  f u e l  c y c l e  must a w a i t  a U.S. d e c i s i o n  on t h e  f u e l  
c y c l e  and r e a c t o r  development s t r a t e g y  t h a t  would b e s t  suppor t  o u r  n o n p r o l i f e r a t i o n  ob jec -  

t i v e s  and o u r  energy needs. Whether i t  would be more e x p e d i t i o u s  t o  develop i n d i v i d u a l  

c y c l e s  i ndependen t l y  i n  separate f a c i l i t i e s  o r  t o  p l a n  f o r  an i n t e g r a t e d  r e c y c l e  develop- 
ment f a c i l i t y  w i l l  depend on t h e  n a t u r e  and t i m i n g  o f  t h a t  d e c i s i o n .  

c y c l e s  were developed i n  t h e  same f a c i l i t i e s ,  t h e  t o t a l  c o s t s  would be o n l y  moderate ly  

h i g h e r  than  t h e  c o s t s  assoc ia ted  w i t h  any one c y c l e .  
a system o f  s y m b i o t i c  r e a c t o r s  ( 2 3 3 U  producers and 2 3 3 U  consumers), such an approach i s  

l i k e l y  t o  be a t t r a c t i v e  i f  a d e c i s i o n  were made t o  develop t h e  denatured 2 3 3 U  c y c l e .  

I f  a number o f  r e l a t e d  

Since the  denatured 2 3 3 U  c y c l e  i m p l i e s  

The e x i s t e n c e  o f  ma jo r  u n c e r t a i n t i e s  i n  t h e  fue l  r e c y c l e  development and demonstrat ion 

programs make c o s t  p r o j e c t i o n s  h i g h l y  u n c e r t a i n .  There are,  f i r s t ,  d i f f i c u l t i e s  i n h e r e n t  i n  
p r o j e c t i n g  t h e  cos ts  of process and equipment development programs which address t h e  r e s o l  u- 

t i o n  of t e c h n i c a l  problems assoc ia ted  w i t h  p a r t i c u l a r  r e a c t o r s  and f u e l  c y c l e s .  
t h e r e  a r e  u n c e r t a i n t i e s  common t o  p r o j e c t i n g  c o s t s  and schedules f o r  a l l  f u e l  r e c y c l e  develop- 

ment programs; s p e c i f i c a l l y ,  u n c e r t a i n t i e s  i n  t h e  f u t u r e  s i z e  o f  t h e  commercial n u c l e a r  i n -  

d u s t r y  cause problems i n  program d e f i n i t i o n .  

s c e n a r i o  assoc ia ted  w i t h  t h e  f u e l  c y c l e  system so t h a t  f u e l  l oads  can be p r o j e c t e d  and 

t y p i c a l  p l a n t  s i z e s  est imated.  T h i s  i s  c r i t i c a l  f r o m  t h e  s t a n d p o i n t  o f  e s t a b l i s h i n g  t h e  
s c a l e  o f  t h e  technology t o  be developed and t h e  p r i n c i p a l  s teps  t o  be covered i n  t h e  

development. 

s m a l l e r  p l a n t s  a r e  i n v o l v e d  and t h e  development c o u l d  conce ivab ly  be t e r m i n a t e d  w i t h  a 
p l a n t  t h a t  would be cons ide red  a p r o t o t y p e  i n  a l a r g e  (1500 MT/yr) commercial rep rocess ing  

f a c i l i t y  development sequence. 

much s m a l l e r  t han  o the rs ,  o r  t h e  f u e l  l oads  may be s m a l l e r  because o f  h i g h e r  f u e l  burnup. 
Thus, s m a l l e r  f u e l  c y c l e  p l a n t s  would be requ i red .  

I n  a d d i t i o n ,  

I t  i s  necessary t o  i d e n t i f y  t h e  r e a c t o r  growth - 

For  example, i f  t h e  end use o f  a f u e l  c y c l e  i s  i n  a secure energy cen te r ,  

S i m i l a r l y ,  g rowth  r a t e s  f o r  p a r t i c u l a r  r e a c t o r  t ypes  may be 

The problem i s  f u r t h e r  comp l i ca ted  by t h e  f a c t  t h a t  t h e  f u e l  r e c y c l e  i n d u s t r y  has 

f o r  a number o f  yea rs  been c o n f r o n t e d  w i t h  u n c e r t a i n  and e s c a l a t i n g  r e g u l a t o r y  requi rements 

P e r m i s s i b l e  r a d i a t i o n  exposure l e v e l s  f o r  o p e r a t i n g  personnel  , accep tab le  safeguards 

systems, and env i ronmenta l  and s a f e t y  requi rements,  a l l  o f  which a f f e c t  cos ts ,  have n o t  

been s p e c i f i e d .  Never the less,  based upon exper ience w i t h  p rev ious  f u e l  r e c y c l e  develop- 

ment programs, t y p i c a l  f u e l  r e c y c l e  R,D&D c o s t s  f o r  t h e  f u e l  c y c l e s  o f  i n t e r e s t  can b e  p r e -  

sented i n  b road  ranges. I n  t h e  pas t ,  rep rocess ing  c o s t s  had been developed f o r  t h e  U/Pu 

systems w i t h  p a r t i t i o n e d  and decontaminated p r o d u c t  streams. 

p r o v i d e  b a s e - l i n e  cos ts .  Any i n s t i t u t i o n a l  c o n s i d e r a t i o n ,  such as a secure f u e l  s e r v i c e  

cen te r ,  t h a t  would p e r m i t  conven t iona l  Purex and Thorex rep rocess ing  t o  t a k e  p l a c e  would 

g i v e  more credence t o  t h e  b a s e - l i n e  technology development cos ts  used here.  

These have been used here t o  
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Estimated cos t  ranges and times f o r  the development and commercialization of a new 
reprocessing technology and a new refabr ica t ion  technology a r e  presented in Tables 5.2-1 
and 5.2-2 respectively.  
federal  government t o  develop a new reprocessing technology would range between $0.8 b i l l i o n  
and $2.0 b i l l i o n .  

From these t a b l e s ,  i t  can be seen t h a t  the  to t a l  cos t  t o  the  

The corresponding cos t  f o r  a new refabr ica t ion  technology would be 

Table 5.2-1. Estimated Cost Range f o r  Development and 
Commercialization of a Typical New 

Reprocessing Techno1 ogya 

Unescalated 
Bi l l ions  of Dollars 

Base techno1 ogy R&D 3.1 - 0,5 
Hot p i l o t  plant t e s t i n g  

Subtotal 
0.5 - 1.0 
0.6 - 1.5 
0.2 - 0.5 

Total 0.8 - 2.0 

b Large-scale Cold prototype t e s t i n g  

Large-scale demonstration plant' (1.0 - 3.0) 

aEsti mated lapsed time requirements from i n i t i a l  devel- 
opment through demonstration ranges from 12 yams 
f o r  es tab l i shed  technology to 20 years f o r  new tech- 
nology. 

bGovernment m i g h t  incur cos t s  of this magnitude a s  
pa r t  of demonstration program. 
Commercial f a c i l i t y  - exten t  of government par t ic ipa-  
t i on  d i f f i c u l t  t o  define a t  this time. 

c 

Table 5.2-2. Estimated Cost Range f o r  Development 
and Demonstration of a Typigal New 

Refabrication Technology 

Unescalated 
Bi l l ions  of Dollars 

Base technology 0.1 - 0.3 
Cold component t e s t i n g  0.2 - 0.4 
I r r ad ia t ion  performance t e s t i n g  0.1 - 0.4 

Total 0.4 - 1.1 
(0.7 - 1.4) b Large-scale demonstration 

Estimated lapsed time requirements from ini t iaZ 
development through demonstration ranges from 
about 8 - 10 years f o r  technology near t h a t  

bestabl ished t o  about 15 years  f o r  new technology. 
Commercial f ac i  1 i t y  - exten t  of government 
par t ic ipa t ion  d i f f i c u l t  t o  def ine  a t  t h i s  time. 

a 

between $0.4 b i l l i o n  and $1.1 b i l -  
l ion .  For fuel recycle development, 
the cos ts  t r a d i t i o n a l l y  borne by 

the government include basic R&D, 
construction and operation of 
p i l o t  p l an t s ,  development of large- 
s ca l e  prototype equipment, and sup- 
port  f o r  i n i t i a l  demonstration 
f a c i l i t i e s .  To these  cos ts  should 
be added the  cos ts  of the  waste 
treatment technology development 
needed to  c lose  the fuel cycle.  

The cap i t a l  cos ts  estimated 
fo r  a commercial demonstration 
f a c i l i t y  a r e  l i s t e d  separa te ly  in 
Tables 5.2-1 and 5.2-2 because the  
extent t h a t  the  government might 
support these f a c i l i t i e s  i s  un-  
known. Since they wi l l  be 
commercial f a c i l i t i e s ,  cos t s  
incurred either by the government 
o r  by a p r iva t e  owner could be 
recovered in fees .  The t o t a l  
cap i ta l  cos ts  might range between 
$1.0 b i l l i o n  and $3.0 b i l l i o n  f o r  a 
large reprocessing demonstration 
f a c i l i t y  and between $0.7 b i l l i o n  and 
$1.4 b i l l i o n  f o r  a re fabr ica t ion  
demonstration f a c i l i t y .  

Tables 5.2-1 and 5.2-2 show 
t h a t  the  major cos ts  associated w i t h  
commercialization of fuel cycles l i e  

a t  the f a r  end of the  R&D progression, namely, i n  the s teps  involving p i l o t  p lan ts ,  l a rge-sca le  
prototype equipment development, and demonstration p lan ts ,  i f  required. 
of R & D  expenditures can be infer red  from Tables 5.2-1 and 5.2-2. 
process and equipment concepts may require 2-6 years.  

The r a t e  and sequencing 

Base technology R&D t o  i den t i fy  
The engineering phase of the development 
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program, including hot t e s t ing ,  may require 5-12 years.  
s t ruc t ion  might require 8-12 years.  
f o r  a given fuel cycle the to t a l  lapsed time from i n i t i a l  development t o  commercialization of 
fuel recycle ranges from about 12-20 years.  The to t a l  time would depend upon the i n i t i a l  
technology s t a t u s ,  the  degree t o  which the R&D program s t eps  a r e  telescoped t o  save time, and 
the s tage  t o  which the development program must be ca r r i ed .  
the  f a r  end of the development time range. 

Reference f a c i l i t y  design and con- 
There can be considerable overlapping of phases so t h a t  

The thorium cycles would be a t  

Table 5.2-3 presents the R&D cos t  ranges in  terms o f  reac tor  types and fuel recycle 
systems. 
i n  water reac tors ,  the estimated range of R&D cos t s  i s  $1.3-2.3 b i l l i o n  f o r  U/Pu recycle 
development, and $1.8-3.3 b i l l i o n  f o r  DUTH recycle development. For HTGRs, the correspond- 
ing ranges a r e  $1.4-2.6 b i l l i o n  and $1.8-3.3 b i l l i o n  f o r  U/Pu and DUTH recycle development, 
respec t ive ly ;  f o r  FBRs, the corresponding ranges a re  $1.6-3.0 b i l l i o n  and $2.0-3.6 b i l l i o n ,  
respec t ive ly .  
fuel cycle,  f o r  a given reac tor  type the trend in cos ts  a s  a function of fuel cycle i s  
s i g n i f i c a n t .  

cycle the most expensive, w i t h  the  P u / T h  and HEU/Th cycles intermediate.  

For a l l  fuel cyc les ,  the uncertainty i n  the R&D cos t s  should be emphasized. T h u s ,  

Although there  i s  a s i g n i f i c a n t  cos t  uncertainty f o r  each reac tor  type and 

Generally, the reference U / P u  cycle would be l e a s t  expensive and the  D U T H  

Table 5.2-3. Estimated Range of Fuel Recycle R&D Costs* 

B i l l i ons  of  Dollars 

U / P U  P u / T h  MEU/Th HEU/Th 
Reactor Type 

Water Reactors 1.3-2.3 1.6-3.0 1.8-3.3 1.6-2.9 
HTGRs 1.4-2.6 1.6-3.0 1.8-3.3 1.6-2.9 
FBRs 1.6-3.0 1.8-3.2 2.0-3.6 1.7-3.1 

*Includes cos t s  f o r  developing reprocessing and re fabr ica t ion  
technologies and a portion of the waste treatment technology 
development cos t s .  

5.2.3. Conclusions 

A decision t o  develop reac tor  systems operating on denatured fuel cycles requires a 
government commitment t o  spend $0.5 b i l l i o n  t o  $2 b i l l i o n  more on a fuel recyc le  develop- 
ment program than would be required t o  develop reac tors  operating on the  reference 
(pa r t i t i oned ,  uncontaminated products) U/Pu cycles. The d i f f e r e n t i a l  i s  even l a r g e r  when 

reac tors  operating on D U T H  cycles a r e  compared w i t h  reac tors  operating on once-through 

cycles.  
cycles (using co-processing, spiking, e t c . ) .  

No comparison has been made with the cos t s  of developing d ive r s ion - re s i s t an t  U/Pu 

Expenditures t o  develop recycle systems f o r  DUTH fue l s  would span a period of 
20 years  from i n i t i a l  development t o  commercialization. The pr inc ipa l  expenditures would 
occur i n  the second half  of this period, when l a rge  f a c i l i t i e s  with high operating cos ts  
a r e  needed. 
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6.0. INTRODUCTION 

I n  t h i s  chap te r  c i v i l i a n  n u c l e a r  power systems t h a t  u t i l i z e  denatured 2 3 3 U  f u e l  t o  

v a r i o u s  degrees a r e  analyzed t o  determine whether they c o u l d  meet p r o j e c t e d  n u c l e a r  power 

demands w i t h  t h e  o r e  resources assumed t o  be a v a i l a b l e .  
a r e  those d iscussed i n  e a r l i e r  chapters  o f  t h i s  r e p o r t  as be ing  the  r e a c t o r s  most l i k e l y  t-c 

be developed s u f f i c i e n t l y  f o r  commercial deployment w i t h i n  t h e  p lann ing  ho r i zon ,  which i s  

assumed t o  extend t o  t h e  y e a r  2050. 

S p e c t r a l - S h i f t - C o n t r o l  l e d  Reactors (SSCRs) , Heavy Water Reactors ( HWRS) , HighlTemperature 

Gas-Cooled Reactors  (HTGRs), and Fas t  Breeder Reactors (FBRs). I n  each case, t h e  n u c l e a r  

power system i s  i n i t i a t e d  w i t h  c u r r e n t l y  used LWRs o p e r a t i n g  on t h e  l ow-en r i ched  2 3 5 U  f u e l  

c y c l e ,  and o t h e r  c o n v e r t e r  r e a c t o r s  and/or  f u e l  c y c l e s  a r e  added as they  become a v a i l a b l e .  

On t h e  b a s i s  o f  i n f o r m a t i o n  p r o v i d e d  by t h e  r e a c t o r  des igners,  i t  i s  assumed t h a t  2 3 5 U - f u e l e d  

LWRs a lone  w i l l  be u t i l i z e d  through t h e  1980s and t h a t  LWRs o p e r a t i n g  on denatured 2 3 3 U  and 

2 3 9 P u  w i l l  become a v a i l a b l e  i n  t h e  e a r l y  1990s. I t  i s  a l s o  assumed t h a t  SSCRs o p e r a t i n g  orl 

t h e  v a r i o u s  f u e l  c y c l e s  w i l l  become a v a i l a b l e  i n  t h e  e a r l y  1990s. Thus n u c l e a r  power systems 
c o n s i s t i n g  o f  LWRs a lone  o r  o f  LWRs and SSCRs i n  combinat ion,  w i t h  seve ra l  f u e l  c y c l e  o p t i o f l s  

b e i n g  a v a i l a b l e ,  c o u l d  be i n t r o d u c e d  i n  t h e  e a r l y  1990s. 

expected i n  t h e  mid 1 9 9 0 ~ ~  and FBRs c o u l d  be added t o  any o f  t h e  systems a f t e r  t h e  yea r  2000. 

The r e a c t o r s  employed i n  the  syster-c 

The r e a c t o r s  i n c l u d e d  a r e  L i g h t  Water Reactors (LWRs), 

LWR-HWR and LWR-HTGR systems c o u l d  be 

The n u c l e a r  power systems u t i l i z i n g  denatured 2 3 3 U  f u e l  were d i v i d e d  i n t o  two ma jo r  

c a t e g o r i e s :  those c o n s i s t i n g  o f  thermal  c o n v e r t e r  r e a c t o r s  o n l y  and those c o n s i s t i n g  o f  

b o t h  thermal  c o n v e r t e r s  and f a s t  breeders.  Three "nuc lea r  p o l  i c y  o p t i o n s "  were examined 

under each ca tegory ,  t he  i n d i v i d u a l  o p t i o n s  d l ' f f e r i n g  p r i m a r i l y  i n  t h e  e x t e n t  t o  which 

p l u t o n i u m  i s  produced and used t o  breed a d d i t i o n a l  f i s s i l e  m a t e r i a l .  

throwaway/stowaway o p t i o n  employing LEU conver te rs  was a l s o  analyzed, and two o p t i o n s  

u t i l i z i n g  t h e  c l a s s i c a l  p lu ton ium-uranium c y c l e  were s tud ied ,  one u s i n g  c o n v e r t e r s  o n l y  

and t h e  o t h e r  u s i n g  b o t h  c o n v e r t e r s  and breeders.  

For  comparison, a 

A l l  o f  t h e  o p t i o n s  s t u d i e d  were based on t h e  concept  o f  secure energy c e n t e r s  and 
d i spe rsed  r e a c t o r s  d i scussed  i n  p r e v i o u s  chap te rs .  

f u e l  f a b r i c a t i o n / r e f a b r i c a t i o n  a c t i v i t i e s ,  as we1 1 as f u e l  and/or  waste s torage,  were assumed 
t o  be c o n f i n e d  t o  t h e  energy cen te rs .  I n  a d d i t i o n ,  a l l  r e a c t o r s  o p e r a t i n g  on p lu ton ium o r  
h i g h l y  e n r i c h e d  uranium were ass igned t o  t h e  cen te rs ,  w h i l e  r e a c t o r s  o p e r a t i n g  on low-enr iched 

o r  denatured uranium were p e r m i t t e d  t o  be o u t s i d e  t h e  cen te rs .  De te rm in ing  t h e  p r e c i s e  n a t u r e  
and s t r u c t u r e  o f  t h e  energy c e n t e r  was n o t  w i t h i n  t h e  scope o f  t h i s  s tu t iy .  
c o u l d  be a r e l a t i v e l y  smal l  l o c a l i z e d  area o r  a l a r g e  geographica l  r e g i o n  c o v e r i n g  an e n t i r e  
n u c l e a r  s t a t e ,  o r  even a c o l l e c t i o n  of n u c l e a r  s t a t e s .  I f  more than  one c o u n t r y  were i nvo l ved ,  
t h e  s e n s i t i v e  f a c i l i t i e s  c o u l d  be n a t i o n a l l y  owned b u t  operated under i n t e r n a t i o n a l  safeguards, 
But  whatever t h e  c h a r a c t e r  o f  t h e  c e n t e r  an i m p o r t a n t  c o n s i d e r a t i o n  f o r  any n u c l e a r  p o l i c y  op- 

t i o n  i s  i t s  "energy suppor t  r a t i o , "  which i s  def ined as t h e  r a t i o  o f  t h e  n u c l e a r  c a p a c i t y  

i n s t a l l e d  o u t s i d e  t h e  c e n t e r  t o  t h e  c a p a c i t y  i n s t a l l e d  i n s i d e  t h e  cen te r .  
p o r t  r a t i o  i nc reases  above u n i t y  i s  t h e  c a p a b i l i t y  of t h e  system t o  d e l i v e r  power t o  d i s -  

Thus, a l l  enr ichment ,  rep rocess ing ,  and 

Presumably i t  

Only as t h e  sup- 
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persed a reas  ensured - a f a c t  which is  pa r t i cu la r ly  important i f  nuclear s t a t e s  a r e  planning 
t o  provide nuclear fuel assurances t o  nonnuclear s t a t e s .  

GIVEN 
S P E C I K 3 0 8  SUPPLY 

SPECIFIED REACTOR 
DEVELOPMENT OPTIONS 

CALCULATE 
NUCLEAR GROWTH POTENTIAL 

RESOURCE REQUIREMENTS AND 
f I S S I l E  MATERIAL LOCATION 

TIME 

F i g .  6.0-1. The Philosophy of the 
Nuclear Systems Assessment Study. 

The philosophy used in t h i s  study i s  
i l l u s t r a t e d  i n  Fig. 6.0-1. Given a spec i f ied  
U308 supply and a spec i f ied  s e t  of reac tor  
development opt ions ,  t he  poten t ia l  ro l e  of 
nuclear power, the  resources required t o  
achieve t h i s  r o l e ,  and the  composition and 
movement of f i s s i l e  material were calculated.  
The deployment of the  individual reac tors  and 
t h e i r  associated fuel cycle f a c i l i t i e s  were 
in  a l l  cases cons is ten t  w i t h  the nuclear 
policy option under consideration. 
duction da te  f o r  each individual reac tor  con- 
cept and fuel cycle f a c i l i t y  was assumed t o  be 
the  e a r l i e s t  technologically f e a s i b l e  date. 
This allows an evaluation of the  maximum im- 
pact of the  system on any pa r t i cu la r  nuclear 
option. 

The in t ro -  

The e f f e c t  of delaying the  deployment 
of a reac tor /cyc le  because i t  produces undesirable consequences was determined simply by 
eliminating i t  from the  option. 

I t  was assumed t h a t  a nuclear power system was adequate i f  i t s  i n s t a l l e d  nuclear capacity . 
was 350 GWe in the  year 2000 and a net increase of 15 GWe/yr was rea l ized  each year t h e r e a f t e r ,  
with the  increase sustained by the  U308 supply. 
used in the  study. 

fuel and coa l ,  the  p lan ts  being se lec ted  t o  minimize the  leve l ized  cos t  of power over 
time. These runs, described in Appendix D ,  indicated t h a t  f o r  the  assumptions used i n  
t h i s  ana lys i s  nuclear power did not compete well a t  U 3 0 8  prices above $160/lb; therefore ,  
in the  remaining runs an attempt was made t o  s a t i s f y  the  demand f o r  nuclear power with 
U308 avai lab le  f o r  less than $160/lb U308. 

chapter.  

Two d i f f e r e n t  optimizing pa t te rns  were 
A few runs were made assuming economic competition between nuclear 

I t  i s  these  runs t h a t  a r e  described in  this 

The spec i f i c  assumptions regarding the  U 3 0 8  supply a re  presented i n  Section 6.1 below, 
which a l s o  includes descr ip t ions  of t he  operating c h a r a c t e r i s t i c s  of the individual reac tors  
u t i l i z e d ,  t he  various nuclear policy options chosen f o r  analyses,  and the  ana ly t i ca l  method 
applied.  Section 6.2 then compares the  r e s u l t s  obtained f o r  a se lec ted  s e t  of nuclear policy 
options,  and Section 6.3 summarizes the  conclusions reached on the  bas i s  of those comparisons. 
The economic data base used f o r  these s tud ie s  is  given i n  Appendix B ,  and de ta i l ed  r e s u l t s  
f o r  a l l  t he  nuclear policy options a r e  presented in Appendix C. 
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6.1. BASIC ASSUMPTIONS AND ANALYSIS TECHNIQUE 

6.1.1. The U30A Supply 

The most recent estimates of  the supply of U308 ava i lab le  i n  the  United S ta t e s  a s  re- 
ported by DOE'S Division o f  Uranium Resources and Enrichment ( U R E )  a r e  summarized i n  Table 
6.1-1 (from re f .  1 ) .  On the basis o f  a maximum forward cos t  o f  $50/lb, the  known reserves 
plus probable potential  resources t o t a l  2,325 x l o 3  ST. URE estimates t h a t  an additional 
140 x l o 3  ST i s  ava i lab le  from byproducts (phosphates and copper),  so t h a t  the  amount of 
U308 probably ava i l ab le  t o t a l s  2.465 x l o 3  ST ( o r  approximately 2.5 mi l l i on ) .  
"possible" and "speculative" resources a r e  a l so  considered, the  URE estimates a r e  increased 
to approximately 4.5 mill ion ST. Neither of these estimates include U308 which may be 
ava i l ab le  from other  U.S. sources,  such a s  the  Tennessee sha le s ,  o r  from o the r  nations.* 

I f  the 

The actual U308 supply curves used i n  the ana lys i s  were based on the long-run marginal 
cos t s  of ex t r ac t ing  U308 r a the r  than the  forward cos ts .  The long-run marginal cos t s  con- 
t a i n  the  capi ta l  cos ts  of f a c i l i t i e s  cur ren t ly  i n  operation plus a normal p r o f i t  f o r  the  
industry; thus they a r e  probably more appropriate f o r  use i n  a nuclear s t r a t egy  ana lys i s .  
The actual long-run marginal cos ts  used in t h i s  ana lys i s  a r e  shown in Table B-7 of Appendix 
B and a r e  p lo t ted  i n  F i g .  7.4-1 i n  Chapter 7. 
of the U3O8 supply i s  such t h a t  l a rge  quan t i t i e s  can be ex t rac ted  only a t  h i g h  c o s t s ,  then 
the supply ava i lab le  a t  a cos t  o f  l e s s  than $160/lb i s  probably no more than 3 mill ion ST. 

These sources show t h a t  i f  the  recoverabi l i ty  

I f ,  however, the  recoverabi l i ty  i s  such t h a t  the  ex t rac t ion  cos t s  f a l l  in what i s  considered 
t o  be an intermediate-cost  range, then as much a s  6 mill ion ST U3O8 could be ava i lab le  a t  
a cos t  of l e s s  than $160/lb. In the  remainder of t h i s  study, these two assumptions a r e  
re fer red  t o  as "high-cost" and "intermediate-cost ' '  U308 supply assumptions. 

The r a t e  a t  which the  U3O8 resource i s  ex t rac ted  i s  a t  l e a s t  a s  important a s  the  s i z e  
of the resource base. URE has estimated t h a t  i t  would be d i f f i c u l t  f o r  the  U.S. t o  mine 
and mill more than 60,000 ST of  U3O8 per year i n  the  1990's ( r e f .  3 ) .  
was based on developing reserves and potential  resources a t  forward cos ts  of l e s s  than 
$30/lb. These cos ts  do not include capi ta l  cos ts  of f a c i l i t i e s  o r  industry p r o f i t s . )  
Although the combined maximum capab i l i t y  of a coa l i t i on  of s t a t e s  may exceed this,  i t  i s  
not possible to  spec i fy  a d e f i n i t e  upper l i m i t  u n t i l  more i s  known about the  locations of  
the  sources of U3O8 and the  d i f f i c u l t i e s  encountered i n  recovering i t .  Recognizing this,  
and a l so  recognizing t h a t  the annual capacity i s  s t i l l  an important variable,  the  nuclear 
policy options analyzed in this study were considered to  be more f eas ib l e  i f  their annual 
mining and mill ing r a t e  was l e s s  than 60,000 ST of U3O8 per year.  

(Note: This estimate 

t 

*Edi tor ' s  Note: In 1977 the U.S. produced 15,000 ST of U3O8 concentrate ( r e f .  2 ) .  

tEd i to r ' s  Note: In 1977 the  U.S. gaseous d i f fus ion  p lan ts  produced 15.1 mill ion kg SWU per 
year ( r e f .  4 ) .  Af te r  completion of  the cascade improvement program (CIP) and cascade up- 
dating program (CUP) i n  the  1 9 8 0 ' ~ ~  the  U.S. capacity will  be 27.4 mill ion kg SWU per year  
( r e f s .  5 and 6 ) .  A gas cent r i fuge  add-on of 8.8 mi l l ion  SWU has been proposed f o r  the 
government-owned enrichment f a c i l i t y  a t  Portsmouth, Ohio. Considerable enrichment capacity 
a l s o  e x i s t s  abroad; therefore ,  enrichment capacity i s .  inherent ly  a l e s s  r ig id  cons t r a in t  
than uranium requirements o r  production capabi 1 i t ies.  
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6.1.2. Reactor Options 

The reac tor  designs included i n  th is  study have not been optimized t o  cover every con- 
ceivable nuclear policy option. 
been reduced to a more manageable number. 
by using de ta i led  design procedures and they a r e  more than adequate f o r  a reac tor  s t r a t egy  
study such a s  i s  described here. 

Such a task i s  c l ea r ly  impossible u n t i l  the  options have 
However, the designs se lec ted  have been developed 

Table 6.1-1. Estimates of U308 Supply Available in U.S.A.a 

Resources ( l o 3  ST) 
Forward 
cos t  

($/I  b )  Known Probable Pos s i bl e Speculative Total 

15 360 560 485 165 1,570 
30 690 1,065 1,120 41 5 3,290 
50b 875 1,450 1,470 5 70 4,365 

From r e f .  1 .  a 

b A t  $50/lb, the  known reserves of 875 x l o 3  ST plus the  probable reserves of 1,450 x l o 3  
ST plus 140 x 103 ST from byproducts (phosphates and copper) t o t a l  2,465 x l o 3  ST ( o r  Q 

2.5 mill ion S T ) .  
increased to 4,505 x l o 3  ST ( o r  % 4.5 mill ion S T ) .  

Four general types of reac tors  a r e  included: 

I f  the  possible and specula t ive  resources a r e  included, the  t o t a l  i s  
- 

LWRs, represented by Pressurized Water 
Reactors (PWRs) ; HWRs, represented by Canadian Deuterium Uranium Reactors (CANDUs) ; High 
Temperature Gas Cooled Reactors (HTGRs); and Fast  Breeder Reactors (FBRs). 
PWRs were provided by Combustion Engineering ( C E )  and Hanford Engineering Development Lab- 
ora tory  ( H E D L ) ;  the  data f o r  the  CANDUs by Argonne National Laboratory ( A N L ) ;  the  data fo r  
the HTGRs by General Atomic ( G A ) ;  and the  data f o r  the  FBRs by H E D L .  
standard LWRs (PWRs), spec t r a l - sh i f t - con t ro l l ed  PWRs (SSCRs) a r e  a l so  included i n  the  study, 
the data f o r  the  SSCRs being provided by C E .  
in the study a r e  given in  Tables 6.1-2 and 6.1-3 ( r e f .  7 ) ,  and the  economic data base f o r  
each i s  given in Appendix B. 

The data f o r  the  

In addi t ion  to  the  

Descriptions of the individual reac tors  used 

The LWR designs include reac tors  fueled w i t h  low-enriched and denatured 23511, denatured 
2330, and plutonium, the  d i luen t  f o r  the  denatured designs cons is t ing  of e i t h e r  23811 o r  
thorium, o r  both. 
s tud ied ,  and a l so  three  SSCRs fueled w i t h  low-enriched 23511, denatured 23311, and P u / T h .  

In addi t ion ,  a low-enriched LWR design optimized f o r  throwaway has been 

The HWRs a r e  represented by three  235U-fueled reac tors  (na tura l  , s l i g h t l y  enriched, 
and denatured),  a denatured 2 3 3 U  r eac to r ,  a 
designs cons i s t  of low-enriched, denatured, and highly enriched 2.35U r eac to r s ;  denatured* 
and highly enriched 2 3 3 U  r eac to r s ;  and a P u / T h  reac tor .  

r eac to r ,  and a P u / T h  reac tor .  The H T G R  

The FBR designs cons i s t  of two P u / * ~ ~ U  core designs (one w i t h  a 2 3 8 U  blanket and one 
with a thorium blanket) and one Pu /Th  core design ( w i t h  a thorium blanket ) .  
233U/238U core design with a thorium blanket has been s tudied .  
than 12%, and thus t h i s  FBR i s  a denatured design. 

*In con t r a s t  t o  the  o ther  reac tor  types,  the denatured 2 3 3 U  HTGR design i s  assumed t o  contain 

In addi t ion ,  a 
The 233U enrichment i s  l e s s  

15% 2 3 3 U  i n  2 3 8 U  instead of 12%. 
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I n t r o d u c t i o n  da tes  f o r  each r e a c t o r  t y p e  a r e  i n c l u d e d  i n  Table 6.1-2. A s l i g h t  m o d i f i c a -  
t i o n  t o  an e x i s t i n g  PWR f u e l  design, such as a t h i c k e r  f u e l  p i n  c l a d d i n g  t o  .extend t h e  d i s -  

charge exposure, was i n t r o d u c e d  i n  1981. A more e x t e n s i v e  m o d i f i c a t i o n ,  such as a denatured 

2 3 5 U  PWR f u e l  p i n ,  was delayed u n t i l  1987. The rema in ing  PWR des igns,  i n c l u d i n g  t h e  SSCRs, 

were i n t r o d u c e d  i n  1991. 

were n o t  i n t r o d u c e d  u n t i l  2001. 
The HWRs and HTGRs were a l l  i n t r o d u c e d  i n  1995, w h i l e  t h e  FBRs 

The l i f e t i m e - a v e r a g e d  2 3 3 U ,  235U, and f i s s i l e  p l u t o n i u m  f l o w s  g i v e n  i n  Tab le  6.1-3 show 

t h a t  f o r  t h e  throwaway cyc le ,  l ow-en r i ched  HTGRs o f f e r  s i g n i f i c a n t  (a ’bmx t  20%) uranium o r e  
sav ings compared t o  low-enr iched PWRs. 

ments by an a d d i t i o n a l  20% over  HTGRs and more than  35% o v e r  LWRs. 

LWRs and HTGRs have r o u g h l y  t h e  same enr ichment  requi rements,  t h e  s l i g h t l y  e n r i c h e d  HWRs 
r e q u i r e  5 t o  6 t imes  l e s s  enrichment. 

enrichment. 

S l i g h t l y  en r i ched  HWRs reduce uranium o r e  r e q u i r e -  

A l though low-enr iched 

The low-enr iched SSCR o f f e r s  about  a 22% savings i n  

Core d i scha rge  exposures f o r  FBRs a r e  approx ima te l y  t w i c e  t h e  exposures f o r  LWRs, 

w h i l e  exposures f o r  HWRs a r e  about h a l f  those f o r  LWRs. 

uranium HWR, which has a d i scha rge  exposure of one - fou r th  t h a t  f o r  t h e  LWR. 
charge exposures a r e  ex t reme ly  l a r g e  - n e a r l y  200 MWd/kg f o r  t h e  Pu/Th f u e l  design! 

An excep t ion  i s  t h e  n a t u r a l -  

HTGR d i s -  

The two FBRs w i t h  Pu-U co res  have b reed ing  r a t i o s  o f  1.34 t o  1.36. Replac ing t h e  

uranium i n  t h e  co re  w i t h  t h o r i u m  reduces t h e  b reed ing  r a t i o  by 0.15, w h i l e  r e p l a c i n g  t h e  

p l u t o n i u m  w i t h  2 3 3 U  reduces t h e  b reed ing  r a t i o  by 0.16. 

thermal r e a c t o r s  w i t h  233U- fue led  r e a c t o r s  shows t h a t  t h e  233U- fue led  r e a c t o r s  have con- 
v e r s i o n  r a t i o s  about 0.10 t o  0.15 h ighe r .  

F i n a l l y ,  comparing 235U- fue led  

The most s t r i k i n g  o b s e r v a t i o n  t h a t  can be made from t h e  t o t a l  f i s s i l e  f u e l  requi rements 

shown i n  Table 6.1-3 i s  t h e  s i g n i f i c a n t l y  l ower  f i s s i l e  requi rements f o r  t h e  denatured 233U- 

f u e l e d  SSCRs and HWRs and f o r  t h e  h i g h l y  e n r i c h e d  233U/Th- fue led HTGR. 

Finally, a few comments shou ld  be made about  t h e  r e l a t i v e  u n c e r t a i n t i e s  o f  t h e  pe r -  

formance c h a r a c t e r i s t i c s  f o r  t h e  r e a c t o r  des igns i n  t h i s  study. C l e a r l y ,  t h e  l ow-en r i ched  

235U- fue led  LWR (PNR) has l ow  performance u n c e r t a i n t i e s .  

u s i n g  these methods a r e  c u r r e n t l y  i n  o p e r a t i o n .  The h i g h l y  e n r i c h e d  235U-fueled HTGR a l s o  
would be expected t o  be q u i t e  accu ra te  s i n c e  F o r t  S t .  V r a i n  s t a r t e d  up i n  1977. 

reason, t h e  success fu l  o p e r a t i o n  o f  HWRs i n  Canada g i v e s  a h i g h  l e v e l  o f  con f i dence  i n  t h e  

n a t u r a l  uranium f u e l e d  CANDUs. 

Numerous PWRs t h a t  have been designed 

Fo r  t h e  same 

The Pu-U-fueled FBRs have had a g r e a t  dea l  of c r i t i c a l  exper iment  backup, and a few 

FBRs have been b u i l t  i n  t h e  U.S. and abroad, g i v i n g  assurance i n  t h e  c a l c u l a t e d  performance 

parameters o f  these reac to rs .  
u n c e r t a i n t i e s  assoc ia ted  w i t h  t h e i r  performance c h a r a c t e r i s t i c s .  T h i s  i s  because these  

r e a c t o r s  have n o t  been b u i l t ,  and most have n o t  even had c r i t i c a l  exper iments t o  v e r i f y  t h e  

designs. 
e f f o r t  i n  deve lop ing  n u c l e a r  d a t a  f o r  2 3 3 U  and t h o r i u m  has been modest compared t o  t h a t  

expended i n  deve lop ing  d a t a  f o r  235U, 238U, and p lu ton ium. 

Most o f  t h e  rema in ing  r e a c t o r s ,  however, have r a t h e r  l a r g e  

The u n c e r t a i n t y  f o r  t h e  a l t e r n a t e - f u e l e d  r e a c t o r  des igns i s  even g r e a t e r  s i n c e  t h e  



Table 6.1-2. C h a r a c t e r i s t i c s  o f  Var ious Reactors 

E q u i l i b r i u m  C o n d i t i o n s  

Requirements Exposure Conversion 

. _ _  L i  f e  t i m e  Requi remen t s  Heavy Meta l  Core Breeding 

Reactor/Cyclea Date ( MWe 1 Charge Discharge Net Charge Discharge Net (FITIGWe-yr ) (MWD/kg ) R a t i o  

F a b r i c a t i o n  Discharge o r  3 8  Enr ichment 
Power ( tons  :3:s/GWe)b ( l o 6  kg SWU/GWe)C I n t r o d u c t i o n  Level  

LWR-U5(LE)/U-S 
LWR-US(LE)/U-EE 

LWR-U5( DE)/U/Th 
LWR-U3( DE)/U/Th 

LWR-Pu/U 

LWR-PU/Th 

SSCR-U5( LE)/U 
SSCR-U3( DE)/U/Th 

SSCR-PU/Th 

HWR-U5 (NAT)/U 
HWR-U5( SEU)/U 
HWR-U5( DE)/U/Th 

HWR-U3( DE)/U/Th 
HWR-PU/U 
HWR-PU/Th 

HTGR-US( LE)/U-T 

HTGR-U5(LE)/U 
HTGR-US(DE)/U/Th 
HTGR-U5( HE)/U/Th 

HTGR-U3 (DE ) /U/Th 
HTGR-U3/Th 

HTGR-PU/Th 

FBR-Pu-U/U 

FER-PU-U/Th 
FBR-PU-Th/Th 

FBR-U3-U/Th 

1969 

1981 

1987 
1991 

1991 

1991 

1991 
1991 

1991 

1995 
1995 
1995 

1995 
1995 
1995 

1995 

1995 
1995 
1995 

1995 
1995 

1995 

2001 

2001 
2001 

2001 

1150 

1150 

1150 
1150 
1150 

1150 

1300 
1300 

1300 

1000 
1000 

1000 

1000 
1000 
1000 

1344 

1344 
1344 
1344 

1344 
1344 

1344 

1200 

1200 
1200 

1200 

5236 

4904 

8841 
0 

950 

0 

4396 
0 

0 

41 56 
31 87 
7337 

0 
2030 

0 

401 7 

401 7 
3875 

3903 

0 
0 

0 

0 

0 
0 

0 

1157 
0 

3803 
0 

0 

0 

908 
0 

0 

0 

0 

2402 

0 
0 
0 

0 

431 
465 
558 

0 
0 

0 

0 

0 
0 
0 

4078 3.11 

4904 3.11 

5038 8.03 
0 0 

950 0 

0 0 

3489 2.42 
0 0 

0 0 

41 56 0 

31 87 0.59 
4935 6.66 

0 0 
2030 0 

0 0 

401 7 3.23 

3586 3.23 
3410 3.52 
3345 3.90 

0 0 

0 0 

0 0 

0 0 

0 0 
0 0 
0 0 

0.17 

0 

3.20 
0 

0 
0 

0.05 
0 

0 

0 

0 
1.94 

0 
0 
0 

0 

0.12 
0.30 

0.55 

0 
0 

0 

0 

0 
0 
0 

2.94 

3.11 

4.83 
0 

0 

0 

2.37 
0 

0 

0 

0.59 
4.73 

0 
0 

0 

3.23 

3.11 
3.22 
3.35 

0 
0 
0 

0 

0 
0 

0 

25.8 

18.2 
24.1 
24.1 

25.7 

22.6 

25.3 
23.0 

23.0 

114.9 
53.9 

53.9 

53.9 
53.9 
53.9 

8.2 

7.2 
6.3 
8.9 

10.4 
14.0 

3.4 

12.7/5.1/7. lC 
12.7/4.6/6.4 
11.6/4.6/6.4 

12.7/4.6/6.4 

30 0.60 
43 0.54 

33 0.66 
32 0.80 

30 0.70 

33 

30 
33 

33 

7.5 
16 
16 

16 

16 
16 

80 0.50 

91 0.50 
104 0.54 

74 0.67 

63 0.65 
47 0.86 

196 0.62 

62 1.36 

62 1.34 
68 1.19 

63 1.18 

ol 
I co 

=LE = low enriched; DE = denatured; NAT = natural ;  SEU = s l i g h t l y  enriched; HE = h i g h l y  enriched; U5 = 235U; U3 = 233U; S = standard LWR; EE = LWR w i t h  
bextended discharge exposure; T = optimized f o r  throwaway. 

‘CorelRadi a1 B1 anket/Axi a1 B1 anket. 
With 1% f a b r i c a t i o n  and 1% reprocessing losses; enrichment t a i l s  assay 0.2%. 



Table 6.1-3. Average F i s s i l e  Hass Flowsa Assumed for Various Reactors i n  Power System Analyses 

2 3 3 U  (kg/GWe-yr) 2 3 5 U  (kg/GWe-yr) Pu (kgjGWe-yr) T o t a l  (kg/GWe-yr) 

R e a c t o r l C y c l e b  Charge Discharge Net Charge Discharge Net Charge Discharge Net  Charge Discharge Net 

LWR-U5(LE)/U-S 
LWR-US ( L E ) / U - E E  
LWR-U5( OE)/U/Th 

LWR-U3( DE)/U/Th 
LW R- P U/ U 
LWR-PU/Th 

SSCR-U5 (LE)/U 

SSCR-U3( DE)/U/Th 
SSCR-PU/Th 

HWR-U5(NAT)/U 

HWR-U5( SEU)/U 
HWl?-U5( OE)/U/Th 
HWR-U3 (DE )/U/Th 
HWR-Pu/U 
HWR-PU/Th 

HTGR-U5(LE)/U-T 
HTGR-US (LE)/U 

HTGR-U5( OE)/U/Th 
HTGR-U5 (HE ) /Th 
HTGR-U3(DE)/U/Th 

HTGR-U3/Th 

HTGR-PU/Th 

FBR-Pu-U/U 
FER-Pu-U/Th 

FBR-PU-Th/Th 
FBR-U3-U/Th 

0 

0 
0 

807.0 
0 
0 

0 

619.9 
0 

0 

0 

0 
765.8 

0 

0 

0 

0 

0 

0 
411.0 

501.5 

0 

0 
0 

0 

1212.5 

0 

0 
256.2 

530.4 
0 

239.0 

0 

426.2 
281.2 

0 

0 

418.2 
664.7 

0 

391.9 

0 
0 

68.9 
186.9 
108.4 

389.0 

94.1 

0 

237.5 

743.2 

844.5 

0 

0 
-256.2 

276.6 

0 
-239.0 

0 

193.7 
-281.2 

0 

0 

-418.2 
101.1 

0 

-391.9 

0 

0 

-68.9 
-186.9 

302.5 

112.5 
-94.1 

0 
-237.5 

-743.2 

368.0 

736.9 
683.3 

1169.7 

13.5 
173.1 

0 

626.6 

26.8 
0 

757.4 

521.8 
970.8 

33.6 
369.9 

0 

540.1 
540.1 

689.0 
512.3 

13.2 

73.8 
0 

69.7 
31.8 

0 

33.3 

213.4 
0 

507.9 

16.8 
91.2 
2.3 

169.3 

31.2 
4.3 

227.8 

72.2 
322. a 

37.0 
67.2 

2.8 

0 

59.1 
64.8 
73.3 

21 .o 
69.9 

2.9 

48.1 
17.8 

0 

19.4 

523.5 0 
683.3 0 

661.8 0 

-3.3 0 

82.0 700.6 
-2.3 1294.1 

457.3 0 

-4.4 0 
-4.3 1202.3 

529.6 0 

449.7 0 

648.0 0 
-3.4 0 

302.7 156.6 

-2.8 895.5 

540.1 0 
471.0 0 

624.2 0 
439.0 0 

-7.7 0 

3.9 0 

-2.9 637.0 

21.6 1253 
14.0 1261 

0 1484 

13.9 0 

146.8 
0 

77.8 

88.2 

472.2 
620.2 

185.0 

72.9 
556.4 

290.4 

159.8 
22.5 
26.9 

177.7 
234.4 

0 
43.1 

27.3 
1.0 

27.9 

0 

126.7 

1526 
1283 

853.7 
499.8 

-146.8 

0 
-77.8 

-88.2 

228.5 
673.9 

-185.0 

-72.9 

645.9 

-290.4 
-159.8 

-22.5 
-26.9 

-21.1 

661.2 

0 

-43.1 

-27.3 
-1.0 

-27.9 

0 

510.3 

-273.3 
-21.9 

630.7 

-499.8 

736.9 

683.3 
1169.7 

820.5 

873.7 
1294.1 

626.6 

646.7 

1202.3 

757.4 
521.8 
970.8 
799.4 

526.5 

895.5 

540.1 
540.1 

689.0 
512.3 
424.2 

575.3 
637.0 

1322.7 
1292.8 

1484 
1245.8 

360.2 
0 

841.9 

635.4 
563.4 
861.5 

354.3 

530.3 
841.9 

518.2 
232.0 

763.5 
728.6 

244.9 

629.1 

0 
112.2 

161 .O 

261.2 
157.3 

458.9 

223.7 

1574.1 
1538.3 

1596.9 
1363.7 

376.7 
683.3 
327.8 

185.1 
310.5 
432.6 

272.3 

116.4 

360.4 

239.2 
289.9 m 

207,3 
I 

W 

70.8 

281.6 
266.4 

540.1 
427.9 

528.0 
251.1 
266.9 

116.4 

41 3.3 

-251.7 
-245.4 

-112.9 
-117.9 

=Lifet ime average w i t h  1% fabr ica t ion  and 1 1  reprocessing losses. 
'Power levels :  LWRs, 1150 We; SSCRs, 1300 MWe; HWRs, 1000 MWe; HTGRs, 1344 MWe; and FBRs, 1200 MWe. 
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6.1.3. Nuclear Policy Options 

Under the  assumption t h a t  the  reac tor / fue l  cycles l i s t e d  in Tables 6.1-2 and 6.1-3 
could be deployed, a s e t  of nuclear pol icy options were developed f o r  studying the  r e l a t i v e  
c a p a b i l i t i e s  of the  various reac tors  t o  produce c i v i l i a n  nuclear power during the  period 
from 1980 t o  2050. 
adequate, i t  should have an i n s t a l l e d  nuclear capacity of 350 GWe by the  year 2000 and a 
net increase of 15 GWe the rea f t e r ,  w i t h  each p lan t  having a 30-yr l i f e t ime .  
order t o  determine the  e f f e c t  o f  a lower growth r a t e ,  a few cases were a l s o  r u n  f o r  an 
i n s t a l l e d  capacity of 200 GWe in the year 2000 and 10 GWe/yr t h e r e a f t e r . )  I t  was a l so  
assumed t h a t  reac tors  fueled w i t h  na tu ra l ,  low-enriched, s l i g h t l y  enriched, or denatured 
uranium could be dispersed outs ide  the  secure energy centers  and those fueled w i t h  highly 
enriched uranium o r  w i t h  plutonium would be confined w i t h i n  the centers .  All enrichment, 
reprocessing, and  fabr ica t ing  f a c i l i t i e s  would a l so  be confined within the centers .  

As was pointed out above, i t  was assumed t h a t  f o r  a system t o  be 

(Note: In 

The nuclear policy options f e l l  under four  major ca tegor ies :  ( 1 )  the  throwaway/ 
stowaway option; ( 2 )  c l a s s i ca l  plutonium-uranium options; ( 3 )  denatured uranium options 
employing thermal converters only; and ( 4 )  denatured uranium options employing both convertev 
and breeders. 
the spec i f i c  reac tors  u t i l i zed  in each option a r e  indicated i n  Table 6.1-5. 

sen ta t ions  of the  options a r e  presented i n  Figs. 6.1-1 through 6.1-4. Runs were made f o r  
both intermediate-cost  and high-cost U,08 supply assumptions. 

The various options under these  ca tegor ies  a re  described in Table 6.1-4, and 
Schematic repre  

These nuclear options cannot be viewed as predictions of t he  fu tu re  insofar  a s  nuclear 
power i s  concerned; however, they can provide a log ic  framework by which the  fu tu re  implica- 
t ion  of cur ren t  nuclear policy decisions can be understood. 
of nations agree t o  supply nuclear fuel t o  another group of nations providing the  l a t t e r  
agree t o  forego reprocessing, A careful ana lys i s  of the nuclear system options out l ined  
above can i l l u s t r a t e  t he  logical consequences of such a decision upon the  c i v i l i a n  nuclear 
power systems i n  both groups of nations.  Only those nations providing the  fuel would main- 
t a i n  secure energy centers ,  s ince  the  nations receiving the fuel would be operating dispersed 
reac tors  only. (Note: The ana lys i s  presented here considers only the  U.S. o re  supply. A 
s imi l a r  ana lys i s  f o r  a group of nations would begin with d i f f e r e n t  assumptions regarding the  
ore supply and nuclear energy demand.) 

Suppose, f o r  example, a group 

For the  purposes of t h i s  ana lys i s ,  a l l  t he  nuclear system options were assumed t o  be 

In a c t u a l i t y ,  a nation would have the  a b i l i t y  t o  change po l i c i e s  i f  con- 
mutually exclusive.  
i t s  u l t imate  end. 
sequences of t he  policy i n  e f f e c t  were determined t o  be undesirable. 
t o  successfu l ly  change a policy a t  a fu tu re  da te  would be qu i t e  l imi ted  i f  the  necess i ty  
of changing has not been iden t i f i ed  and incorporated in to  the cur ren t  program. The purpose 
of t he  study contained in this repor t  was t o  i den t i fy  the  basic nuclear system options,  and 
t o  determine the  consequences of pursuing them t o  t h e i r  ult imate end. 
consequences of changing po l i c i e s  a t  a fu tu re  da te  - and thereby the implication of cur ren t  

programs - will  be analyzed in a l a t e r  study.)  

That i s ,  i t  was assumed t h a t  any option se lec ted  would be pursued t o  

However, t he  a b i l i t y  

(Note: A study o f  t he  
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6.1.4. The A n a l y t i c a l  Method 

The p r i n c i p a l  components o f  t h e  a n a l y t i c a l  method used i n  t h i s  s t u d y  a r e  i l l u s t r a t e d  
i n  F ig .  6.1-5 and a r e  based on t h e  f o l l o w i n g  assumptions: 

( 1 )  Given a s p e c i f i e d  demand f o r  n u c l e a r  energy as a f u n c t i o n  o f  t ime ,  n u c l e a r  u n i t s  
a r e  c o n s t r u c t e d  t o  meet t h i s  demand c o n s i s t e n t  w i t h  t h e  n u c l e a r  p o l i c y  o p t i o n  under 

c o n s i d e r a t i o n .  

( 2 )  As n u c l e a r  u n i t s  r e q u i r i n g  U308 a r e  cons t ruc ted ,  t h e  supp ly  o f  U308 i s  c o n t i n u o u s l y  
depleted.  
r e q u i r e d  th roughou t  t h e  l i f e  of t h e  n u c l e a r  u n i t .  

assumed t o  be an i n c r e a s i n g  f u n c t i o n  o f  t h e  cumu la t i ve  amount mined. 

a con t inuous  t r a n s i t i o n  f rom h i g h e r  grade t o  l ower  grade resources.  

The d e p l e t i o n  r a t e  i s  based on b o t h  t h e  f i r s t  co re  l o a d  and t h e  annual re loads  
The long - run  marg ina l  c o s t  o f  U308 i s  

T h i s  i s  i n d i c a t i v e  o f  

( 3 )  I f  t h e  n u c l e a r  p o l i c y  o p t i o n  under c o n s i d e r a t i o n  assumes rep rocess ing ,  t h e  f u e l  

A f t e r  rep rocess ing ,  t h e  f i s s i l e  i s  s t o r e d  a f t e r  d i scha rge  u n t i l  r ep rocess ing  i s  a v a i l a b l e .  

p l u t o n i u m  and 2 3 3 U  a r e  a v a i l a b l e  f o r  r e f a b r i c a t i o n  and r e l o a d i n g .  

( 4 )  A n u c l e a r  u n i t  which r e q u i r e s  239Pu o r  2 3 3 U  cannot  be c o n s t r u c t e d  un less  t h e  

supp ly  of f 
on an annua 

( 5 )  
exogenously 

s s i l e  m a t e r i a l  i s  s u f f i c i e n t  t o  p r o v i d e  t h e  f i r s t  c o r e  l o a d  p l u s  t h e  r e l o a d s  

b a s i s  th roughou t  t h e  u n i t ' s  l i f e .  

The number o f  n u c l e a r  u n i t s  s p e c i f i e d  f o r  o p e r a t i o n  th rough  t h e  1980's  i s  

c o n s i s t e n t  w i t h  t h e  c u r r e n t  c o n s t r u c t i o n  p lans  o f  u t i l i t i e s .  

(6) A n u c l e a r  p l a n t  des ign which d i f f e r s  f rom e s t a b l i s h e d  techno logy  can be i n t r o -  

duced o n l y  a t  a l i m i t e d  maximum r a t e .  

d u r i n g  t h e  f i r s t  biennium, two p l a n t s  d u r i n g  t h e  second biennium, f o u r  d u r i n g  t h e  t h i r d ,  

e i g h t  d u r i n g  t h e  f o u r t h ,  e t c .  

A t y p i c a l  maximum i n t r o d u c t i o n  r a t e  i s  one p l a n t  

( 7 )  I f  t h e  manu fac tu r ing  c a p a b i l i t y  t o  produce a p a r t i c u l a r  r e a c t o r  t y p e  i s  w e l l  
e s t a b l i s h e d ,  t h e  r a t e  a t  which t h i s  r e a c t o r  t ype  w i l l  l o s e  i t s  share o f  t h e  new c o n s t r u c t i o n  

market  i s  l i m i t e d  t o  a s p e c i f i e d  f r a c t i o n  p e r  yea r .  

l o s s  r a t e  i s  10%/yr .  

p l a n t s  o f  an e s t a b l i s h e d  and r e l i a b l e  technology,  even though a new techno logy  may o f f e r  

an improvement. 

A t y p i c a l  maximum c o n s t r u c t i o n  market  

T h i s  r e f l e c t s  t h e  f a c t  t h a t  some u t i l i t i e s  w i l l  c o n t i n u e  t o  purchase 

The a c q u i s i t i o n  o f  f i s s i l e  m a t e r i a l  w i l l  be t h e  p r i n c i p a l  goal  o f  any n a t i o n  embarked 

upon a n u c l e a r  weapons program. 

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

s teps  i n  t h e  n u c l e a r  f u e l  c y c l e  which were e x p l i c i t l y  modeled i n  t h i s  a n a l y s i s  a r e  shown 

i n  F ig .  6.1-6. They i n c l u d e :  t h e  m i n i n g  o f  U308; t h e  convers ion  o f  U308 t o  UF6; t h e  

enr ichment  o f  t h e  uranium by  e i t h e r  t h e  gaseous d i f f u s i o n  techn ique  o r  t h e  c e n t r i f u g e  

Therefore,  any a n a l y s i s  o f  a d i v e r s i o n - r e s i s t a n t  c i v i l i a n  

The 



Table 6.1-4. Nuc lear  P o l i c y  Opt ionsa 

ThrowawaylStowaway Opt ion  (see Fig.  6.1-1) 

LEU (235U/238U) conver te rs  
t o r s  a re  opera ted  i n s i d e  the  centers .  

Plutonium-Uranium Opt ions  (see F ig .  6.1.2) 

and Pu/Th HTGR's a re  pe rm i t ted  i n s i d e  t h e  centers .  

z35U(HE)/Th, 233U/Th, and Pu/Th HTGRs 
reac to rs .  

Denatured Uranium Opt ions  w i t h  Converters On lL  (see F ig .  6.1-3) 

opera ted  i n s i d e  t h e  centers .  The f i s s i l e  uranium i s  r e c y c l e d  i n t o  t h e  conver te rs ,  b u t  t h e  p lu ton ium i s  s t o r e d  i n s i d e  the  cen te rs  e i t h e r  f o r  
u l t i m a t e  d i sposa l  o r  f o r  f u tu re  use a t  an unspec i f i ed  date.  

v e r t e r s  a re  p e r m i t t e d  i n s i d e  the  centers .  
t o r s .  
c e n t e r  reac to rs .  

p e r m i t t e d  i n s i d e  t h e  centers .  
goa l  i n  t h i s  case i s  not t o  minimize the  amount of pZu ton im  produced but "transmute" a l l  t h a t  is produced t o  2 3 3 U  i n  the  energy-center  
reac to rs .  

Denatured Uranium Opt ions  w i t h  Converters and Breeders (see F ig .  6.1-4) 

v e r t e r s  and Pu-U/Th breeders (Pu-U cores,  Th b lanke ts )  a re  pe rm i t ted  i n s i d e  t h e  centers .  
r e a c t o r s  and t h e  i n s i d e  breeders and p lu ton ium i s  r e c y c l e d  i n t o  t h e  i n s i d e  conver te rs  and breeders.  With t h e  r e a c t o r s  used, o n l y  a l i g h t  
"Pu-to-233U" transmutation ra te  i s  rea l i zed .  

cen te rs  and Pu/Th conver te rs  and Pu-U/Th breeders (Pu-U cores,  Th b l a n k e t s )  a re  pe rm i t ted  i n s i d e  t h e  centers .  
c y c l e d  i n t o  t h e  o u t s i d e  r e a c t o r s  and the  i n s i d e  breeders and p lu ton ium i s  recyc led  i n  t h e  i n s i d e  conver te rs  and breeders.  
used, o n l y  a l i g h t  rrj+-to-233Utr trnnsmutation ra te  i s  r e a l i z e d .  
t h e  system. 

cen te rs  and Pu/Th conver te rs  and Pu-Th/Th breeders (Pu-Th cores,  Th b lanke ts )  a re  p e r m i t t e d  i n s i d e  t h e  cen te rs .  
r e c y c l e d  i n t o  t h e  o u t s i d e  r e a c t o r s  and t h e  p lu ton ium i n t o  t h e  i n s i d e  reac to rs .  
rate i s  r e a l i z e d .  

a In  a l l  o p t i o n s  except  Opt ion  1, spent f u e l  i s  re tu rned  t o  t h e  secure energy cen te rs  f o r  reprocess ing .  

bHWRs t h a t  a r e  f u e l e d  w i t h  n a t u r a l  o r  s l i g h t l y  enr iched uranium a r e  i nc luded  i n  t h i s  category.  

b Opt ion  1: ope ra t i ng  on t h e  throwawaylstowaway c y c l e  a re  p e r m i t t e d  o u t s i d e  t h e  energy cen te rs  and no reac-  
Spent f u e l  i s  r e t u r n e d  t o  the  secure energy cen te rs  f o r  u l t i m a t e  d i sposa l .  

Op t ion  2: 

Opt ion  3: 

LEU (235U/23aU) conver te rs  a re  opera ted  o u t s i d e  t h e  secure enerqy cen te rs  and Pu/U conver te rs  and 235U(HE)Th, 233U/Th. 

LEU (235U/238U)  converter5 a re  operated o u t s i d e  the  secure energy cen te rs  and Pu/U conver te rs .  Pu-U/U breeders.  and 

Uranium and p lu ton ium i s  recyc led  i n  energy-center  reac to rs .  

a re  pe rm i t ted  i n s i d e  t h e  centers .  Uranium and p lu ton ium i s  r e c y c l e d  i n  t h e  energy-center  

OOtion 4 :  LEU (235U/238U)  conver te rs  and denatured 235U and 233U conver te rs  a re  opera ted  o u t s i d e  t h e  energy cen te rs  and no reac to rs  a re  

Opt ion  5U: LEU (235U/238U)  conver te rs  and denatured 235U and 233U conver te rs  a re  opera ted  o u t s i d e  t h e  energy cen te rs  and Pu/Th con- 

The goal  i n  t h i s  case i s  t o  minimize the  amount of pZu ton im  produced and t o  " t ransmute"  a l l  t h a t  i s  produced i n t o  233U i n  the  energy- 

Opt ion  5T: 

The f i s s i l e  uranium i s  recyc led  i n t o  t h e  o u t s i d e  r e a c t o r s  and the  p lu ton ium i n t o  t h e  i n s i d e  reac-  

LEU (235U/238U) conver te rs  and denatured 233U conver te rs  a re  opera ted  o u t s i d e  t h e  energy cen te rs  and Pu/Th conver te rs  a r e  
The f i s s i l e  uranium i s  recyc led  i n t o  t h e  o u t s i d e  r e a c t o r s  and t h e  p lu ton ium i n t o  t h e  i n s i d e  reac to rs .  The 

Opt ion  6: LEU (233U/23aU) conver te rs  and denatured 2 3 5 U  and 233U conver te rs  a re  opera ted  o u t s i d e  t h e  energy cen te rs  and Pu/Th con- 
The f i s s i l e  uranium i s  recyc led  i n t o  t h e  o u t s i d e  

Opt ion  7: LEU (235U/238U) conver te rs ,  denatured 2 3 5 U  and 233U conver te rs ,  and denatured  2 3 3 U  breeders  a r e  opera ted  o u t s i d e  t h e  energy 
The f i s s i l e  uranium i s  r e -  

Th is  case represents  t h e  f i r s t  t ime  a denatured breeder is introduced i n  
Wi th  t h e  r e a c t o r s  

Opt ion  8: LEU (235U/238U) conver te rs ,  denatured Z35U and 2 3 3 U  conver te rs ,  and denatured  2 3 3 U  breeders  a r e  opera ted  o u t s i d e  the  energy 
The f i s s i l e  uranium i s  

Wi th  t h e  r e a c t o r s  used, a heavy " R L - ~ O - ~ ~ ~ U "  transmutation 
Again  a denatured breeder is u t i l i z e d  i n  t h e  system. 

For  Opt ion  1, t h e  spent  fue l  i s  
r e t u r n e d  t o  t h e  c e n t e r  f o r  u l t i m a t e  d isposa l .  



Table 6,1-5. Reactors Available i n  Secure ( S )  Centers o r  Dispersed ( D )  Areas f o r  Various I h c l e a r  Policy Options 

Throwaway 
Option, 

Opt ion 1 

Reactor/Cycle* C S H G  
LWR-U5( LE) /U-S D D D D  
LUR-US(LE)/U-EE D - - -  
LWR-U5(DE)/U/Th - - - - 
LWR-U3(DE)/U/Th - - - - 
LWR-PU/U - - - -  
LWR-PU/Th - - _ _  

Pu-U Opt ions 

Opt ion 2 Opt ion 3 

D D D D  D D D D  
C S H G  C S H G  

s s - -  s s - -  

Denatured Uranium 
Opt ions w i t h  Conver te rs  

Op t ion  4 Op t ion  5U Op t ion  5T 

D D D D  D D D D  D D D D  
C s H G  C S H G  C S H G  

Denatured Uranium 
Opt ions w i t h  Conver ters /Breeders 

Op t ion  6 Op t ion  7 Op t ion  8 

D D D D  D D D D  D D D D  
C S H G  L S H G  C S H G  

~ 

*LE = low enriched; DE = denatured; NAT = natura l ;  SEU = s l i g h t l y  enriched; HE = h igh l y  enriched; U S  = z35U; U3 = 2 3 3 U ;  S = standard LWR; EE = LWR w i t h  
extended discharge exposure; T = optimized f o r  throwaway. 
H = HWR, and G = HTGR. 

L, S, H, and G i nd i ca te  type o f  converter employed i n  option, where L = LWR, S = SSCR, 
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I 
SWU 

SWU 

I 

THROWAWAY 

HM 1 HEDL 7801-78.7 

Option 1 :  I n  th i s  option, LEU (235U/238U) converters" operating on the throwaway/ 
stowaway cycle are  permitted outside the energy centers and no reactors are operated 
inside the centers. Spent fuel is  returned to  the secure energy centers for  ultimate 
disposal. 

Fig. 6.1-1. Option 1 :  The Throwaway/Stowaway Option. 

technique; the  fabr ica t ion  of 235U, 233U, and 2 3 9 P u  f u e l s ;  t he  des t ruc t ion  and transmutation 
of f i s s i l e  and f e r t i l e  isotopes occurring during power production in the r eac to r ;  the  s torage  
of spent f u e l ,  and, i f  permitted, t he  reprocessing of spent f u e l ;  the  s i z e  and composition 
of f i s s i l e  s tockpi les  as a function o f  time; and the  amount o f  spent fuel o r  high-level 

waste which must be s tored  a s  a function of time. 
ment o f  a l l  f i s s i l e  material  i n  t h e  c i v i l i a n  nuclear power system were accura te ly  calculated 
f o r  each case under the nuclear policy options shown i n  Tables 6.1-4 and 6.1-5. 

Thus, t h e  amount, composition, and move- 

The cos t  of each nuclear option and the t o t a l  power cos t  of each nuclear u n i t  i n  
the option were a l so  ca lcu la ted ;  however, t he  t o t a l  power cos t  of a nuclear u n i t  did not 
determine whether i t  would be constructed.  
ava i lab le  i n  t h e  policy under consideration, and ( 2 )  i t  had a lower U308 consumption 

r a t e  than the  o ther  nuclear un i t s  ava i l ab le  under the  same policy option. 
was adopted because i t  i s  possible t o  ca l cu la t e  t he  U308, f i s s i l e  plutonium, and 233U 
requirements of a nuclear un i t  with reasonable accuracy, while i t  i s  very d i f f i c u l t  t o  

Generally it  was constructed i f  (1)  i t  was 

This approach 

*HWRs t h a t  a r e  fueled w i t h  natural  o r  s l i g h t l y  enriched uranium a r e  included i n  this category, 
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HM 

-Id ENRICH 

H E D L  7801 78.6 

Opt ion 2: I n  t h i s  o p t i o n ,  LEU (235U/238U) c o n v e r t e r s  a r e  operated o u t s i d e  t h e  
secure energy c e n t e r s  and Pu/U c o n v e r t e r s  and 235U(HE)/Th, 233U/Th, and Pu/Th HTGRs a r e  
p e r m i t t e d  i n s i d e  the  cen te rs .  
Uranium and p l u t o n i u m  i s  r e c y c l e d  i n  energy-center  r e a c t o r s .  
f u l l y  cover  Op t ion  2G; see Table 6.1-5.) 

Spent f u e l  i s  r e t u r n e d  t o  t h e  cen te rs  f o r  reprocess ing.  
(Note: Sketch does n o t  

USILEI IU I D S  P" 

HM 

w 

ENRICH 

tar P" 

HM 

swu "235 

1 
- 1  

I 

U 2 S  
fis Pu 

HM 

HEDL 7801-78.5 

Opt ion 3 :  I n  t h i s  o p t i o n ,  LEU (235U/238U) conver te rs  a r e  operated o u t s i d e  t h e  
secure energy c e n t e r s  and Pu/U conver te rs ,  Pu-U/U breeders, and 235U(HE)/Th, 233U/Th, 
and Pu/Th HTGRs a r e  p e r m i t t e d  i n s i d e  t h e  cen te rs .  
f o r  reprocess ing.  
(Note: 

Spent f u e l  i s  re tu rned  t o  the  c e n t e r s  
Uranium and p l u t o n i u m  i s  r e c y c l e d  i n  t h e  energy-center  reac to rs .  

Sketch does n o t  f u l l y  cover  Op t ion  3G;  see Table 6.1-5.)  

Fig. 6.1-2. Options 2 and 3: The Plutonium-Uranium Options. 
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Opt ion 4: I n  t h i s  o p t i o n ,  LEU (235U/238U)  c o n v e r t e r s  and denatured 2 3 5 U  and 2 3 3 U  
c o n v e r t e r s  a r e  operated o u t s i d e  the  energy c e n t e r s  and no  r e a c t o r s  a r e  ope ra ted  i n s i d e  
the  centers .  Spent f u e l  i s  r e t u r n e d  t o  t h e  secure energy cen te rs  f o r  reprocess ing.  The 
f i s s i l e  uranium i s  r e c y c l e d  i n t o  t h e  conver te rs ,  b u t  t h e  p l u t o n i u m  i s  s t o r e d  i n s i d e  t h e  
c e n t e r  e i t h e r  f o r  u l t i m a t e  d i sposa l  o r  f o r  f u t u r e  use a t  an u n s p e c i f i e d  date.  

F i g .  6.1-3. Options 4, 5U, and 5T: Denatured Uranium Options with Converters Only. 

ca l cu la t e  the  c a p i t a l ,  f ab r i ca t ion ,  and reprocessing cos t s  f o r  the same u n i t .  (Note: 
exception to  this philosophy was contained i n  a s e t  of cases described in Appendix D in 
which the U308 supply was assumed t o  be s u f f i c i e n t l y  la rge  so as not t o  impose a p rac t i ca l  
l i m i t  on the growth of the nuclear system over the  planning horizon. In t h i s  case ,  t h e  
decision to  construct--or not t o  construct--a r eac to r  concept was based on i t s  t o t a l  
power cos t ,  which of course included the  cos t  of U308 a s  an increasing function of the  
t o t a l  amount consumed. 

An 

T h u s ,  while the a b i l i t y  t o  conserve U308 did en te r  i n to  the decision, 

i t  was not t he  s ing le  dominating f a c t o r . )  

An example o f  t he  uncertainty involved i n  ca lcu la t ing  the  t o t a l  power cos t  of a 
This f igu re  was developed by 

The 

nuclear u n i t  i n  t he  fu tu re  i s  i l l u s t r a t e d  i n  F i g .  6.1-7. 
assigning a reasonable s e t  of uncer ta in t ies  t o  the  c a p i t a l ,  f ab r i ca t ion ,  and reprocessing 
cos t s  f o r  a set of f i v e  reac tor  concepts with four  fuel options f o r  each concept, 
actual cos t s  and t h e i r  uncertainty a r e  discussed in d e t a i l  i n  Appendix 9. In a l l  cases ,  
t he  cos t s  were assumed t o  be mature industry cos ts  d u r i n g  t h e  period 2010 t o  2040 with 
the pr ice  of U308 increasing from $140/lb t o  $180/lb during this period. The r eac to r  
concepts shown i n  t h e  f igu re  a r e  t h e  LWR, SSCR, HWR, and HTGR converters and the FBR. 
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HEOL 7801-78 2 HM 

Opt ion 5U: I n  t h i s  o p t i o n ,  LEU ( 2 3 5 U / 2 3 8 U )  conver te rs  and denatured 2 3 5 U  and 2 3 3 U  
c o n v e r t e r s  a r e  opera ted  o u t s i d e  the  energy centers  and Pu/Th conver te rs  a r e  p e r m i t t e d  
i n s i d e  t h e  centers .  
The f i s s i l e  uranium i s  r e c y c l e d  i n t o  the  o u t s i d e  r e a c t o r s  and the  p l u t o n i u m  i n t o  the  
i n s i d e  r e a c t o r s .  
and t o  "transmute" a l l  t h a t  i s  produced i n t o  2 3 3 U  i n  the  energy-center  reactors ' .  

Spent f u e l  i s  r e t u r n e d  t o  the  secure energy centers  f o r  reprocess ing.  

The goal  i n  t h i s  case i s  t o  minimize the mount  ofpZutoniwn produced 

HEDL 7801-78.2 

Opt ion  5 T :  I n  t h i s  o p t i o n ,  LEU (235U/238U)  c o n v e r t e r s  and denatured 2 3 3 U  c o n v e r t e r s  
a re  operated o u t s i d e  t h e  energy centers  and Pu/Th c o n v e r t e r s  a r e  p e r m i t t e d  i n s i d e  t h e  
centers .  Spent f u e l  i s  r e t u r n e d  t o  the  secure energy centers  f o r  reprocess ing.  The 
f i s s i l e  uranium i s  r e c y c l e d  i n t o  the  o u t s i d e  r e a c t o r s  and t h e  p l u t o n i u m  i n t o  the  i n s i d e  
r e a c t o r s .  
t o  "transmute" a22 t ha t  is produced t o  2 3 3 U  i n  t h e  energy-center  r e a c t o r s .  

The goal i n  t h i s  case i s  not  t o  minimize the amount ofpZutoniwn produced but 
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Opt ion 6: I n  t h i s  o p t i o n ,  LEU ( 2 3 5 U / 2 3 8 U )  c o n v e r t e r s  and denatured 235U and 2 3 3 U  
conver te rs  a r e  operated o u t s i d e  t h e  energy c e n t e r s  and Pu/Th c o n v e r t e r s  and Pu-U/Th 
breedars !Pu-U cores,  Th b l a n k e t s )  a r e  p e r m i t t e d  i n s i d e  t h e  centers .  SDent f u e l  i s  
r r t u r v d  + i  t he  SPICIJY energy c e n t e r s  f o r  reprocess ing.  The f i s s i l e  uranium is recyc!ed 
i n t o  t h e  o u r s i d e  r e a c t o r s  and t h e  i n s i d e  breeders,  and t h e  p l u t o n i u m  i s  r e c y c l e d  i n t o  
the i n s i d e  c o n v e r t e r s  and breeders. 
transmutation ra te  i s  r e a l i z e d .  

W i th  t h e  r e a c t o r s  used, o n l y  a t i g h t  rrPu-t~-2335" 

Fig. 6.1-4. Options 6,  7 ,  and 8: Denatured Uranium Options w i t h  Converters and Breeders. 

The fuel cycle o p t i o n s  assumed f o r  the converters a r e  as follows: 

( 1 )  Low-enriched 235U/238U f u e l ,  reac tor  operating on throwaway cycle;  

( 2 )  Low-enriched 2 3 5 U / 2 3 8 U  fuel , reprocessing and 2 3 5 U  recycle permitted; 

( 3 )  P u / U  f u e l ,  reprocessing and P u  a n d  2 3 5 U  recycle permitted ( L W R S  on ly ) ;  

( 4 )  P u / T h  f u e l ,  reprocessing and Pu and 2 3 3 U  recycle permitted; 

( 5 )  Denatured 2 3 3 U / 2 3 8 U / T h  f u e l ,  reprocessing and 2 3 3 U  and P u  recycle permitted. 

For the  case of the  FBR, the  fuel options a re  

( 1 )  Pu/U fuel in core,  T h  in blankets,  reprocessing and Pu  and 2 3 3 U  recycle permitted; 

( 2 )  P u / T h  fuel i n  core,  T h  in the  blankets,  reprocessing and P u  and 2 3 3 U  recycle 
permi t t ed .  
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Opt ion 7:  I n  t h i s  o p t i o n ,  LEU (235U/238U) conver te rs ,  denatured 2 3 5 U  and 2 3 3 U  
conve r te rs ,  and denatured 233U breeders a r e  operated o u t s i d e  t h e  energy c e n t e r s  and 
Pu/Th c o n v e r t e r s  and Pu-U/Th breeders (Pu-U cores, Th b l a n k e t s )  a r e  p e r m i t t e d  i n s i d e  
t h e  centers .  Spent f u e l  i s  r e t u r n e d  t o  t h e  secure energy cen te rs  f o r  reprocess ing.  
The f i s s i l e  uranium i s  r e c y c l e d  i n t o  the  o u t s i d e  r e a c t o r s  and t h e  i n s i d e  breeders,  
and the  p l u t o n i u m  i s  r e c y c l e d  i n  t h e  i n s i d e  conver te rs  and breeders. 
used, o n l y  a Zight  " P u - ~ ~ - ~ ~ ~ L ' "  transmutation ra te  i s  r e a l i z e d .  
t he  f i r s t  t ime  a denatured breeder is introduced i n  t h e  system. 

Wi th  t h e  r e a c t o r s  
T h i s  case rep resen ts  

HM WEDL 7801.m 9 

Opt ion 8 :  I n  t h i s  o p t i o n ,  LEU (235U/23*U) conve r te rs ,  denatured 2 3 5 U  and 233U 
conver te rs ,  and denatured 233U breeders a r e  operated o u t s i d e  t h e  energy cen te rs  and 
Pu/Th conver te rs  and Pu-Th/Th breeders (Pu-Th cores, Th b lanke ts )  a r e  p e r m i t t e d  i n s i d e  
t h e  centers .  Spent f u e l  i s  r e t u r n e d  t o  t h e  secure energy cen te rs  f o r  reprocess ing.  
The f i s s i l e  uranium i s  r e c y c l e d  i n t o  t h e  o u t s i d e  r e a c t o r s  and t h e  p lu ton ium i n t o  t h e  
i n s i d e  reac to rs .  W i th  t h e  r e a c t o r s  used, a heavy " P U - ~ O - ~ ~ ~ U "  t ransmta t ion  ra te  i s  
r e a l i z e d .  Again, a denatured breeder is ut iZ ized  i n  t h e  system. 
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U308 CONSUMPTION 1 

U308 SUPPLY CnNvtnsinN 
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PU a U ~ Z E  
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Fig.  6.1-5. Model f o r  Nuc lea r  Systems F ig .  6.1-6. Nuc lea r  Fuel -Cyc le Model. 
As s e s smen t Study . 

As F ig.  6.1-7 i l l u s t r a t e s ,  t h e  t o t a l  l e v e l i z e d  power c o s t  o f  a r e a c t o r  concept i n s o f a r  

as an i n te rcompar i son  o f  concepts i s  concerned i s  dominated by t h e  u n c e r t a i n t i e s .  I n  p a r t i c -  

u l a r ,  t h e  t o t a l  power cos ts  f o r  those concepts possess ing t h e  g r e a t e s t  resource sav ing  ( t h e  

HWR and t h e  FBR) e x h i b i t  t h e  g r e a t e s t  u n c e r t a i n t i e s .  

s i g n i f i c a n t .  

i s  s i g n i f i c a n t l y  l ower  i f  t h e  p r i c e  o f  U 3 0 8  i n  t h e  y e a r  o f  s t a r t u p  i s  $ 4 0 / l b  r a t h e r  than  

$140/1 b. 

The e f f e c t  o f  t h e  p r i c e  o f  U308 i s  a l s o  

F i g u r e  6.1-7 shows t h a t  t h e  t o t a l  power c o s t  o f  t h e  LWR on t h e  throwaway c y c l e  

The l e v e l i z e d  power c o s t s  g i ven  f o r  each r e a c t o r  system i n  F ig .  6.177 were determined 

f rom t h e  sum o f  t h e  d i scoun ted  va lues o f  t h e  cash f l o w s  assoc ia ted  w i t h  t h e  system d i v i d e d  

by t h e  d i scoun ted  e l e c t r i c a l  energy p roduc t i on .  The cash f l o w s  considered were: ( 1 )  c a p i t a l  

investment ,  i n c l u d i n g  t h e  r e t u r n  of t h e  i nves tmen t  and t h e  r e t u r n  on t h e  investment ;  ( 2 )  
f i x e d  charges, such as c a p i t a l  replacements, n u c l e a r  l i a b i l i t y  insurance,  e t c . ;  ( 3 )  opera- 

t i o n  and maintenance cos ts ;  ( 4 )  income taxes;  and ( 5 )  f u e l  expenses. The f i r s t  f o u r  i t ems  

a r e  r e l a t i v e l y  s t r a i g h t f o r w a r d ,  w i t h  t h e  r e l e v a n t  da ta  g i v e n  i n  Appendix B. 
i tem,  however, m e r i t s  some a d d i t i o n a l  d i scuss ion ,  p a r t i c u l a r l y  as f u e l  expenses r e l a t e  t o  

t h e  v a l u a t i o n  o f  t h e  b red  f i s s i l e  m a t e r i a l .  For  these  c a l c u l a t i o n s  t h e  c o s t  o f  b red  f i s -  

s i l e  m a t e r i a l  was taken  t o  be t h e  "shadow p r i c e , "  which i s  t h e  va lue  o f  an a d d i t i o n a l  u n i t  
of f i s s i l e  m a t e r i a l  t o  t h e  p a r t i c u l a r  s c e n a r i o  i n  quest ion.  

The f i f t h  

The shadow p r i c e  c a l c u l a t e d  f o r  t h e  b r e d  f i s s i l e  m a t e r i a l  i s  d i r e c t l y  r e l a t e d  t o  t h e  

U308 p r i c e s  a t  and subsequent t o  t h e  v a l u a t i o n  p o i n t  i n  t ime. 
s i l e  m a t e r i a l  t hus  i nc reases  w i t h  i n c r e a s i n g  U,08 p r i c e  which i n  t u r n  i nc reases  as a func -  

t i o n  o f  t h e  cumu la t i ve  q u a n t i t y  consumed. 

u n i t  o f  2 3 3 U  o r  Pu w i l l  postpone t h e  purchase o f  an e q u i v a l e n t  amount o f  U308, t h e  d e l a y  
hav ing  a d o l l a r  v a l u e  due t o  t h e  use o f  d i scoun ted  cash f l o w s .  

a r e  n o t  r e s o u r c e - l i m i t e d ,  an a d d i t i o n a l  u n i t  o f  b r e d  f i s s i l e  m a t e r i a l  p e r m i t s  t h e  e l i m i n a -  

t i o n  o f  an e q u i v a l e n t  amount o f  U308. 

The v a l u e  o f  t h e  b r e d  f i s -  

Fo r  t h e  r e s o u r c e - l i m i t e d  scenar ios ,  an a d d i t i o n a l  

F o r  those  scenar ios  which 
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TIME FRAME: 7010 TO 7040 

U308 PRIC€: 140 %/# IN YEAR OF STARTUP INCREASING TO 
180 ?j /x AT THE END OF IHE PLANT LIFE 

REAClOP 
OPi l  ON5 . LWR 

I l l  
SSCR HWR HlGR 

- 

- 

FBR 

HEDL 78M-WO.53 

F ig .  6.1-7. T o t a l  L e v e l i z e d  Power Cost S e n s i t i v i t y  t o  C a p i t a l s  F a b r i c a t i o n ,  and 
Reprocessing Cost U n c e r t a i n t i e s .  

S ince t h e  v a l u a t i o n  o f  t h e  b red  f i s s i l e  m a t e r i a l  i s  r e l a t e d  t o  t h e  cumu la t i ve  U308 

p r i c e  s t r u c t u r e ,  t h e  r a t e  a t  which t h e  U308 i s  consumed d u r i n g  a p a r t i c u l a r  s c e n a r i o  a l s o  

a f fec ts  t h e  t ime-dependent p r i c e  c a l c u l a t e d  f o r  t h e  bred f i s s i l e  m a t e r i a l .  

t i o n  o f  t h e  resource  base ( i  .e., a h i g h  energy demand) y i e l d s  a r a p i d l y  r i s i n g  shadow 

p r i c e .  Such an e f f e c t  i s  r e a d i l y  n o t i c e a b l e  i n  t h e  c a l c u l a t i o n  o f  t h e  power c o s t s  o f  
breeder  r e a c t o r s  s i n c e  i t  i s  p o s s i b l e  f o r  t h e  c r e d i t  c a l c u l a t e d  f o r  t h e  b red  m a t e r i a l  t o  

exceed t h e  p e r i o d ' s  charges f o r  t h e  r e a c t o r ' s  i nven to ry .  Thus, t h e  n e t  f u e l  expense f o r  

c e r t a i n  systems p roduc ing  h i g h l y  va lued f i s s i l e  m a t e r i a l  can be nega t i ve ,  r e s u l t i n g  i n  
s i g n i f i c a n t  power c o s t  d i f f e r e n c e s  when compared t o  t h e  r e a c t o r  systems o p e r a t i n g  wi th  

h igh -cos t  n a t u r a l  resources.  T h i s  t y p e  o f  phenomenon i s  i l l u s t r a t e d  s c h e m a t i c a l l y  by 
F ig.  6.1-8 i n  which t h e  power c o s t s  o f  a f a s t  breeder  and o f  an LEU-LWR a r e  p l o t t e d  as a 

f u n c t i o n  o f  U308 p r i c e .  

i n c r e a s i n g  f u e l  expense caused by t h e  U308 p r i c e .  
r e f l e c t s  t h e  i n c r e a s i n g  va lue  o f  (and hence l a r g e r  c r e d i t  f o r )  t h e  bred m a t e r i a l  when 
compared t o  U308-de r i ved  f i s s i l e  m a t e r i a l .  

Rapid consump- 

The r i s i n g  power c o s t  o f  t h e  LWR i s  d i r e c t l y  a t t r i b u t a b l e  t o  t h e  

The d e c l i n i n g  f a s t  r e a c t o r  power c o s t  

The s i t u a t i o n  i s  s t i l l  comp l i ca ted  even i f  one cons ide rs  o n l y  t h e  c o n c e p t u a l l y  

s imp le  case o f  t h e  throwaway c y c l e .  

U,08 was assumed t o  be cons tan t  ove r  t h e  l i f e  o f  t h e  p l a n t ,  i t  appears t h a t  t h e  LWR i s  

t h e  l e a s t  expensive r e a c t o r  when t h e  U308  p r i c e  i s  l e s s  than  $60/ lb ,  and t h a t  t h e  HWR 

w i l l  be l e s s  expensive t h a n  t h e  LWR when t h e  U308 p r i c e  i s  g r e a t e r  t han  $160/1b. 

an examinat ion of t h e  u n c e r t a i n t i e s  l eads  one aga in  t o  t h e  conc lus ion  t h a t  t h e y  dominate 

t h e  problem, and t h a t  conc lus ions  based on economic arguments a r e  tenuous a t  best .  
t h e  d e c i s i o n  was made t o  c o n s t r u c t  o r  n o t  c o n s t r u c t  a n u c l e a r  u n i t  on t h e  b a s i s  o f  i t s  

a b i l i t y  t o  extend t h e  U308 supply  r a t h e r  than  on i t s  r e l a t i v e  c o s t .  

From Fig. 6.1-9, where f o r  s i m p l i c i t y  t h e  p r i c e  of 

However, 

Thus, 
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Fig. 6.1-8. Influence o f  U308 Prices on  Total Power Costs. 

v) c 

5 
U 

I I I I 24 - 

ONCE-THROUGH OPTION 

L W R U 5 ( L E ) b  

20 
T 

I 
0 

u308 PRICE, SAB 
HEDL 7805-090.39 

Fig. 6.1-9. Total Power Cost o f  Various Reactor Systems as a Function o f  U308 
Price (Constant U308 Price with Time; Once-Through Option). 
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6.2. DISCUSSION OF RESULTS FOR SELECTED 
NUCLEAR POLICY OPTIONS 

This sec t ion  discusses r e s u l t s  obtained in t h i s  study f o r  a se lec ted  s e t  of nuclear 
system options t h a t  typ i fy  the  Pole of nuclear power under d i f f e r e n t  nuclear policy deci-  
sions.  The i n t e n t  i s  t o  ident i fy  the  basic i ssues ,  t o  determine the  logical consequences 
of decisions made in accordance with those i ssues ,  and t o  display the  consequences in an 
i l l u s t r a t i v e  manner. 
Section 6.1 a r e  presented in Appendix C. 

Detailed r e s u l t s  f o r  a l l  the  nuclear system options outlined in 

6.2.1. The Throwaway/Stowaway Option 

The throwawaylstowaway cycle ( see  Fig. 6.1-1) i s  a conceptually simple nuclear system 
option and therefore  has been se lec ted  as the  reference cycle aga ins t  which a l l  o ther  op- 

LWR-EE 

Aug Capac i ty  F a c t o r  = 0.67 
T a 1 1 s  Compor i t lon  = 0.0020 1 

HTGR 

F i g .  6.2-1. Lifetime U308 Requirements 
f o r  Various Reactors on the  Throwaway Cycle. 

t ions  a re  compared. 
l y  understand the implications of the throw- 
away cycle,  the  e f f e c t  of several deployment 
options u t i l i z i n g  the  various advanced con- 
ver te rs  on the  throwaway cycle was analyzed 
in d e t a i l .  In general ,  the  ana lys i s  assumed 

a nuclear growth r a t e  of 350 GWe in the year 
2000 followed by a net increase of 15 GWe/yr, 
b u t  t he  consequences of a s ign i f i can t  reduc- 
t ion  in the nuclear growth r a t e  were a l so  
considered. In addi t ion ,  t he  e f f e c t  of both 
the  high-cost and the intermediate-cost  
U308 supplies was determined. 

In order t o  thorough- 

A summary of t he  30-yr U308 requirements 
f o r  several reac tors  on the  throwaway cycle,  
including an LWR w i t h  a fuel system designed 
f o r  an extended discharge exposure, i s  

shown in Fig. 6.2.1. In each case,  the  
average capacity f ac to r  of the  reac tor  was 
assumed t o  be 0.67, and the t a i l s  composi- 

t ion  of the  enrichment p lan t  was assumed t o  be 0.0020. 
reac tors  have lower U308 requirements than the  standard LWR, t he  extended-discharge LWR being 
6% lower, the  SSCR 16% lower, the HTGR 23% lower, and the  s l i g h t l y  enriched HWR 39% lower. 
These U308 requirements were ca lcu la ted  f o r  e s s e n t i a l l y  standard designs without e labora te  
design optimization. I t  i s  recognized t h a t  design optimization could improve the  reac tor  
performance cha rac t e r i s t i c s ;  however, t he  goal of t h i s  ana lys i s  was not t o  de l inea te  the  
ult imate ro l e  of any pa r t i cu la r  reac tor  concept based on cur ren t  performance c h a r a c t e r i s t i c s ,  
b u t  r a the r  t o  iden t i fy  the probable ro l e  of each reac tor  concept and the incentive f o r  
improving i t s  performance cha rac t e r i s t i c s .  

As  the f igu re  ind ica tes ,  a l l  the 
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The p o t e n t i a l  n u c l e a r  c o n t r i b u t i o n  w i t h  LWRs on t h e  throwaway cyc le ,  b o t h  w i t h  and 

w i t h o u t  a f u e l  system designed f o r  extended exposure be ing  i nc luded ,  i s  shown i n  F ig .  6.2-2 
f o r  t h e  h i g h - c o s t  U308 supp ly .  

app rox ima te l y  420 GWe i n s t a l l e d  c a p a c i t y  i n  about  2010 and d e c l i n e s  c o n t i n u o u s l y  t h e r e a f t e r ,  

t h e  system w i t h  t h e  LWR-EE p r o v i d i n g  a s l i g h t l y  g r e a t e r  c a p a c i t y  ove r  most o f  t h e  per iod.*  The 

cumu la t i ve  c a p a c i t y  c o n s t r u c t e d  th roughou t  t h e  p l a n n i n g  h o r i z o n  i s  app rox ima te l y  600 GWe. The 

maximum i n s t a l l e d  c a p a c i t y  i s  l e s s  than  t h e  cumu la t i ve  c a p a c i t y  because new u n i t s  must be con- 

s t r u c t e d  t o  r e p l a c e  these r e t i r e d  d u r i n g  t h e  pe r iod .  The maximum annual U 3 0 8  requi rement  i s  

72,000 ST/yr and t h e  maximum annual enr ichment  requi rement  i s  45 m i l l i o n  SWU/yr, n e i t h e r  o f  

which can be regarded as excess ive.  Thus, t h e  p r i n c i p a l  l i m i t a t i o n ,  i n  t h i s  case, i s  s i m p l y  

t h e  s i z e  o f  t h e  economic U308 supply .  

The n u c l e a r  c o n t r i b u t i o n  passes th rough  a maximum o f  

A more c o s t l y  U308 supp ly  would, o f  course, i m p l y  a s m a l l e r  maximum i n s t a l l e d  

c a p a c i t y  o c c u r r i n g  e a r l i e r  i n  t ime,  w h i l e  t h e  converse would be t r u e  f o r  a cheaper 

U308 supply. 
maximum n u c l e a r  c o n t r i b u t i o n  would i nc rease  f rom approx ima te l y  420 GWe t o  app rox ima te l y  

730 GWe and would occu r  a t  about  t h e  y e a r  2030. 

f a c t o r  o f  two sma l le r ,  t h e  maximum n u c l e a r  c o n t r i b u t i o n  would decrease t o  app rox ima te l y  
250 GWe and would occu r  i n  about t h e  y e a r  2000. 

on t h e  maximum i n s t a l l e d  n u c l e a r  c a p a c i t y  f o r  t h e  LWR on t h e  throwaway c y c l e  i s  shown i n  

F ig .  6.2-4. I t  i s  no ted  i n  F ig .  6 . 2 4  t h a t  if t h e  U308 supply  shou ld  be as l a r g e  as 6.0 

m i l l i o n  ST, t h e  maximum annual U308 Requirement would be 120,000 ST/yr and t h e  maximum 

annual enr ichment  requi rement  would be 77 m i l l i o n  SWU/yr. 

t h e  amount o f  U308 t h a t  c o u l d  be mined and m i l l e d  a n n u a l l y ,  these annual U308 requi rements 

c o u l d  be t h e  l i m i t i n g  f a c t o r .  

As i s  shown i n  F ig .  6.2.3, i f  t h e  U308 supply  were a f a c t o r  o f  two l a r g e r ,  t h e  

If, on t h e  o t h e r  hand, t h e  supp ly  were a 

A c r o s s - p l o t  o f  t h e  e f f e c t  o f  t h e  U308 S U P P j y .  

Given t h e  p robab le  l i m i t a t i o n  on 

The e f f e c t  of adding an advanced c o n v e r t e r  (SSCR, HTGR, o r  HWR) t o  a n u c l e a r  power 

system o p e r a t i n g  on t h e  throwaway c y c l e  w i t h  t h e  h i g h - c o s t  U308 supp ly  i s  shown i n  

Fig. 6.2-5. The inc rease  i n  t h e  n u c l e a r  c o n t r i b u t i o n  f o r  each o f  t h e  advanced c o n v e r t e r  
o p t i o n s  i s  r e l a t i v e l y  small .  

app rox ima te l y  30 GWe and t h e  y e a r  i n  which t h e  maximum occu rs  by approx ima te l y  t h r e e  
years.  
adding an HTGR. T h i s  may a t  f i r s t  appear t o  be a paradox s i n c e  t h e  l i f e t i m e  U308 r e q u i r e -  

ment f o r  t h e  HTGR i s  l e s s  than  t h a t  f o r  t h e  SSCR (see Fig. 6-2.1), b u t  t h e  4 - y r  d i f f e r e n c e  

i n  i n t r o d u c t i o n  dates i s  s u f f i c i e n t  t o  o f f s e t  t h e  d i f f e r e n c e  i n  U308 requi rements.  (The d i f -  

ference i s  n o t  l a r g e  enough t o  be s i g n i f i c a n t ,  however.) The reason t h a t  so smal l  an i n c r e a s e  

i n  n u c l e a r  c a p a c i t y  i s  r e a l i z e d  by i n t r o d u c i n g  t h e  v a r i o u s  c o n v e r t e r s  i s  t h a t  by  t h e  t i m e  

they  dominate t h e  n u c l e a r  system a v e r y  s i g n i f i c a n t  f r a c t i o n  o f  t h e  U308 s u p p l y  has a l r e a d y  

been committed t o  t h e  s tandard LWR. T h i s  i s  i l l u s t r a t e d  i n  Fig. 6.2-6, where an HWR i n t r o -  

duced i n  1995 does n o t  become dominant u n t i l  2010. It f o l l o w s  t h a t  i f  t h e  U308 supp ly  were 
l a r g e r  w i t h  t h e  same n u c l e a r  growth r a t e ,  o r  i f  t h e  n u c l e a r  growth r a t e  were s m a l l e r  w i t h  t h e  
same U308 supply ,  t h e  a d d i t i o n  o f  an advanced c o n v e r t e r  would have a g r e a t e r  impact. T h i s  
i s  i l l u s t r a t e d  i n  F i g .  6.2-7, f o r  which t h e  i n t e r m e d i a t e - c o s t  U308 supp ly  was assumed, and 

*Note: 

A t  most t h e  maximum i n s t a l l e d  n u c l e a r  c a p a c i t y  i nc reases  by 

Adding t h e  SSCR t o  an LWR produces a s l i g h t l y  g r e a t e r  n u c l e a r  c o n t r i b u t i o n  than  

--- 
I n  g r n u r i l e s s  a system c o n s i s t i n g  o t  t h e  s tandard  LWR a lone  i s  des ignated,  i t  i s  

t h e  LWR system i n c l u d i n g  an LWR-EE t h a t  i s  denoted as 1L and compared w i t h  o t h e r  systems i n  
l a t e r  s e c t i o n s  o f  t h i s  chapter .  
t h e  two LWR systems d i f f e r  o n l y  s l i g h t l y .  

However, as p o i n t e d  o u t  here, t h e  i n s t a l l e d  c a p a c i t i e s  o f  
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Processed Through the  Enrichment P1 an t s  
as a Function o f  Time f o r  t he  LWR on the  
Throwaway Cycle (High-Cost U308 Supply). 

i n  F i g .  6.2-8, f o r  which a reduced growth r a t e  was assumed. 
supply, t he  e f f e c t  of the  4-yr d i f fe rence  i n  introduction dates between the  SSCR and the  
HTGR i s  no longer s i g n i f i c a n t ,  and the  H T G R  makes the  grea te r  cont r ibu t ion .  

W i t h  the intermediate-cost  

The e f f e c t  of changing the  enrichment t a i l s  composition upon the  nuclear contribution 
with the  LWR on the  throwaway cycle i s  shown i n  Fig. 6.2-9 in which the  reference case w i t h  
a constant enrichment t a i l s  composition of 0.0020 i s  compared w i t h  two o the r  cases:  one i n  
which the enrichment t a i l s  composition decreases l i n e a r l y  from 0.0020 i n  1980 t o  0.0005 i n  
2010 and remains constant t he rea f t e r ;  and another i n  which the  t a i l s  composition s imi l a r ly  
decreases and in addition the  t a i l s  s tockpi le  accumulated p r io r  t o  2010 i s  mined a t  a l a t e r  
da te  w i t h  a t a i l s  composition of 0.0005. The decreasing enrichment t a i l s  composition, shown 
in Fig. 6.2-10, i s  the  industry average, and hence the  improving t a i l s  s t r a t egy  implies low- 
ering the  t a i l s  composition of t he  gasequs d i f fus ion  p lan ts  beginning in  1980. In addi t ion ,  
t he  s t r a t egy  implies a continual t r a n s i t i o n  toward an industry based upon an enrichment 
process capable of operating a t  an average t a i l s  composition o f  0.0005. 
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The e f f e c t  of a p p l y i n g  t h e  improv ing  t a i l s  s t r a t e g y  t o  a n u c l e a r  system based on t h e  

throwaway c y c l e  i s  t o  i nc rease  t h e  maximum i n s t a l l e d  n u c l e a r  c a p a c i t y  by app rox ima te l y  60 GWe 

and t o  de lay  t h e  maximum by approx ima te l y  f i v e  yea rs  (see F ig.  6.2-9). M i n i n g  t h e  t a i l s  
s t o c k p i l e  accumulated p r i o r  t o  2010 does n o t  s i g n i f i c a n t l y  change t h e  r e s u l t .  

t h a t  m i n i n g  t h e  p a s t  t a i l s  s t o c k p i l e  does n o t  produce a s i g n i f i c a n t l y  l a r g e r  n u c l e a r  c o n t r i -  

b u t i o n  i s  e x p l a i n e d  by F ig .  6.2-11, which shows t h e  cumu la t i ve  amount o f  U308 processed 
through t h e  enr ichment  p l a n t s  as a f u n c t i o n  o f  t ime. 

t h e  amount of U308 committed a t  any g i v e n  t ime, as shown i n  F ig .  6.2-6. I t  i s  i m p o r t a n t  t o  
n o t e  t h a t  t h e  amount o f  U308 a c t u a l l y  processed th rough  t h e  enr ichment  p l a n t s  p r i o r  t o  1990 

i s  r e l a t i v e l y  sma l l ,  and a t  t h i s  t i m e  t h e  t a i l s  composi t ion f o r  t h e  improv ing  t a i l s  s t r a t e g y  

has been dec reas ing  l i n e a r l y  f o r  10 yr. Thus, most o f  t h e  U308 i n  t h e  improv ing  t a i l s  case 
i s  processed a t  l ower  t a i l s  composi t ions,  and m in ing  t h e  p a s t  s t o c k p i l e  does n o t  produce a 

s i g n i f i c a n t  improvement. 

i s  t h e  i n c r e a s e  i n  t h e  maximum annual enr ichment  requi rement .  As i n d i c a t e d  i n  F ig .  6.2-9, 
t h e  maximum annual U308 requ i remen t  f o r  t h i s  o p t i o n  i s  67,000 ST ly r ,  w h i l e  t h e  maximum 

annual enr ichment  requ i remen t  i s  92 m i l l i o n  SWU/yr. Thus, t h e  p r i n c i p a l  l i m i t a t i o n  i n  t h i s  

case would be t h e  a v a i l a b i l i t y  o f  enr ichment  capac i t y .  

The reason 

The amount i s  c o n s i d e r a b l y  l e s s  than  

The most d ramat i c  e f f e c t  assoc ia ted  w i t h  t h e  improv ing  t a i l s  o p t i o n  

The u t i l i z a t i o n  and movement o f  f i s s i l e  m a t e r i a l  p e r  GWe o f  i n s t a l l e d  c a p a c i t y  i n  

t h e  y e a r  2035 f o r  each o f  t h e  c o n v e r t e r  o p t i o n s  i s  shown i n  F i g .  6.2-12a-d, assuming t h e  

h i g h - c o s t  U308 supply .  These f i g u r e s  r e p r e s e n t  a snapshot o f  t h e  system i n  t i m e  and i n c l u d e  

t h e  f i r s t  co re  l o a d i n g s  f o r  u n i t s  s t a r t i n g  up i n  t h e  y e a r  2036. 

sumption f o r  Case 1L i n  t h e  y e a r  2035 i s  app rox ima te l y  142 ST U308/GWe, w i t h  t h e  LWRs hav ing  

an extended d i scha rge  exposure compr i s ing  92% o f  t h e  i n s t a l l e d  capac i t y .  When t h e  LWRs a r e  

f o l l o w e d  by SSCRs (Case l S ) ,  t h e  annual  U308 consumption i s  135 ST U308, w i t h  t h e  SSCR com- 

p r i s i n g  74% of t h e  i n s t a l l e d  capac i t y .  The f r a c t i o n a l  i n s t a l l e d  c a p a c i t y  o f  t h e  SSCR i s  l e s s  

than  t h a t  o f  t h e  extended-exposure LWR i n  Case 1L because t h e  extended-exposure LWR i s  i n t r o -  

duced i n  1981 w h i l e  t h e  SSCR i s  n o t  i n t r o d u c e d  u n t i l  1991. 
c a p a c i t y  o f  a r e a c t o r  concept i n  t h e  y e a r  2035 w i l l  decrease m o n o t o n i c a l l y  as t h e  i n t r o -  

d u c t i o n  d a t e  f o r  t h e  concept increases.  
c a p a c i t y  o f  a r e a c t o r  concept  w i l l  i nc rease  m o n o t o n i c a l l y  as i t s  U308 requ i remen t  decreases. 

As can be seen, t h e  U308 con- 

I n  genera l ,  t h e  f r a c t i o n a l  i n s t a l l e d  

S i m i l a r l y ,  t h e  f r a c t i o n a l  i n s t a l l e d  n u c l e a r  

When t h e  LWRs a r e  f o l l o w e d  by HTGRs (Ease l G ) ,  t h e  U308 consumption i n  t h e  yea r  2035 

The annual U308 

The f r a c t i o n a l  i n s t a l l e d  c a p a c i t y  o f  t h e  

i s  133 ST U308/GWe, w i t h  t h e  HTGR compr i s ing  54% of t h e  i n s t a l l e d  capac i t y .  

consumption i s  l ower  than  i n  Case 1s because t h e  U3O8 requ i remen t  of t h e  HTGR i s  l e s s  than  

t h a t  o f  t h e  SSCR (see Table 6.1-2 and F ig .  6.2-1). 
HTGR i s  l e s s  than  t h a t  o f  t h e  SSCR i n  t h e  Case 1s because t h e  SSCR i s  i n t r o d u c e d  i n  1991 

w h i l e  t h e  HTGR i s  n o t  i n t r o d u c e d  u n t i l  1995, 

When HWRs f o l l o w  t h e  LWRs (Case l H ) ,  U3O8 consumption i n  y e a r  2035 i s  app rox ima te l y  

106 ST U308/GWe and t h e  HWR comprises 79% o f  t h e  i n s t a l l e d  capac i t y .  

and t h e  HTGR i n  Case 1G have t h e  same i n t r o d u c t i o n  date. 

U308 requi rement  and hence t h e  t o t a l  i n s t a l l e d  n u c l e a r  c a p a c i t y  i s  g r e a t e r  w i t h  t h i s  

The HWR i n  t h i s  case 
The HWR, however, has a l ower  
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(b) Case 1s: LWRs Followed by SSCRs; High-Cost U308 Supply. 

Fig. 6.2-12. Utilization and Movement of Fissile Material in Nuclear Systems 
Consisting of Converters Operating on Throwaway/Stowaway Cycle (year 2035). (Note: 
Except for Case lL, which utilizes the extended exposure LWR, all LWRs included 
here and in subsequent systems are standard LWRs.) 
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r e a c t o r .  S ince t h i s  i nc rease  i s  due s imp ly  t o  t h e  c o n s t r u c t i o n  o f  a d d i t i o n a l  HWRs, t h e  

f r a c t i o n a l  i n s t a l l e d  c a p a c i t y  o f  t h e  HWR i s  i nc reased  commensurately. 

I n  summary, u s i n g  t h e  assumptions con ta ined  i n  t h i s  s tudy,  t h e  f o l l o w i n g  conc lus ions  

can be drawn about t h e  behav io r  o f  a n u c l e a r  power system o p e r a t i n g  on t h e  throwaway o p t i o n :  

( 1 )  The e f f e c t  o f  d e p l o y i n g  an advanced c o n v e r t e r  i n  1995, under t h e  assumption o f  

350 GWe i n  t h e  y e a r  2000 and 15 GWe/yr t h e r e a f t e r  w i t h  t h e  h i g h - c o s t  U308 supply ,  would 

be s m a l l .  

( 2 )  I f  t h e  U308 supp ly  a v a i l a b l e  below $160 / lb  should be l a r g e r  than  3 m i l l i o n  ST, 
o r  i f  t h e  n u c l e a r  growth should be s m a l l e r  t han  assumed above, t hen  t h e  e f f e c t  o f  dep loy in2  

t h e  advanced c o n v e r t e r  would be l a r g e r .  

(3 )  The e f f e c t  o f  r e d u c i n g  t h e  enr ichment  t a i l s  compos i t i on  i s  somewhat l a r g e r  than  

t h a t  of d e p l o y i n g  an advanced c o n v e r t e r  under t h e  assumed c o n d i t i o n s .  

( 4 )  The dominant v a r i a b l e  f o r  t h e  n u c l e a r  power system on t h e  throwaway c y c l e  i s  
t h e  U30, supply; a U308  supply  e i t h e r  t w i c e  as l a r g e  o r  t w i c e  as smal l  i s  o f  g r e a t e r  

consequence than  any o f  t h e  e f f e c t s  d iscussed above. 

6.2.2. Conver ter  System w i t h  P lu ton ium Recycle 

I n  o r d e r  t o  assess t h e  o p t i o n  o f  p lu ton ium r e c y c l e  i n  c o n v e r t e r s  i t  was assumed t h a t  

( T h i s  assumption does n o t  argue t h a t  

I n  t h i s  o p t i o n  t h e  c lass ; -  

a rep rocess ing  c a p a b i l i t y  would be a v a i l a b l e  i n  1991. 

t h e  rep rocess ing  c a p a c i t y  would be economica l l y  a t t r a c t i v e  o r  d i v e r s i o n - r e s i s t a n t ,  b u t  

mere l y  t h a t  i t  would be t e c h n o l o g i c a l l y  f e a s i b l e  by t h i s  da te . )  

c a l  p l u t o n i u m  r e c y c l e  was m o d i f i e d  somewhat by r e j e c t i n g  c o n v e r t e r s  w i t h  s e l f - g e n e r a t e d  

r e c y c l e  i n  f a v o r  o f  c o n v e r t e r s  w i t h  complete p l u t o n i u m  loads .  

reduc ing  t h e  number o f  r e a c t o r s  t h a t  must be p laced  i n  t h e  energy c e n t e r s  and commensurate- 
l y  i nc reases  t h e  number o f  r e a c t o r s  t h a t  can be p laced  o u t s i d e  t h e  cen te rs .  The i n d i v i d u a l  

r e a c t o r  concepts and t h e i r  l o c a t i o n s  a re  shown i n  F i g .  6.1-2 (Op t ion  2 ) .  

T h i s  has t h e  advantage o f  

A comparison o f  t h e  n u c l e a r  c o n t r i b u t i o n  o f  t h e  LWR w i t h  p l u t o n i u m  r e c y c l e  t o  t h a t  

o f  t h e  LWR on t h e  throwaway c y c l e  ( F i g .  6.2-13) shows t h a t  w i t h  r e c y c l e  t h e  maximum i n -  

s t a l l e d  n u c l e a r  c a p a c i t y  i s  i nc reased  f rom approx ima te l y  420 GWe t o  app rox ima te l y  600 GWe 

and t h e  t i m e  a t  which t h e  maximum occurs i s  i nc reased  f rom about  yea r  2010 t o  about  yea r  

2020 ( h i g h - c o s t  U308 supp ly ) .  

67,000 ST/yr and t h e  maximum annual enr ichment  requ i remen t  i s  46 m i l l i o n  SWU/yr. 

The maximum annual U308 requ i remen t  f o r  t h i s  case i s  

These 
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Fig. 6.2-13. The Effect on the Nuclear 
Contribution of Recycling Plutonium in LWRs 
(High-Cost U308 Supply). 
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Fig. 6.2-14. Relative Nuclear Contri- 
butions of LWRs Located Inside (LWR-Pu) and 
Outside ( L W R - U )  Energy Centers (High-Cost 
u308 supply) * 

requirements do  n o t  d i f f e r  s i g n i f i c a n t l y  from 
those of the LWR on the throwaway cycle (see 
Fig. 6.2-2) because the nuclear growth pro- 
ject ion was specif ied t o  be 350 GWe in the 
year 2000 plus 15 GWelyr the rea f t e r .  
the  primary e f f e c t  of reprocessing i s  t o  allow 

Thus, 

the nuclear system t o  grow beyond the 400-GWe 
level even though a s c a r c i t y  of U308 e x i s t s  
a t  costs  below $160/lb. 

t o  support the construction of additional 
nuclear uni ts  in the e a r l i e r  years when 
U308 i s  in p l en t i fu l  supply. 

Viewed d i f f e r e n t l y ,  
the primary e f f e c t  of reprocessing i s  not 

YEAR 

F i g -  6-2-15-  The Effect Of u3°8 
on the Nuclear Contribution of the LWR with 
Plutonium Recycle (Case 2 L ) .  

The i n s t a l l e d  nuclear capacity t h a t  must be located in the  energy centers  as a 
function of time i s  shown by the lower curve in Fig. 6.2-14, t he  difference between the 
two curves indicat ing the nuclear capacity t h a t  can be made avai lable  outside the centers .  
The maximum capacity which must be located in the  energy centers  i s  approximately 260 GWe, 

while a maximum of 400 GWe can be avai lable  outside t h e  center .  For approximately three 

decades (from the year 2000 t o  the year 2030), over 300 GWe can be avai lable  outside the 
centers .  
400-GWe level as the U308 supply becomes scarce i s  vividly i l l u s t r a t e d  in Fig. 6.2-14. 

Note t h a t  t h e  number of uni ts  loaded with plutonium increases s ign i f i can t ly  as the in-  
s t a l l e d  capacity exceeds the  400-GWe level and t h a t  they comprise an increasing f r ac t ion  
of the t o t a l  i n s t a l l e d  capacity in l a t e r  years .  

The use of plutonium recycle t o  allow the  nuclear system t o  grow beyond the 
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Fig. 6.2-16. Utilization and Movement of Fissile Material in a Nuclear System 
Consisting of LWRs Operating with Plutonium and/or Uranium Recycle (Case 2L, High- 
Cost U308 supply) (Year 2035). 

The effect of the intermediate-cost U308 supply On the LWR plutonium recycle case 
is shown in Fig. 6.2-15. 
contribution would increase from approximately 600 GWe in the year 2020 to approximately 
960 GWe in the year 2045. 
maximum annual U30, requirement would be 110,000 ST/yr and the maximum annual enrichment 
requirement would be 72 million SWU/yr. 
principal limitation of the system. 

With 6.0 million ST U308 below $160/lb, the maximum nuclear 

The Thus, the U308 supply i s  again the dominant variable. 

These annual requirements would constitute the 

The utilization and movement of fissile material per GWe of installed capacity for 
the LWR with plutonium recycle is shown in Fig. 6.2-16. Again this figure represents a 
snapshot of the system in time (in the year 2035) and includes both the first core loading 
for those reactors that are starting up and the last core discharge for those reactors that 
are shutting down. The annual U308 consumption in 2035 is 59 ST U308/GWe, and the LWR 
utilizing plutonium comprises 54% of the installed capacity. 
fissile plutonium in fresh fuel per GWe of installed capacity per year must be handled 
within the energy centers for this case. 
fissile plutonium in fresh fuel that must be handled is not analogous to determining the 
diversion resistance of the system. While the amount of fissile plutonium being handled 
may be important, the state and location o f  the fissile plutonium and the procedures used 
t o  handle it are more important in assessing the diversion resistance o f  a system.) 

Approximately 368 kg of 

(Note: Simply identifying the amount of 
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I n  summary, a c o n v e r t e r  s t r a t e g y  based on LWRs w i t h  p l u t o n i u m  r e c y c l e  c o u l d  supp ly  
a maximum n u c l e a r  c o n t r i b u t i o n  of 600 GWe w i t h  a U308 supply  o f  3.0 m i l l i o n  ST a t  below 

$160/ lb .  

on t h e  throwaway cyc le ;  however, i t  i s  l e s s  t h a n  t h e  maximum n u c l e a r  c o n t r i b u t i o n  o f  
730 GWe o b t a i n a b l e  on t h e  throwaway c y c l e  w i t h  a U308 supp ly  o f  6.0 m i l l i o n  ST a t  below 

$160/ lb .  A l so ,  c o n v e r t e r  s t r a t e g y  based on LWRs w i t h  p lu ton ium r e c y c l e  w i l l  r e q u i r e  t h a t  

as much as 260 GWe be l o c a t e d  i n  t h e  energy cen te rs .  

T h i s  i s  180 GWe more than  t h e  maximum n u c l e a r  c o n t r i b u t i o n  o b t a i n e d  w i t h  t h e  LWR 

6.2.3. Conver ter  System w i t h  P lu ton ium Throwaway 

Under Op t ion  4 (see F ig .  6.1-3) i t  i s  assumed t h a t  t h e  n u c l e a r  p o l i c y  i s  t o  defer  use 

of p l u t o n i u m  u n t i l  some i n d e f i n i t e  f u t u r e  d a t e  and t o  ope ra te  a l l  c o n v e r t e r s  on l ow-en r i ched  

o r  denatured uranium. The a c t i v i t i e s  i n  t h e  energy c e n t e r  a r e  thus  l i m i t e d  t o  rep rocess ing ,  

uranium fue l  f a b r i c a t i o n ,  and p l u t o n i u m  storage.  AS shown i n  F ig .  6.2-17, w i t h  t h e  h igh -  

c o s t  U308 supply ,  t h e  n u c l e a r  c o n t r i b u t i o n  i n  t h i s  case reaches a maximum o f  a p p r o x i -  
ma te l y  590 GWe i n  about  2020, which i s  a s i g n i f i c a n t  i nc rease  over  t h a t  o f  t h e ( U t P u )  throwaway 

case, and, i n  f a c t ,  i s  q u i t e  comparable t o  t h e  maximum n u c l e a r  c a p a c i t y  o b t a i n e d  w i t h  

p l u t o n i u m  recyc le .  However, t h e  r e a c t o r s  employed m in im ize  t h e  p r o d u c t i o n  o f  p l u t o n i u m  and 

t h e r e f o r e  t h e  amount u l t i m a t e l y  thrown away. 

s l i g h t l y  more than  239Pu i n  a thermal  r e a c t o r ,  a l l owed  t h e  system w i t h  p l o t o n i u m  throwaway t o  

u l t i m a t e l y  achieve t h e  same n u c l e a r  c o n t r i b u t i o n  as t h e  system w i t h  p l u t o n i u m  r e c y c l e .  

This ,  coupled w i t h  t h e  f a c t  t h a t  2 3 3 U  i s  w o r t h  

The maximum annual U308 and enr ichment  requi rements were found t o  be 80,000 ST/yr and 

69 m i l l i o n  SWU/yr. 

r e c y c l e ,  and t h e  enr ichment  requ i remen t  i s  50% g rea te r .  

t r i b u t e d  t o  t h e  U308 
238U. 

r e a c t o r  a r e  24% and 64% g r e a t e r  t han  t h e  same requi rements f o r  t h e  s tandard LWR. 

T h i s  o r e  requ i remen t  i s  20% g r e a t e r  t han  t h a t  f o r  t h e  case o f  LWR p l u t o n i u m  

and enr ichment  requi rements o f  t h e  denatured LWR loaded w i t h  15% 2 3 5 U  i n  

The inc reases  can be d i r e c t l y  a t -  

As i l l u s t r a t e d  i n  Table 6.1-2, t h e  l i f e t i m e  U308 and enr ichment  requi rements o f  t h i s  

The e f f e c t  o f  t h e  i n t e r m e d i a t e - c o s t  U308 supp ly  f o r  t h i s  case i s  shown i n  F i g .  

6.2-18. 

y e a r  2020 t o  app rox ima te l y  980 GWe i n  about  y e a r  2045. Again t h e  c o n t r i b u t i o n  o f  t h e  

system i s  comparable t o  t h a t  o f  t h e  LWR p l u t o n i u m  r e c y c l e  case, and aga in  t h e  maximum 

annual U308 and enr ichment  requi rements,  105,000 ST/yr  and 100 m i l l i o n  SWU/yr, respec- 

t i v e l y ,  w i l l  r e p r e s e n t  t h e  p r i n c i p a l  l i m i t a t i o n s  o f  t h e  system. 

The maximum n u c l e a r  c o n t r i b u t i o n  i nc reases  f rom approx ima te l y  590 GWe i n  about  

The u t i l i z a t i o n  and movement o f  f i s s i l e  m a t e r i a l  p e r  GWe o f  i n s t a l l e d  c a p a c i t y  f o r  

The s tandard  LWR loaded w i t h  
Case 4L i n  t h e  y e a r  2035 a r e  shown i n  F ig .  6.2-19. 
f i r s t  co re  l oad ings  and l a s t  d ischarges,  i s  32 ST U308/GWe. 

app rox ima te l y  3% e n r i c h e d  235U comprises 5% o f  t h e  i n s t a l  l e d  n u c l e a r  c a p a c i t y ,  t h e  denatured 

LWR loaded w i t h  15% e n r i c h e d  235U comprises 39%, and t h e  denatured LWR loaded w i t h  11% 2 3 3 U  i n  

The U308 consumption, i n c l u d i n g  t h e  
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Fig. 6.2-17. The Effect  on the Nuclear 
Contribution of LWRs Operating w i t h  F i s s i l e  
Urani um Recycle and P1 utoni um Throwaway 
(High-Cost U308 Supply). 
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F i g .  6.2-18. The Effect  of the U308 
Supply on the Nuclear Contribution of LWRs 
Operating with F i s s i l e  Uranium Recvcle and 
Plutonium Throwaway (Case 4L). 
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F i g .  6.2-19. U t i l i za t ion  and Movement o f  F i s s i l e  Material i n  a Nuclear System 
Consisting of LWRs Operating w i t h  F i s s i l e  Uranium Recycle and Plutonium Throwaway 
(Case 4L, High-Cost U308 Supply) (Year 2035). 
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2 3 8 U  comprises 57%. The p r i n c i p a l  advantage assoc ia ted  w i t h  t h i s  o p t i o n  i s  t h a t  a l l  n u c l e a r  

u n i t s  can be l o c a t e d  o u t s i d e  t h e  energy cen te rs ,  which means t h a t  t h e  amount o f  f i s s i l e  p l u -  

ton ium i n  f r e s h  f u e l  t h a t  must be handled i n  t h i s  system i s  zero. 

w i t h o u t  cos t ,  however; i t  r e q u i r e s  t h e  development o f  an i n d u s t r y  capable o f  rep rocess ing  

s i g n i f i c a n t  q u a n t i t i e s  o f  f u e l  c o n t a i n i n g  t h o r i u m  and r e f a b r i c a t i n g  s i g n i f i c a n t  q u a n t i t i e s  

o f  f u e l  c o n t a i n i n g  232U. I n  o r d e r  t o  s u c c e s s f u l l y  implement t h i s  op t i on ,  one must develop a 

n u c l e a r  i n d u s t r y  i n  which approx ima te l y  95% o f  t h e  rep rocess ing  c a p a c i t y  i n  t h e  y e a r  2035 i s  

capable o f  h a n d l i n g  f u e l  c o n t a i n i n g  t h o r i u m  and 57% o f  t h e  f a b r i c a t i o n  c a p a c i t y  i s  capable o f  

h a n d l i n g  f u e l  c o n t a i n i n g  232U. 

T h i s  advantage i s  n o t  

I n  summary, if employed j u d i c i o u s l y ,  a c o n v e r t e r  s t r a t e g y  based on t h e  LWR can be 

T h i s  i s  essen- 

developed which can d i s c a r d  a l l  f i s s i l e  p l u t o n i u m  and s t i l l  supp ly  a maximum n u c l e a r  con- 

t r i b u t i o n  of 590 GWe w i t h  a U3O8 supp ly  o f  3.0 m i l l i o n  ST below $160/ lb .  

t i a l l y  i d e n t i c a l  t o  t h a t  o f  t h e  c l a s s i c a l  LWR p l u t o n i u m  r e c y c l e  w i t h  t h e  same U308 supply .  

Wi th  a U308 s u p p l y  o f  6.0 m i l l i o n  ST below $160/ lb ,  t h e  system c o u l d  supp ly  a maximum 

n u c l e a r  c o n t r i b u t i o n  o f  980 GWe; however, as p o i n t e d  o u t  above, cons ide rab le  development 

work would be r e q u i r e d  on f u e l  des ign  and f a b r i c a t i o n .  

6.2.4. Conver ter  System w i t h  P lu ton ium Produc t ion  Minimized; 

P U - ~ O - ~ ~ ~ U  "Transmutat ion"  

An i n h e r e n t  d isadvantage i n  t h e  p l u t o n i u m  throwaway o p t i o n  d iscussed above i s  t h a t  t h e  
Therefore,  i t  was cons ide red  de- f i s s i l e  p l u t o n i u m  produced i n  t h e  system i s  never  u t i l i z e d .  

s i r a b l e  t o  analyze an o p t i o n  i n  which f i s s i l e  p l u t o n i u m  produced i n  a s i m i l a r  system i s  used t o  
produce 233U f o r  t h e  d i spe rsed  r e a c t o r s .  

p lu ton ium- tho r ium core. T h i s  c o n v e r t e r  would, o f  course, be l o c a t e d  i n  an energy cen te r ,  

w h i l e  t h e  o t h e r  r e a c t o r s  would be l o c a t e d  o u t s i d e  t h e  c e n t e r  as shown i n  F ig .  6.1-3 
(Op t ion  5U). 

duced i n  t h e  system, i t  minimizes the  amount of plu tonim that  is produced. 
t h e  development o f  r e a c t o r  concepts designed s p e c i f i c a l l y  t o  m in im ize  p lu ton ium p roduc t i on .  

The 233U producer  would be a c o n v e r t e r  w i t h  a 

It i s  i m p o r t a n t  t o  n o t e  t h a t  w h i l e  t h i s  o p t i o n  u t i l i z e s  a l l  t h e  p l u t o n i u n  p ro -  
T h i s  r e q u i r e s  

The n u c l e a r  c o n t r i b u t i o n  o f  t h i s  o p t i o n  u t i l i z i n g  LWRs o n l y  (Case 5UL) reaches a 

maximum o f  app rox ima te l y  700 GWe s h o r t l y  b e f o r e  y e a r  2030 (see F i g .  6.2-20). 
u t i l i z i n g  t h e  p l u t o n i u m  produced i n  t h e  system inc reases  t h e  maximum n u c l e a r  c o n t r i b u t i o n  

by approx ima te l y  100 GWe ove r  t h a t  o f  t h e  o p t i o n  w i t h  p lu ton ium throwaway; i t  a l s o  

produces a d e l a y  i n  t h e  maximum o f  about  e i g h t  y e a r s  (compare w i th  F ig .  6.2-17). 

maximum annual U308 and enr ichment  requi rements f o r  t h i s  o p t i o n  a r e  75,000 ST/yr and 65 
m i l l i o n  SWU/yr, r e s p e c t i v e l y ,  each b e i n g  approx ima te l y  6% l e s s  than  t h a t  r e q u i r e d  f o r  

Op t ion  4. 

Thus, 

The 

The amount of t h e  system's i n s t a l l e d  n u c l e a r  c a p a c i t y  t h a t  must be l o c a t e d  i n  t h e  energy 

c e n t e r  i s  shown i n  Fig. 6.2-21 as a f u n c t i o n  o f  t ime. T h i s  o p t i o n  i s  d i s t i n g u i s h e d  by  t h e  

f a c t  t h a t  t h e  maximum c a p a c i t y  t h a t  must be l o c a t e d  i n  a secure r e g i o n  does n o t  exceed I00 
GWe a t  any t ime  d u r i n g  t h e  p l a n n i n g  ho r i zon .  The amount t h a t  may be l o c a t e d  o u t s i d e  t h e  
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USE ~ U L  . THE LWR WITH PLUTONIUM MINIMIZATION 
AND UTILIZATION 

energy center ranges from approximately 300 GWe i n  t he  year 2000 t o  approximately 600 GWe 
in the  year 2025. The disadvantage of t h i s  option i s  t h a t  t h e  h i g h  energy support r a t i o  
( the  amount of capacity t h a t  can be located outs ide  the energy center  divided by the  amount 
t h a t  must be located in the  center )  cannot be maintained inde f in i t e ly .  In f a c t ,  the  energy 
support r a t i o  decreases continuously as the end of t he  U308 supply i s  approached. 

THE LWR FOLLOWED BY AN ADVANCED CONVERTER WITH 
PLUTONIUM MINIMIZATION AND UTILIZATION 

1003 I I I 1 I I 

THE LWR WITH PLUTONIUM MINIMIZATION 
AND UTlLlZATlON 

5uL. LWR wlrn PLUTONIUM 
MINIMIZ4TION AND UTILIZATION 

am - 
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YEAR 

5uL. LWR wlrn PLUTONIUM 
MINIMIZ4TION AND UTILIZATION 
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F i g .  6.2-20. The Effec t  of Minimizing 
the  Production and Use of Plutonium in LWRs 
(High-Cost U308 Supply). 

I 1 

' 1 MAXIMUM ANNUAL REOUlREMENl e 

Fig. 6.2-22. The Effec t  of U308 
Supply on the Nuclear Contribution of LWRs 
Operating w i t h  Plutonium Minimization and 
Uti 1 i zation , 

Fig. 6.2-23. The Effec t  on the  Nuclear 
Contribution of Adding Advanced Converters 
Operating w i t h  Plutonium Minimization and 
Ut i l i za t ion  (High-Cost U308 Supply). 

The high energy support r a t i o  could be maintained f o r  a longer period o f  time, however, 
i f  the U308 supply were l a rge r .  Figure 6.2-22 shows t h a t  doubling the  U308 supply would 
increase the maximum nuclear cont r ibu t ion  of the system from approximately 700 GWe i n  year 
2030 t o  over 1000 GWe i n  year 2050. Since the  maximum energy support  r a t i o  occurs a t  about 
t he  same time a s  the maximum nuclear cont r ibu t ion ,  i t  can be assumed t h a t  w i t h  t he  increased 
u @ 8  supply a l a rge  energy support r a t i o  could be maintained a s  f a r  i n t o  the  fu tu re  a s  year 
2050. Given the  U308 supply, i t  would appear t h a t  the principal l imi t a t ion  f o r  t h i s  option 
would be the maximum annual U308 and enrichment requirements, which a r e  115,000 ST/yr and 
90 m i  11 ion SWU/yr, respec t ive ly  . 
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The e f f e c t  upon t h e  n u c l e a r  c o n t r i b u t i o n  o f  add ing  advanced c o n v e r t e r s  w i t h  t h e  LWRs 
i s  shown i n  F i g .  6.2-23 f o r  t h e  h i g h - c o s t  U308 supply .  The HWR has t h e  l a r g e s t  e f fec t ,  
i n c r e a s i n g  t h e  n u c l e a r  c o n a r i b u t i o n  of t h e  system t o  app rox ima te l y  810 GWe i n  y e a r  2035. 

The l a r g e r  e f f e c t  of t h e  advanced c o n v e r t e r s  i n  t h i s  o p t i o n  compared t o  t h e i r  e f f e c t  i n  

- 36.2 ST 
"3'8 

HEDL 780540.57 

F i g .  6.2-24. U t i l i z a t i o n  and Movement of F i s s i l e  M a t e r i a l  i n  an LWR Nuc lea r  System 
M i n i m i z i n g  t h e  P roduc t i on  and Use of P lu ton ium (Case 5UL, High-Cost U308 Supply) (Year 
2035). 

t h e  throwaway o p t i o n  f o r  t h i s  o r e  supp ly  i s  p r i m a r i l y  due t o  t h e  f a c t  t h a t  rep rocess ing  i s  

a v a i l a b l e  i n  t h i s  case. The a v a i l a b i l i t y  o f  rep rocess ing  e f f e c t i v e l y  i nc reases  t h e  amount 
of U308 a v a i l a b l e  a f t e r  t h e  advanced c o n v e r t e r s  a r e  introduced and t h e r e f o r e  i nc reases  t h e  

amount o f  U308 upon which t h e  advanced c o n v e r t e r s  can employ t h e i r  resource  savings. 

The u t i l i z a t i o n  and movement i n  y e a r  2035 o f  f i s s i l e  m a t e r i a l  p e r  GWe o f  i n s t a l l e d  * 
c a p a c i t y  f o r  t h e  system u t i l i z i n g  LWRs o n l y  (Case 5UL) i s  shown i n  F i g .  6.2-24. 

up8 consumption i s  app rox ima te l y  36 ST U308/GWe. 
i s  s u p p l i e d  w i t h  app rox ima te l y  170 kg o f  f i s s i l e  p lu ton ium i n  f resh  fue l  p e r  GWe of i n s t a l l e d  

c a p a c i t y  and i t  comprises 13% o f  t h e  i n s t a l l e d  c a p a c i t y .  

c l a s s i c a l  case o f  p l u t o n i u m  r e c y c l e  i n  which approx ima te l y  54% of t h e  i n s t a l l e d  c a p a c i t y  must 

The annual 

The LWR t ransmut ing  p lu ton ium t o  233U 

T h i s  can be compared t o  t h e  

*The movement o f  f i s s i l e  m a t e r i a l  i n  a l l  cases i s  a f u n c t i o n  o f  t ime. Furthermore, i t  i s  

The f i s s i l e  ba lance f o r  a decaying ( o r  growing)  system 
a f f e c t e d  by f i r s t - c o r e  charges and l a s t - c o r e  d i scha rges  (which a r e  i n c l u d e d  i n  Fig. 6.2-24 
and subsequent s i m i l a r  f i g u r e s ) .  
d i f f e r s  s i g n i f i c a n t l y  f rom t h a t  o f  a s t a t i c  system. 
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be located i n  energy centers  and 368 kg of f i s s i l e  plutonium i n  f resh  fuel per GWe of i n s t a l l -  
ed capacity must be handled each year i n  those centers .  
decrease i n  t he  amount of nuclear capacity which must be placed i n  secure regions i s  
synonymous with an increase in  d ivers ion- res i s tance .  
decrease i n  the  amount of f i s s i l e  plutonium which must be handled as f resh  fuel i s  synonymous 
w i t h  an increase in p ro l i f e ra t ion  res i s tance .  
t h i s  option minimizing the  production and use of plutonium does o f f e r  a s i g n i f i c a n t  increase 
i n  the  energy support r a t i o  and a s i g n i f i c a n t  decrease i n  the  amount of fresh-fuel plutonium 
t h a t  must be handled. 

This i s  not meant t o  imply t h a t  a 

Neither i s  i t  meant t o  imply t h a t  a 

I f  e i t h e r  of these items i s  des i r ab le ,  however, 

I t  i s  important t o  note t h a t  the  deployment of the  plutonium minimization and 
u t i l i z a t i o n  option would requi re  the  development of a nuclear industry capable of reprocessing 
fuel containing thorium and re fabr ica t ing  fuel containing 232U. 

only one r eac to r  providing 3% of the  i n s t a l l e d  capacity in year 2035 does not u t i l i z e  thorium. 
Thus, i n  order t o  successfully implement this  option, 97% of the reprocessing capacity in 
year 2035 must be capable of handling fuel containing thorium, and 51% of the  f ab r i ca t ion  
capacity must be capable of handling fuel containing 232U. 

As Fig. 6.2-24 ind ica t e s ,  

In summary, a converter s t r a t egy  based on the LWR which minimizes the  amount of 
plutonium produced, b u t  uses t h a t  which i s  produced, could supply a maximum nuclear con- 
t r i bu t ion  of 700 GWe w i t h  the  high-cost U308 supply. 
g rea t e r  than the maximum nuclear cont r ibu t ion  obtained i n  t he  case of plutonium throwaway 
and f i s s i l e  uranium recycle.  
100 GWe be located i n  an energy center .  W i t h  the intermediate-cost  U308 supply, t h e  system 
could make a maximum nuclear cont r ibu t ion  o f  more than 1000 GWe. In e i t h e r  case ,  the 
development of fuel designs capable of minimizing the  amount of plutonium produced and a l s o  
the  development o f  a nuclear industry capable of handling thorium-based fue l s  must be developed. 

This i s  approximately 100 GWe 

The s t r a t egy  does, however, requi re  t h a t  approximately 

6.2.5. Converter System w i t h  Plutonium Production Not 
Minimized; P u - ~ o - ~ ~  3U "Transmutation" 

This option d i f f e r s  from the preceding option i n  t h a t  the  dispersed reac tors  a re  not 
designed t o  minimize the  amount of plutonium produced. 
f resh  fuel and more i s  "transmuted" in to  233U.  

core i s  located i n  t he  energy cen te r ,  and o ther  reac tors  a r e  located outs ide  the  center  ( see  
Fig. 6.1-3, Option 5T). 

Thus more plutonium i s  handled as 
Again a converter w i t h  a plutonium-thorium 

Figure 6.2-25 shows t h a t  the  nuclear cont r ibu t ion  f o r  this  option using LWRs only 

(Case 5TL) reaches a maximum o f  approximately 640 GWe shor t ly  before year 2025. The maximum 
cont r ibu t ion  i s  l e s s  than the  700-GWe maximum i n  the  preceding case primarily because of the 
d i f f e r e n t  amounts of f i s s i l e  plutonium u t i l i z e d  i n  t he  two systems. 
i n  a thermal reac tor  than e i t h e r  235U o r  233U, the system which minimizes the  amount of plu- 
tonium should (and does) make a s l i g h t l y  l a rge r  nuclear cont r ibu t ion .  

Since 2 3 9 P u  i s  worth l e s s  
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THE LWR WITH PLUTONIUM TRANSMUTATION 

The f r a c t i o n  of t h e  i n s t a l l e d  n u c l e a r  c a p a c i t y  which f o r  t h i s  case must be l o c a t e d  

The maximum i s  app rox ima te l y  

The amount o f  n u c l e a r  

i n  energy c e n t e r s  i s  shown i n  F ig .  6.2-26 as a f u n c t i o n  of t ime. 

120 GWe, which i s  s l i g h t l y  g r e a t e r  t han  t h a t  f o r  t h e  p rev ious  case. 
c a p a c i t y  a v a i l a b l e  f o r  l o c a t i o n  o u t s i d e  energy cen te rs  ranges f rom approx ima te l y  300 GWe i n  

t h e  yea r  2000 t o  app rox ima te l y  500 GWe i n  t h e  y e a r  2025. 

ment requi rements a r e  65,000 ST/yr and 45 m i l l i o n  SWU/yr, r e s p e c t i v e l y .  

t o  t h e  maximum annual requi rements f o r  t h e  case o f  t h e  LWR w i t h  c l a s s i c a l  p l u t o n i u m  r e c y c l e  

(see F ig.  6.2-13). 

The maximum annual U308 and e n r i c h -  
These a r e  q u i t e  s i m i l a r  

Im, 

8m 
i 

c 

The d isadvantage o f  t h i s  o p t i o n  i s  t h a t  t h e  energy suppor t  r a t i o  decreases c o n t i n u -  
o u s l y  as t h e  end o f  t h e  U308 supp ly  i s  approached. 

supp ly  o f  6.0 m i l l i o n  ST below $160/ lb  were a v a i l a b l e ,  t h e  system would c o n t i n u e  t o  grow 
F i g u r e  6.2-27 i n d i c a t e s  t h a t  i f  a U308 

- , I I I I I 

CASE 5TL - THE LWR WITH PLUTONIUM TRANSMUTATION 
- 

P EOo t 
STL - LWR WITH PLUTONIUM 

TRANSMUTATION I MAXIMUM ANNUAL REQUIREMENT: / 

F i g .  6.2-25. The E f f e c t  on t h e  Nuc lea r  
C o n t r i b u t i o n  o f  "Transmuting" P lu ton ium 
Produced i n  LWRs t o  2 3 3 U  (High-Cost U308 
Supply 1 - 

ImO 
I I I I 

THE LWR WITH PLUTONIUM TRANSMUTATION 

MAXIRUM ANNUAL REQUIREMENTS: / 1 
U300 - 109 * lo3 ST/yr < ENRICHMENT c 77 106 SW/yr 'NTLRMEDi 

F i g .  6.2-26. R e l a t i v e  Nuc lea r  C o n t r i -  
b u t i o n s  o f  LWRs Located I n s i d e  (Pu/Th) and 
Ou ts ide  (Denatured LWRs) Ener y Centers  
(P lu ton ium "Transmuted" t o  2 3  8 U) (High-Cost 
U308 Supply) - 
u n t i l  app rox ima te l y  y e a r  2050, and t h u s  t h e  

h i g h  energy suppor t  r a t i o  assoc ia ted  w i t h  
t h i s  o p t i o n  c o u l d  be ma in ta ined  much longer .  
The maximum annual U308 and enr ichment  

requi rements i n  t h i s  case a r e  109,000 ST/yr 

and 77 m i l l i o n  SWUlyr ,  r e s p e c t i v e l y .  Thus, 
aga in  we have an o p t i o n  f o r  which t h e  

p r i n c i p a l  l i m i t a t i o n  would be t h e  annual 
o r e  and enr ichment  requi rements.  

The u t i l i z a t i o n  and movement o f  f i s s i l e  

m a t e r i a l  p e r  GWe o f  i n s t a l l e d  c a p a c i t y  f o r  

Case 5TL i n  t h e  y e a r  2035 a r e  shown i n  F ig .  6.2-28. 
F i g .  6.2-27. The E f f e c t  o f  U308 Supply 

on t h e  Nuc lea r  C o n t r i b u t i o n  o f  LWRs i n  
System w i t h  p1 UtOniUm "Transmutat ion"  (Case 
5TL). 

comprises 18% o f  t h e  i n s t a l l e d  capac i t y .  

The annual u308 consumption i s  approx ima te l y  

68 ST U308/GWe, and t h e  LWR u t i l i z i n g  p l u t o n i u m  

Approx imate ly  260 kg o f  f i s s i l e  p lu ton ium p e r  GWe o f  
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i n s t a l l e d  c a p a c i t y  must be handled as f r e s h  f u e l  each y e a r  w i t h i n  t h e  energy c e n t e r s ,  

can be compared t o  t h e  c l a s s i c a l  case o f  p l u t o n i u m  r e c y c l e  i n  which 56% o f  t h e  i n s t a l l e d  

c a p a c i t y  i s  l o c a t e d  i n  t h e  energy cen te rs  and 368 kg o f  f i s s i l e  p l u t o n i u m  i s  handled as f r e s h  

f u e l  each year .  Thus, u s i n g  t h e  p l u t o n i u m  t o  produce 2 3 3 U  r e s u l t s  i n  a s i g n i f i c a n t  r e d u c t i o n  

i n  t h e  amount o f  i n s t a l l e d  c a p a c i t y  t h a t  must be l o c a t e d  i n  secure reg ions ,  and i t  a l s o  reduces 

t h e  amount o f  f i s s i l e  p l u t o n i u m  t h a t  must be handled as f r e s h  f u e l  each year. 

T h i s  

67.8 ST U 3 0 8  

104 Kg f i r  Pu 

u 5 k W  154 Kg U23L 
13,710 404Kg Kg HM- u235 f i  0.62 GWe 17,260 Kg H M  

144 Kg f i s  Pu 

d l X l  ICn T h  

I 
5 2 . 4 ~  lo3 swu 

-.-. .., 
4598 Kg HM Li- =m.4 

261 Kg f i s  PU 
3848 Kg Th 
4250 Kg HM - 

3304 Kg Th 
4437 Kg H M f l  

CF = 67.2 

HEDL 7805-090.56 

F i g .  6.2-28. U t i l i z a t i o n  and Movement o f  F i s s i l e  M a t e r i a l  i n  an LWR Nuc lea r  System 
"Transmuting" P lu ton ium t o  233U (Case 5TL, High-Cost  U308 Supply) (Year 2035). 

As f o r  t h e  p reced ing  o p t i o n ,  t h e  h i g h  energy suppor t  r a t i o  assoc ia ted  w i t h  t h i s  case 
r e q u i r e s  t h e  development of a n u c l e a r  i n d u s t r y  capable o f  rep rocess ing  s i g n i f i c a n t  amounts 

o f  f u e l  c o n t a i n i n g  t h o r i u m  and r e f a b r i c a t i n g  s i g n i f i c a n t  amounts o f  f u e l  c o n t a i n i n g  232U, 
a l t hough  these amounts a r e  c o n s i d e r a b l y  sma l le r .  As F ig .  6.2-28 i n d i c a t e s ,  t h e  LWR loaded 

w i t h  app rox ima te l y  3% e n r i c h e d  2 3 5 U  comprises 62% o f  t h e  i n s t a l l e d  c a p a c i t y  i n  y e a r  2035, 

t h e  LWR loaded w i t h  Pu i n  Th comprises 18%, and t h e  LWR loaded w i t h  12% 2 3 3 U  i n  238U comprises 

20%. 

c o n t a i n i n g  t h o r i u m  and 20% o f  t h e  f a b r i c a t i o n  c a p a c i t y  must be capable o f  h a n d l i n g  f u e l  con- 

t a i  n i n g  23%. 

Thus approx ima te l y  34% o f  t h e  rep rocess ing  c a p a c i t y  must be capable o f  h a n d l i n g  f u e l  

I n  summary, a c o n v e r t e r  s t r a t e g y  based on t h e  LWR which " t ransmutes"  a l l  p l u t o n i u m  

t o  233U c o u l d  supp ly  a maximum n u c l e a r  c o n t r i b u t i o n  o f  640 GWe w i t h  t h e  h i g h - c o s t  U308 

supply ,  o f  wh ich  abou t  120 GWe would be l o c a t e d  i n  energy cen te rs .  

t r i b u t i o n  f o r  t h i s  case i s  somewhat l e s s  t h a n  f o r  t h e  case i n  wh ich  t h e  p r o d u c t i o n  o f  
p l u t o n i u m  i s  min imized,  i t  does n o t  r e q u i r e  t h e  development o f  new r e a c t o r  concepts and 

i t  w i l l  r e q u i r e  h a n d l i n g  s m a l l e r  amounts o f  233U. 

Whi le  t h e  n u c l e a r  con- 
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6.2.6 Conver ter -Breeder  Sys tern w i t h  L i g h t  P1 uton ium "Transmutat ion"  

The r e s u l t s  presented i n  t h e  p reced ing  s e c t i o n s  have demonstrated t h a t  n u c l e a r  

power systems based on c o n v e r t e r  r e a c t o r s  w i l l  u l t i m a t e l y  be l i m i t e d  by t h e  q u a n t i t y  o f  

economica l l y  r e c o v e r a b l e  uranium. 

systems t o  develop, t h e  converse is a l s o  t r u e .  S ince t h e  U308 resource  base has always 

been somewhat u n c e r t a i n ,  t h e  deployment o f  f a s t  breeder  r e a c t o r s  has t r a d i t i o n a l l y  been 

cons ide red  as t h e  method by  which t h e  consequences o f  t h i s  u n c e r t a i n t y  would be min imized.  

Thus, i t  has h i s t o r i c a l l y  been assumed t h a t  by d e p l o y i n g  FBRs n u c l e a r  power systems would 

outgrow t h e  c o n s t r a i n t s  n a t u r a l l y  imposed by t h e  U308 resource  base. 

Whi le  a l a r g e r  U308 resource  base w i l l  a l l o w  l a r g e r  

I n  t h e  o p t i o n  d iscussed here (Op t ion  6 ) ,  an FBR w i t h  a p lu ton ium-uranium c o r e  and a 

tho r ium b l a n k e t  i s  l o c a t e d  i n  t h e  energy c e n t e r  t o  produce 233U wh ich  i s  t hen  used i n  de- 

n a t u r e d  c o n v e r t e r  r e a c t o r s  o u t s i d e  t h e  c e n t e r .  

r a t e  c o u l d  be ob ta ined  w i t h  a p lu ton ium- tho r ium co re  i n  t h e  FBR, t h i s  o p t i o n  i s  r e f e r r e d  

t o  as hav ing  a Zight " P u - ~ o - ~ ~ ~ U "  t r a n s m u t a t i o n  r a t e .  

con ta ined  i n  t h i s  o p t i o n  a r e  shown i n  F i g .  6.1-4. 

Because a h i g h e r  p lu ton ium " t r a n s m u t a t i o n "  

The i n d i v i d u a l  r e a c t o r  concepts 

The n u c l e a r  c o n t r i b u t i o n  assoc ia ted  w i t h  t h i s  o p t i o n  when a l l  t h e  c o n v e r t e r s  u t i l i z e d  

a r e  LWRs (Case 6L) i s  shown i n  F ig .  6.2-29. I n  t h i s  case, even w i t h  t h e  h i g h - c o s t  U308 

supply ,  t h e  system i s  capable o f  m a i n t a i n i n g  a n e t  a d d i t i o n  r a t e  o f  15 GWe/yr th roughou t  

t h e  p l a n n i n g  h o r i z o n  - i .e . ,  f r om 1980 th rough  2050. The a b i l i t y  o f  t h e  n u c l e a r  system 

t o  m a i n t a i n  t h i s  n e t  a d d i t i o n  r a t e  is a d i r e c t  consequence o f  t h e  compound system d o u b l i n g  

t i m e  o f  t h e  FBR, which, i n  t h i s  case, i s  13 yr .  T h i s  d o u b l i n g  t i m e  i n  tu rn  i s  a d i r e c t  

consequence o f  t h e  FBR hav ing  a Pu-U core.  

I n  t h i s  o p t i o n  t h e  i n s t a l l e d  n u c l e a r  c a p a c i t y  which must be l o c a t e d  i n  energy c e n t e r s  

i nc reases  as a f u n c t i o n  o f  t i m e  t o  app rox ima te l y  560 GWe i n  y e a r  2050 (see F i g .  6.2-30). 

The most r a p i d  i nc rease  occu rs  between 2010 and 2020 as t h e  number o f  FBRs on l i n e  i n -  

creases s i g n i f i c a n t l y .  
t h e  c e n t e r s  i nc reases  f rom approx ima te l y  300 GWe i n  y e a r  2000 t o  ove r  500 GWe i n  y e a r  2050. 

I n i t i a l l y ,  t h e  LWR loaded w i t h  app rox ima te l y  3% e n r i c h e d  235U i s  t h e  p r i n c i p a l  r e a c t o r  

a v a i l a b l e ,  b u t  as t h e  U308 i s  depleted,  i t  i s  r e p l a c e d  by t h e  LWR loaded w i t h  11% 233U 

i n  238U. T h i s  is i l l u s t r a t e d  i n  F i g .  6.2-31, which a l s o  i n d i c a t e s  t h a t  t h i s  o p t i o n  is 
capable o f  m a i n t a i n i n g  an energy suppor t  r a t i o  g r e a t e r  t han  u n i t y  throughout  t h e  p l a n n i n g  

h o r i  zon. 

The amount o f  n u c l e a r  c a p a c i t y  a v a i l a b l e  f o r  i n s t a l l a t i o n  o u t s i d e  

The maximum annual U308 and enr ichment  requi rements f o r  t h i s  case a r e  62,000 ST/yr 

and 44 m i l l  i o n  SWUlyr, r e s p e c t i v e l y .  

from those ob ta ined  w i t h  t h e  LWR on t h e  throwaway cyc le ,  t h e  reason be ing  t h a t  i n  e i t h e r  

case, t h e  goal  of t h e  n u c l e a r  power system is t o  m a i n t a i n  a n e t  a d d i t i o n  r a t e  of 15 GWelyr 

p r o v i d e d  t h i s  i n c r e a s e  can be sus ta ined  by  t h e  U308 supply .  

These annual requi rements do n o t  d i f f e r  s i g n i f i c a n t l y  

The maximum i n s t a l l e d  c a p a c i t y  



6-42 

THE I 0 R  WITH LIGHT PLUTONIUM TRANSMUTATION 

MAXIMUM ANNUAL REQUIREMENT- 

I I I I I 
1980 1m 1003 m1o m m xu0 

YWR 

F i g .  6.2-29. The Nuclear Contribution 
of an LWR-FBR System w i t h  L i g h t  Plutonium 
"Transmutation" (Hi gh-Cost U308 Supply). 

W E  6L - THE FBR WITH LIGHT PLUTONIUM TRANSMUTATION 

IP80 lm ?m, 1010 m m m mro 
Y€AR 

F i g .  6.2-31. Relative Nuclear Contri- 
butions of Each Reactor Type i n  LWR-FBR 
System w i t h  L i g h t  Plutonium "Transmutation" 
(High-Cost U308 Supp ly ) .  

l m ,  I I I I I 

WE 6L -THE FBR WITH LIGHT PLUTONIUM 1PANSMUTAllGN 
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Fig. 6.2-30. Relative Nuclear Contri- 
butions of Reactors Located Inside (Pu-Fueled) 
and Outside (Denatured LWRS) Energy Centers 
(High-Cost U308 Supply). 

f o r  t he  LWR loaded w i t h  approximately 3% en- 
riched 2 3 %  i n  e i t h e r  case i s  approximately 
420 GWe. However, i n  this option, as t he  i n -  
s t a l l e d  capacity of the 235U-loaded LWRs 
decreases,  t he  energy center  FBRs produce i n -  
creasing amounts of 233U f o r  the  denatured LWKs, 
and thus the  t o t a l  i n s t a l l e d  nuclear capacity con- 

t inues  t o  increase a t  a ne t  r a t e  of 15 GWe/yr. 

The amount of f i s s i l e  plutonium tha t  must 
be handled in  the energy centers  a s  f resh  fuel 
each year i s  shown i n  Fig. 6.2-32. 
mately 620 kg of f i s s i l e  plutonium per GWe must 
be handled in  t h i s  case,  as compared t o  approxi- 

Approxi- 

mately 170 kg of f i s s i l e  plutonium in f r e sh  fuel per GWe each year f o r  t he  case of plutonium 
minimization and u t i l i z a t i o n .  
r a t i o  g rea t e r  than unity while simultaneously adding 15 GWe/yr w i  11 necess i t a t e  hand1 ing more 
f i s s i l e  plutonium i n  f resh  fuel in the  energy centers .  

Thus, i t  appears t h a t  the  a b i l i t y  t o  maintain an energy support 

As pointed out in previous cases ,  the  a b i l i t y  t o  maintain a h i g h  energy support r a t i o  
requi res  the  development of a nuclear industry capable o f  reprocessing fuel containing 
thorium and r e fab r i ca t ing  fuel containing 232U. 

loaded w i t h  approximately 3% enriched 2 3 5 U  comprises approximately 28% of the  i n s t a l l e d  
capacity,  the FBR comprises 48%, and the LWR loaded w i t h  11% 233U i n  238U comprises 24%. 
Upon examining the flow o f  thorium and uranium metal associated w i t h  these  r eac to r s ,  i t  
can be seen t h a t  38% of the  reprocessing capacity must be capable of handling fuel con- 
ta in ing  thorium and 27% of the  f ab r i ca t ion  industry must be capable of handling fuel 
containing 232U. 

In this option i n  the year 2035, the LWR 
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The annual consumption o f  U308 in 2035 was found to  be approximately 32 ST U308/GWe. 
This consumption r a t e  will  decrease continuously a s  the 235U-loaded LWR i s  replaced with the  

233U-1 oaded LWR. 

31.8 ST U308  - 
3,069 Th 
4.139 ~a HM 

CF-d .0  

HEDL 7805-090.32 

Fig. 6.2-32. U t i l i za t ion  and Movement of F i s s i l e  Material i n  an LWR-FBR Nuclear 
System w i t h  a L i g h t  " P U - ~ O - ~ ~ ~ U "  Transmutation Rate (Case 6L, High-Cost U308 Supply) 
(Year 2035). 

In summary, a s t r a t egy  based on an F B R  w i t h  a Pu-U core and a thorium blanket could 
supply a net addition r a t e  of 15 GWelyr t o  the  year 2050 and beyond w i t h  a U308 supply of 
3 mill ion ST below $160/lb. The in s t a l l ed  nuclear capacity i n  2050 would be 1100 GWe, 
w i t h  560 GWe, o r  approximately 50% of the i n s t a l l e d  capacity,  located i n  secure energy 
centers. Approximately 27% of the  f ab r i ca t ion  capacity must be capable o f  handling fuel 
containing 2 3 2 U .  
thorium blanket can supply 15 GWe/yr f o r  an inde f in i t e  period of time, i t  simultaneously 
requi res  t h a t  a s i g n i f i c a n t  amount of nuclear capacity be located i n  secure regions. 

T h u s ,  while a nuclear system based on an FBR w i t h  a Pu-U core and a 
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6.2.7. Conver ter -Breeder  System w i t h  Heavy P lu ton ium "Transmutat ion"  

The preceding d i s c u s s i o n  i n d i c a t e s  t h a t  a n u c l e a r  power system t h a t  i n c l u d e s  an FBR 

hav ing  a Pu-U core  and produc ing  2 3 3 U  i n  a t h o r i u m  b l a n k e t  can m a i n t a i n  an energy suppor t  

r a t i o  g r e a t e r  than u n i t y  w h i l e  s imu l taneous ly  adding 15 GWe/yr t o  t h e  i n s t a l l e d  c a p a c i t y  

throughout  t h e  p l a n n i n g  hor izon .  The p o s s i b i l i t y  e x i s t s ,  however, t h a t  a n u c l e a r  power 

system t h a t  i n c l u d e s  an FBR hav ing  a Pu-Th core  and a t h o r i u m  b l a n k e t  would r e s u l t  i n  a 

heavy P U - ~ O - ~ ~ ~ U  t r a n s m u t a t i o n  r a t e  which would m a i n t a i n  an energy suppor t  r a t i o  s i g n i -  

f i c a n t l y  g r e a t e r  than u n i t y  over  t h e  same p e r i o d  o f  t ime. 

w i t h  a n u c l e a r  system based on an FBR w i t h  a Pu-Th core  i s  t h a t  t h e  breed ing  r a t i o  o f  t h e  

breeder, and hence t h e  breed ing  r a t i o  o f  t h e  e n t i r e  system, tends t o  be low. 

t h e  e f f e c t  o f  adding t o  t h e  system an FBR o p e r a t i n g  on denatured 2 3 3 U  t o  augment t h e  233U 
p r o d u c t i o n  was a l s o  i n v e s t i g a t e d .  

system a r e  shown i n  F ig .  6.1-4 (Opt ion  8). 

The p r i n c i p a l  problem a s s o c i a t e d  

Therefore,  

The i n d i v i d u a l  r e a c t o r  concepts conta ined i n  t h i s  

The n u c l e a r  c o n t r i b u t i o n  assoc ia ted  w i t h  t h i s  o p t i o n  (Case 8L, with denatured 

The system i s  capable o f  m a i n t a i n i n g  a n e t  a d d i t i o n  r a t e  o f  

b reeder )  i s  compared t o  t h a t  o f  t h e  LWR on t h e  throwaway c y c l e  f o r  t h e  h i g h - c o s t  U308 

supp ly  i n  Fig.  6.2-33. 

15 GWe/yr throughout  t h e  p l a n n i n g  hor izon .  

The i n s t a l l e d  n u c l e a r  c a p a c i t y  which f o r  Case 8L must be l o c a t e d  i n  energy centers  

i s  shown i n  Fig.  6.2-34 as a f u n c t i o n  o f  t ime. 

o u t  t h e  p l a n n i n g  hor izon .  The amount a v a i l a b l e  f o r  l o c a t i o n  o u t s i d e  t h e  energy c e n t e r s  

ranges f rom approx imate ly  300 GWe i n  t h e  y e a r  2000 t o  approx imate ly  800 GWe i n  t h e  y e a r  

2050. 

l o c a t e d  i n  secure r e g i o n s  inc reases  c o n t i n u o u s l y  t o  approx imete ly  560 GWe i n  2050. Thus, 

a n u c l e a r  system c o n t a i n i n g  FBRs w i t h  Pu-Th cores p l u s  FBRs w i t h  denatured 2 3 3 U  cores i s  

capable o f  m a i n t a i n i n g  a very  h i g h  energy suppor t  r a t i o  f o r  an i n d e f i n i t e  p e r i o d  o f  t ime.  

I t  does r e q u i r e ,  however, t h a t  r e a c t o r s  t h a t  a r e  n e t  producers o f  f i s s i l e  m a t e r i a l  be 
l o c a t e d  i n  energy centers .  

The maximum i s  l e s s  than 300 GWe through-  

Th is  can be compared t o  Opt ion  6 f o r  which t h e  n u c l e a r  c a p a c i t y  t h a t  must be 

The u t i l i z a t i o n  and movement o f  f i s s i l e  m a t e r i a l  i n  y e a r  2035 f o r  Case 8L and t h e  

smal l  U308 supp ly  a r e  shown i n  F ig .  6.2-35. The LWR loaded w i t h  approx imate ly  3% e n r i c h e d  

2 3 5 U  comprises approx imate ly  13% o f  t h e  i n s t a l l e d  c a p a c i t y ,  t h e  denatured 235U LWR comprises 

approx imate ly  12%, t h e  energy c e n t e r  FBR comprises approx imate ly  29%, t h e  denatured 2 3 3 U  LWR 

comprises 8%, and t h e  denatured FBR comprises 38%. 

phases o u t  o f  t h e  n u c l e a r  system i n  year  2035, w h i l e  t h e  denatured 2 3 3 U  LWR i s  be ing  

r a p i d l y  phased i n .  

charge f o r  t h e  denatured 2 3 5 U  LWR i s  c o n s i d e r a b l y  g r e a t e r  than t h e  heavy meta l  charge, 

w h i l e  t h e  heavy meta l  charge f o r  t h e  denatured 2 3 3 U  LWR i s  c o n s i d e r a b l y  g r e a t e r  than t h e  

heavy meta l  d ischarge.  

i s  i n d i c a t i v e  o f  f i r s t  core  load ings .  

The denatured 235U LWR i s  be ing  r a p i d l y  

T h i s  i s  i n d i c a t e d  i n  F ig .  6.2-35 by t h e  f a c t  t h a t  t h e  heavy meta l  d i s -  

The former i s  i n d i c a t i v e  o f  f i n a l  core  d ischarges,  w h i l e  t h e  l a t t e r  
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CASE 8 L  - THE FER WITH HEAVY PLUTONIUM 
TRANSMUTATION 
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F i g .  6.2-33. The Nuc lea r  C o n t r i b u t i o n s  F i g .  6.2-34. R e l a t i v e  C o n t r i b u t i o n s  
o f  an LWR-FBR System w i t h  Heavy P lu ton ium 
"Transmutat ion"  (High-Cost U308 Supply) .  

o f  Reactors  Located I n s i d e  (Pu-Fueled) and 
Ou ts ide  (Denatured LWRs and FBRs) Energy 
Centers (High-Cost U308 Supply) .  

I n  t h i s  o p t i o n  t h e  annual consumption o f  U308  i s  app rox ima te l y  25 ST U308  i n  y e a r  

2035, decreas ing t h e r e a f t e r  as t h e  LWRs loaded w i t h  235U a r e  r e p l a c e d  by t h e  LWRs loaded 

w i t h  2 3 3 U .  Approx ima te l y  430 kg o f  f i s s i l e  p lu ton ium p e r  GWe o f  i n s t a l l e d  c a p a c i t y  must 

be handled as f r e s h  f u e l  each yea r  w i t h i n  energy cen te rs ,  somewhat l e s s  than t h e  620 kg 

t h a t  must be handled i n  Op t ion  6. The a b i l i t y  t o  m a i n t a i n  a h i g h  energy suppor t  r a t i o  

w h i l e  s imu l taneous ly  adding 15 GWelyr aga in  r e q u i r e s  t h e  development o f  a n u c l e a r  i n d u s t r y  

capable o f  rep rocess ing  f u e l  c o n t a i n i n g  t h o r i u m  and r e f a b r i c a t i n g  f u e l  c o n t a i n i n g  232U. 
F i g u r e  6.2-35 shows t h a t  65% o f  t h e  rep rocess ing  c a p a c i t y  i n  yea r  2025 must be capable o f  

h a n d l i n g  f u e l  c o n t a i n i n g  t h o r i u m  and t h a t  31% o f  t h e  r e f a b r i c a t i o n  c a p a c i t y  must be capable 

o f  h a n d l i n g  f u e l  c o n t a i n i n g  232U.  

The e f f e c t  o f  d e l e t i n g  t h e  denatured FBR f rom t h e  system i s  shown i n  F igs .  6.2-36 and 

6.2-37. 

reaches a maximum o f  app rox ima te l y  840 GWe i n  about  2035 and d e c l i n e s  c o n t i n u o u s l y  t h e r e -  

a f t e r .  
a n e t  b reed ing  r a t i o  o f  l e s s  than  u n i t y .  

f i s s i l e  supp ly  s i g n i f i c a n t l y ,  i t  cannot  c o n t i n u e  t o  grow i n d e f i n i t e l y .  

t h a t  must be l o c a t e d  i n  energy c e n t e r s  f o r  t h e  m o d i f i e d  Case 8L i s  shown i n  F i g .  6.2-37. 

T h i s  c a p a c i t y  does n o t  exceed 140 GWe th roughou t  t h e  p l a n n i n g  ho r i zon .  

c a p a c i t y  a v a i l a b l e  f o r  l o c a t i o n  o u t s i d e  t h e  secure r e g i o n s  ranges f rom approx ima te l y  

300 GWe i n  t h e  y e a r  2000 t o  app rox ima te l y  700 GWe i n  yea r  2035. 

F i g u r e  6.2-36 shows t h a t  w i t h o u t  t h e  denatured FBR t h e  i n s t a l l e d  n u c l e a r  c a p a c i t y  

The reason f o r  t h i s ,  of course, i s  t h a t  w i t h o u t  t h e  denatured FBR t h e  system has 
Therefore,  w h i l e  t h e  system can m u l t i p l y  t h e  

The n u c l e a r  c a p a c i t y  

The amount o f  

I n  summary, a s t r a t e g y  based on an FBR w i t h  a Pu-Th c o r e  and a tho r ium b l a n k e t  can 

supply  a n e t  a d d i t i o n  r a t e  o f  15 GWe/yr t o  y e a r  2050 and beyond p r o v i d e d  a denatured breeder  

i s  i n c l u d e d  i n  t h e  system. I f  t h e  denatured breeder  i s  n o t  i nc luded ,  then  t h e  maximum 

n u c l e a r  c o n t r i b u t i o n  would be approx ima te l y  840 GWe. 

must be l o c a t e d  i n  secure r e g i o n s  does n o t  exceed 140 GWe i n  t h i s  case. 

The amount o f  n u c l e a r  c a p a c i t y  t h a t  
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19 k y  f i s  Pu 

97 k g  u235 e)- 29ky U2% - 
3312kg H M  0.13 GWe 

CF47.6 
3320 kg HM- 

REFABRICATION 

25.2 S T  U308 

2917 k g  H M  

HEDL 78Q5-090.29 

F ig .  6.2-35. U t i l i z a t i o n  and Movement o f  F i s s i l e  M a t e r i a l  i n  an LWR-FBR Nuc lea r  
System w i t h  Heavy " P u - ~ o - ~ ~ ~ U " .  
(Year 2035). 

Transmutat ion Rate (Case 8L, High-Cost U308 Supply)  

I I I I I I 

THE FIR WITH HEAW PLUTONIUM TR*MMUTATION 
AND WITHOUT A DEWTURED BREEDER 

u30a SUWLY - 3.0 . 106 S T  

F I R  WITH HEAW 

DENATURFD BEEDEU 

YEAR 

F i g .  6.2-36. E f f e c t  on Nuc lea r  C o n t r i -  
b u t i o n  o f  E l i m i n a t i n g  Denatured Breeder f rom 
LWR-FBR System w i t h  Heavy P lu ton ium "Trans- 
mu ta t i on . "  
(High-Cost U308 Supply) .  

(Case 8L Minus Denatured Breeder)  

0.38 GWe 
- 

C F a . 2  I 
180 k g  fis PU 
304 k g  U235 

3758 k g  Th 
8309 k g  H M  

THE FER WITH HEAW PLUTONIUM TRPINSMUTATION 
AND WITHOUT A DENATURED BREEDER 

U308 SUPPLY - 3.0 . IO6 ST  

DENATURED LWR's 

YEAR 

F ig .  6.2-37. R e l a t i v e  Nuc lea r  C o n t r i -  
b u t i o n s  o f  Reactors  Located I n s i d e  (Pu-Fueled) 
and Ou ts ide  (Denatured LWRS) Energy Centers  
(Case 8L Minus Denatured Breeder)  (High-Cost  
u 308 s u p p l y )  - 
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6.3. CONCLUSIONS 

The p r i n c i p a l  conc lus ions  developed d u r i n g  t h e  course o f  t h i s  s tudy  a r e  summarized 

i n  Tables 6.3-1, 6.3-2, and 6.3.3. 

From t h e  p reced ing  d i s c u s s i o n  and Table 6.3-1, t h e  f o l l o w i n g  conc lus ions  a r e  drawn 

f o r  v a r i o u s  n u c l e a r  systems o p e r a t i n g  on t h e  throwaway cyc le :  

(1) Wi th a U308 supp ly  o f  3.0 m i l l i o n  ST below $160/lb, t h e  maximum i n s t a l l e d  

c a p a c i t y  w i t h  t h e  s tandard  LWR on t h e  throwaway c y c l e  would be approx ima te l y  420 GWe, 

and t h i s  would occu r  i n  about  y e a r  2006. 

( 2 )  A r e d u c t i o n  i n  t h e  U308 requi rement  o f  a l l  LWRs commencing o p e r a t i o n  i n  1981 and 
Thus, f o r  t h e r e a f t e r  by 6% would n o t  s i g n i f i c a n t l y  i nc rease  t h e  maximum i n s t a l l e d  c a p a c i t y .  

t h e  case o f  t h e  LWR on t h e  throwaway cyc le ,  t h e  e f f o r t  shou ld  be on improvements i n  U308 u t i l -  

i z a t i o n  s i g n i f i c a n t l y  g r e a t e r  t han  6% f o r  LWRs commencing o p e r a t i o n  a f t e r  1981 o r  on improve- 
ments which can be r e t r o f i t t e d  i n t o  e x i s t i n g  LWRs. 

Table 6.3-1. Summary o f  Resu l t s  f o r  Nuclear  Power Systems 
Opera t i ng  on t h e  ThrowawaylStowaway Cycle 

Techno1 ogy Maximum Nuclear  
De ve 1 o m e n  t C o n t r i b u t i o n  Year o f  Maximum 

Opt ion  Requirement (GWe) C o n t r i b u t i o n  

High-Cost U308 Supply 

Standard LWR None 420 2006 

Improved LWR LWR w i t h  extended d i s -  430 201 0 

LWR p l u s  advanced SSCR, HTGR, o r  HWR 450 201 2* 
charge exposure 

c o n v e r t e r  
LWR w i t h  improved Advanced enr ichment  500 
t a i l s  compos i t i on  process 

In te rmed ia te -Cos t  U308 Supply 

Standard LWR Successfu l  U308 exp lo ra -  7 30 
t i o n  program 

201 5 

2030 

LWR p l u s  advanced SSCR, HTGR, o r  HWR; a l s o  850 2035 
c o n v e r t e r  success fu l  U308 e x p l o r a t i o n  

*Depends on advanced c o n v e r t e r  concept and i t s  i n t r o d u c t i o n  date. 

program 
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Table 6.3-2. Summary of Results for Nuclear Power Systems Utilizing LWR 
Converters with and without FBRs (with Recycle) 

Opt ion  
Maximum Nuc lea r  C o n t r i b u t i o n  

T o t a l  F r a c t i o n  o f  Gkle 
Requirement GNe i n  Enerqv Center  Year Technology Development 

Pu r e c y c l e  (2L )  

Pu throwaway (4L)  

Pu p r o d u c t i o n  min imized,  
Pu- to-  2? iu " t r a n s m u t a t i o n "  ( ~ U L )  
Pu p r o d u c t i o n  n o t  min imized,  
P ~ - t o - ~ j ~ U  " t r a n s m u t a t i o n "  (5TL) 

FBRs added, l i g h t  Pu 
t r a n s m u t a t i o n  (6L )  

FBRs added, heavy Pu 
t r a n s m u t a t i o n  (7L)  

Pu r e c y c l e  ( 2 L )  

Pu throwaway (4L)  

Pu p r o d u c t i o n  min imized,  
Pu- to-  2331) " t r a n s m u t a t i o n "  (5uL) 

Pu p r o d u c t i o n  n o t  min imized,  
p ~ - t o - ' ~ ~ U  " t r a n s m u t a t i o n "  (5TL) 

High-Cost U,O, S u p p l y  

Reprocessing, r e f a b r i c a t i o n  

Advanced f u e l  des ign ,  r e p r o -  
cess ing  

Advanced f u e l  des ign ,  r e p r o -  
cess i ng 

Advanced f u e l  des ign ,  r e p r o -  
cess ing  

Advanced f u e l  des ign ,  r e p r o -  
cess ing ,  FER 

Advanced f u e l  des ign ,  r e p r o -  
cess ing ,  FBR 

Intermediate-Cost U30, S u p p l y  

Reprocessing, r e f a b r i c a t i o n  

Advanced f u e l  des ign ,  r e p r o -  
cess ing  

Advanced f u e l  des ign,  r e p r o -  
cess ing  

Advanced f u e l  des ign ,  r e p r o -  
cess i ng 

-u2020 
..2020 

22030 

a2025 

52050 

.2050 

"-2035 

a2045 

a2045 

.2050 

a2050 

600 20.40 
5 90 - 

700 0.15 

640 0.21 

.1100 %0.56* 

.1100 ~ , 0 . 2 7 *  

850 20.16 

(w/o dena t .  FBR) 

( w i t h  denat .  FER) 

(w/o dena t .  FBR) 

960 - 

980 ~ 

> l o o 0  - 

1020 - 

* 
I n  y e a r  2050. 

(3) The deployment of an advanced converter beginning in 1995 will not signifi- 
cantly increase the maximum installed capacity if the U308 supply is limited to 3.0 
million ST below $160/lb. 
of the U308 supply has been committed to the standard LWR prior to the advanced converter 
attaining a large fraction o f  the installed capacity. 
large as 6.0 million ST below $160/lb, then the effect of the advanced converter is 
considerably larger. 

This is primarily due to the fact that a significant amount 

If the U,08 supply should be as 

(4) An advanced enrichment process capable of economically reducing the tails compo- 
sition to 0.0005 could have a greater effect than improvements in LWR U 3 0 8  utilization or 
the deployment of an advanced converter. 
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Tab le  6.3-3. Summary o f  Fuel Cyc le Reauirements f o r  Nuc lea r  Power 
Systems U t i l i z i n g  LWR Conver ters  w i t h  and w i t h o u t  FBRs 

( w i t h  Recycle; High-Cost U308 Supply) 
~~ ~~ ~~~ 

F rac t ion  o f  I n s t a l l e d  Nuclear 
Capacity Permit ted Outside Frac t ion  o f  Reprocessing Frac t ion  o f  Refabr icat ion 

Energy Center i n  Capacity t o  Handle Th Capacity t o  Handle 
Year 2025 i n  Year 2035 2 3 2 U  i n  Year 2035 Option 

Pu recyc le  0.61 0 0 

Pu throwaway 1 .oo 0.95 0.57 
Pu product ion minimized; 0.85 0.97 0.53 
Pu- to -  'U t ran  smu t a  t i on 8 8  

pu-to-233U "transmutation" 
FBRs added, l i g h t  Pu 0.56 0.38 0.27 
t ransmutat ion 
FBRs added, heavy Pu 0.76 0.65 0.31 
transmutat ion 

Pu product ion n o t  minimized; 0.79 0.34 0.20 

( 5 )  
t h e  U308 resource  base t o  6.0 m i l l i o n  ST below $160 / lb  would be c o n s i d e r a b l y  g r e a t e r  t han  

any o f  t h e  above. 

base and t h e  u n c e r t a i n t y  assoc ia ted  w i t h  i t  dominate t h e  a n a l y s i s .  

The e f f e c t  o f  an e x p l o r a t i o n  program success fu l  enough t o  r e l i a b l y  i n c r e a s e  

Thus, when a n a l y z i n g  t h e  throwaway o p t i o n ,  t h e  s i z e  o f  t h e  U308 resource  

From t h e  d i s c u s s i o n  i n  Sec t i on  6.2 and Tables 6.3-2 and 6.3-3, t h e  f o l l o w i n g  conclu-  

s i o n s  a r e  drawn f o r  LWR and LWR-FBR systems o p e r a t i n g  w i t h  r e c y c l e :  

( 1 )  W i th  t h e  h igh -cos t  U308 supply ,  t h e  e f f e c t  o f  p lu ton ium r e c y c l e  i n  LWRs would 
be t o  i nc rease  t h e  i n s t a l l e d  n u c l e a r  c a p a c i t y  t o  600 GWe, and t h i s  would occu r  i n  about  

y e a r  2020. T h i s  would r e q u i r e ,  however, t h a t  as much as 40% o f  t h e  n u c l e a r  c a p a c i t y  be 

l o c a t e d  i n  t h e  energy cen te rs .  I f  t h e  U308 supp ly  shou ld  be as l a r g e  as 6.0 m i l l i o n  ST 

below $160/ lb ,  t h e  maximum i n s t a l l e d  n u c l e a r  c a p a c i t y  would be 960 GWe, and t h i s  would 

occu r  i n  about  y e a r  2045. 

( 2 )  I f  a l l  p l u t o n i u m  were thrown away b u t  f i s s i l e  uranium were r e f a b r i c a t e d  and 

re loaded,  t h e  maximum i n s t a l l e d  n u c l e a r  c a p a c i t y  c o u l d  be as l a r g e  as 590 GWe w i t h  t h e  

h i g h - c o s t  U308 supply .  

des igns which m in im ize  t h e  amount o f  p l u t o n i u m  produced. I n  a d d i t i o n ,  i t  r e q u i r e s  t h e  

development o f  an i n d u s t r y  i n  which as much as 95% o f  t h e  rep rocess ing  c a p a c i t y  i s  devoted 

t o  f u e l  c o n t a i n i n g  t h o r i u m  and as much as 57% of t h e  r e f a b r i c a t i o n  c a p a c i t y  i s  devoted t o  

f u e l  c o n t a i n i n g  232U. 

A t t a i n i n g  590 GWe, however, r e q u i r e s  t h e  development o f  f u e l  

( 3 )  I f  t h e  p l u t o n i u m  produced i n  t h e  system desc r ibed  immediate ly  above were r e -  

f a b r i c a t e d  and re loaded,  t h e  maximum i n s t a l l e d  n u c l e a r  c a p a c i t y  would i nc rease  t o  app rox i -  

ma te l y  700 GWe, which i s  an i n c r e a s e  i n  t h e  maximum o f  app rox ima te l y  110 GWe. 
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( 4 )  I f  a l l  plutonium produced were transmuted t o  2 3 3 U  b u t  no attempt was made to  
minimize the  amount of plutonium produced, t he  maximum i n s t a l l e d  nuclear capacity could be 
a s  l a rge  as 640 GWe w i t h  the  high-cost U308 supply. 
nuclear capacity would have to  be located in  secure energy cen te r s ,  however, and i t  would 
require t h a t  34% of the  reprocessing capacity be devoted to  fuel containing thorium and 20% 
of the  re fabr ica t ion  capacity be devoted to  fuel containing 2 3 3 U .  

As much a s  21% of the i n s t a l l e d  

(5)  I f  a nuclear system u t i l i z i n g  an FBR with a Pu-U core and a thorium blanket were 
developed, the  system could maintain a ne t  addition r a t e  of 15 GWelyr inde f in i t e ly .  The 
i n s t a l l e d  nuclear capacity,  in t h i s  case,  could be as high a s  1100 GWe in year 2050; howeve.- 
56% o f  this capacity would have t o  be located in secure energy centers .  Also, approximatell 
38% of the  reprocessing capacity would have to  be devoted to  fuel containing thorium and 27'; 
of the re fabr ica t ion  capacity would have to  be devoted t o  fuel containing 2 3 2 U .  

( 6 )  I f  a nuclear system u t i l i z i n g  an FBR w i t h  a Pu-Th core and a thorium blanket were 
developed, the  maximum i n s t a l l e d  capacity would depend upon the  performance c h a r a c t e r i s t i c s  
of the denatured design receiving fuel from the FBR. 
the  nuclear system would be capable of adding 15 GWelyr inde f in i t e ly .  I f ,  however, the  
design were a denatured L W R ,  then the i n s t a l l e d  nuclear capacity would increase to  approxi- 
mately 850 GWe in about year  2035 and decrease the rea f t e r .  

I f  this design were a denatured breedeL-* 

In addition t o  the  r e s u l t s  and conclusions presented in t h i s  chapter ,  de t a i l ed  r e s u l t s  
f o r  a l l  the  nuclear policy options ca lcu la ted  a r e  tabulated i n  Appendix C .  
t ioned e a r l i e r ,  a separate ana lys i s  performed under the  assumption of an unlimited U308 
supply b u t  w i t h  the nuclear power systems in competition with coa l - f i red  p lan ts  i s  described 
in Appendix D. 

Also, a s  men- 

1 .  

2. 

3. 

4. 

5. 

6. 
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7.0. INTRODUCTION 

T. J. Burns 
Oak Ridge National Laboratory 

The assessment of any proposed fuel cycle must of necessity consider various topics 
that affect the feasibility and viability of the particular cycle. 
of a particular fuel cycle must consider the relative merits of the fuel cycle compared to 
other potentially available fuel cycle options. 
has addressed various aspects o f  the cycle in the preceding chapters: 
resistant characteristics o f  the cycle (in Chapter 3); the impact of denatured 2 3 3 U  fuel on 
the performance o f  several types of reactors (in Chapter 4); the implementation and com- 
mercialization aspects of the denatured fuel cycle (in Chapter 5); and the economic/resource 
implications of the cycle (in Chapter 6). 
denatured 2 3 3 U  cycle was limited primarily to the specific aspect under consideration. In 
this chapter the detailed results of the assessment are summarized and integrated, and the 
potential tradeoffs possible between the various considerations are addressed. 
recommendations for further study of crucial aspects of the denatured 2 3 3 U  fuel cycle are 
made. 

Moreover, an assessment 

This study of the denatured 2 3 3 U  fuel cycle 
the proliferation- 

In each of these chapters, the assessment of the 

In addition, 
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7.1. PROLIFERATION-RESISTANT CHARACTERISTICS OF DENATURED 2 3 3 U  FUEL 

C. M. Newstead 
Brookhaven N a t i o n a l  Labora to ry  

and 

Oak Ridge N a t i o n a l  Labora to ry  
T. J. Burns 

As has been s t a t e d  i n  e a r l i e r  chap te rs ,  t h e  p r i m a r y  goal  o f  t h e  denatured f u e l  c y c l e  

i s  t o  p e r m i t  t h e  r e c y c l e  o f  f i s s i l e  f u e l s  i n  d i spe rsed  r e a c t o r s  i n  a manner c o n s i s t e n t  w i t h  

n o n p r o l i f e r a t i o n  c o n s i d e r a t i o n s .  

i s t i c s  o f  t h e  denatured 2 3 %  f u e l  c y c l e  t h a t  have been desc r ibed  i n  d e t a i l  i n  Chapter 3 

a r e  summarized, and t h e i r  s i g n i f i c a n c e  w i th  r e s p e c t  t o  b o t h  n a t i o n a l  p r o l i f e r a t i o n  and 

subna t iona l  t e r r o r i s m  i s  noted. I n  genera l ,  t hese  c h a r a c t e r i s t i c s  d e r i v e  f rom t h r e e  

d i s t i n g u i s h i n g  f e a t u r e s  o f  t h e  denatured f u e l  c y c l e :  

o f  t h e  f r e s h  denatured f u e l ,  ( 2 )  t h e  gamma r a d i a t i o n  b a r r i e r  a s s o c i a t e d  w i t h  t h e  2 3 2 U  

i m p u r i t y  p r e s e n t  i n  tho r ium-der i ved  f u e l ,  and ( 3 )  t h e  l ow  c h e m i c a l l y  separable f i s s i l e  

c o n t e n t  o f  t h e  spent  denatured f u e l .  

I n  t h i s  s e c t i o n  t h e  p r o l i f e r a t i o n - r e s i s t a n t  c h a r a c t e r -  

( 1 )  t h e  i n t r i n s i c  i s o t o p i c  b a r r i e r  

7.1.1. I s o t o p i c  B a r r i e r  o f  Fresh Fuel 

The i s o t o p i c  b a r r i e r  o f  t h e  f r e s h  f u e l  i s  c r a t e d  by t h e  a d d i t i o n  o f  t h e  2 3 8 U  
dena tu ran t  t o  t h e  2 3 3 U  f i s s i l e  f u e l ,  i t s  purpose be ing  t o  p r e c l u d e  t h e  use o f  t h e  2 3 3 U  

d i r e c t l y  i n  a n u c l e a r  weapons program. 

denatured f u e l s  c o u l d  be c h e m i c a l l y  removed, t h e  separated uranium would have t o o  l ow  a 

f i s s i l e  c o n t e n t  f o r  i t  t o  be d i r e c t l y  usab le  i n  a p r a c t i c a l  n u c l e a r  dev i ce .  By c o n t r a s t ,  

t h e  o t h e r  p o t e n t i a l  f u e l  c y c l e  r e l y i n g  on r e c y c l e d  m a t e r i a l ,  t h e  Pu/U c y c l e ,  would r e q u i r e  

o n l y  a chemical s e p a r a t i o n  t o  e x t r a c t  weapons-usable m a t e r i a l  d i r e c t l y  f rom power r e a c t o r  

f u e l .  The i s o t o p i c  b a r r i e r  i n  denatured f u e l  i s  n o t  an a b s o l u t e  b a r r i e r ,  however, s i n c e  
any i s o t o p e  s e p a r a t i o n  (i .e., enr ichment)  t echn ique  can be used t o  c i r cumven t  i t . 

Depending upon i t s  t e c h n o l o g i c a l  resources,  a n a t i o n  may have o r  may develop s e p a r a t i o n  

f a c i l i t i e s .  On t h e  o t h e r  hand, i t  i s  u n l i k e l y  t h a t  a subna t iona l  group would possess 
i s o t o p i c  s e p a r a t i o n  c a p a b i l i t i e s  and thus  t h e  i s o t o p i c  b a r r i e r  i n h e r e n t  i n  denatured f u e l  

would p r o v i d e  cons ide rab le  p r o t e c t i o n  a g a i n s t  t e r r o r i s t  n u c l e a r  a c t i v i t i e s .  

A l though t h e  t h o r i u m  p r e s e n t  i n  most proposed 

As i s  p o i n t e d  o u t  i n  Sec t i on  3.3.4 and Appendix A, enr ichment  techno logy  has made 

g r e a t  s t r i d e s  i n  r e c e n t  yea rs  and i s  p r e s e n t l y  undergoing r a p i d  f u r t h e r  development. 

yea rs  ago t h e  o n l y  o p e r a t i o n a l  enr ichment  f a c i l i t i e s  were based on t h e  gaseous d i f f u s i o n  

technique,  a method r e q u i r i n g  a l a r g e  e x p e n d i t u r e  o f  energy and a l a r g e  p l a n t  t o  be 

economic. 

energy consumption than  t h e  gaseous d i f f u s i o n  method, i s  a v a i l a b l e  and i s  p r a c t i c a l  w i t h  

s m a l l - s c a l e  p l a n t s .  

fuge enr ichment  p l a n t s  of 50 tonnes p e r  y e a r  c a p a c i t y  a t  Capenhurst i n  t h e  U n i t e d  

Kingdom and a t  Almelo i n  The Nether lands.  

des ign  b u i l t  by t e c h n o l o g i c a l l y  advanced c o u n t r i e s  (England, The Nether lands,  Germany) 

Ten 

Today t h e  gas c e n t r i f u g a t i o n  technique,  which r e q u i r e s  a s i g n i f i c a n t l y  l ower  

Fo r  example, t h e  URENCO consor t i um i s  c u r r e n t l y  o p e r a t i n g  c e n t r i -  

The URENCO c e n t r i f u g e  r e p r e s e n t s  an economic 
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without benef i t  of U.S. experience. 
overriding c r i t e r i o n  and could be sac r i f i ced  i n  favor of a more moderate level of 
technology. Moreover, the open l i t e r a t u r e  contains s u f f i c i e n t  information concerning the 
cent r i fuge  designs t o  guide mechanically competent engineers w i t h  access t o  adequate 
f a c i l i t i e s .  
technology than prototype construction. 

For a mi l i t a ry  program, economics would not be an 

Replication of an economic design would requi re  a somewhat higher level of 

The following pa r t i cu la r  points regarding the  enrichment of denatured 33U fuel  
should be noted: 

( 1 )  

( 2 )  

Because of the  lower mass of 233U, separating 2 3 %  from 238U would requi re  only 9/25 
of t he  e f f o r t  required t o  separa te  235U from 238U, assuming equal feed enrichments. 
Since the f a s t  c r i t i c a l  mass of 2 3 %  i s  l e s s  than t h a t  of 235U, l e s s  enrichment 
capacity would be required t o  produce a 2 3 %  weapon from 233U/238U feed than would 
be required to  produce a 23% weapon from 235U/23*U feed, again assuming equal 
enrichments of the feed mater ia l .  
The higher the  enrichment of the source mater ia l ,  the  l e s s  separa t ive  work t h a t  would 
have t o  be done t o  upgrade the  material  t o  90% enrichment. 
natural  uranium t o  a 10% level consumes 90% of the separa t ive  work required t o  
achieve a 90% leve l .  
i s  approximately 12%, whereas the  enrichment of cur ren t ly  used LWR 2 3 5 U  fuel i s  

around 3-4%. 

( 3 )  
For example, enriching 

I t  i s  t o  be noted t h a t  the enrichment of denatured 2 3 %  fuel 

With respec t  t o  items ( 2 )  and ( 3 ) ,  a rough comparison can be made of the  feed 
requirements and the  number of cent r i fuges  t h a t  would be necessary to  produce 90% enriched 
material  from various f u e l s  in one year (normalized t o  1 kg of product):  

Number of Centrifuges Required 
Feed Required 0.3 kg SWU/yr 5 kg SWUIyr 

- Fuel (kg) Capacity Capacity 
12% 23311 8 55 3 
20% 235u 5 50 3 

3.2% 2 3 5 U  30 292 1 7  
Natural Urani um 178 779 46 

The above values do not consider measures t o  e l imina te  the 2 3 2 U  contamination and they 
assume t h a t  a reasonable t a i l s  assay wi l l  be maintained ( ~ 0 . 2 %  2 3 5 U ) .  

assay were acceptable,  t he  number of cent r i fuges  could be reduced b u t  the  feed material  
required would be increased. 

I f  a higher t a i l s  

One year ,  of course, is a long time when compared t o  a period of weeks t h a t  would 
be needed t o  obtain approximately 10 k g  of plutonium by chemically reprocessing two t o  
th ree  spent LWR-LEU fuel elements. 
the centrifuge method e i t h e r  by increasing the individual machine capacity,  by adding 
additional cen t r i fuges ,  o r  by operating a t  a higher t a i l s  assay. 

I t  would be possible t o  speed up the  process time f o r  

Increasing the  capacity 



7-6 

would be q u i t e  d i f f i c u l t  and would r e q u i r e  i n c r e a s i n g  t e c h n o l o g i c a l  s o p h i s t i c a t i o n ;  how- 

eve r ,  adding c e n t r i f u g e s  would r e q u i r e  o n l y  t h a t  t h e  same d e v i c e  be d u p l i c a t e d  as many 

t imes  as necessary. I n c r e a s i n g  t h e  t a i l s  assay would r e q u i r e  more feed  m a t e r i a l .  

F i n a l l y ,  i n  c o n s i d e r i n g  t h e  p o t e n t i a l  c i r cumven t ion  o f  t h e  i s o t o p i c  b a r r i e r ,  i t  i s  
i m p o r t a n t  t o  a n t i c i p a t e  t h e  enr ichment  techno log ies  t h a t  c o u l d  e x i s t  i n  20 t o  25 yea rs  - 
t h e  t i m e  when t h e  denatured f u e l  c y c l e  c o u l d  be deployed. 

c o u n t r i e s  a l r e a d y  have t h e  necessary t e c h n o l o g i c a l  base t o  des ign  and c o n s t r u c t  c e n t r i -  

fuges, and many p r e s e n t l y  deve lop ing  c o u n t r i e s  may have a c q u i r e d  t h e  technology base by 

t h a t  t ime.  Coun t r i es  w i t h  a p r i m i t i v e  techno logy  a r e  u n l i k e l y  t o  use t h i s  r o u t e ,  s i n c e  

even w i t h  t h e  f i n a n c i a l  asse ts  and t e c h n i c a l l y  competent personnel  t hey  would have t h e  

d i f f i c u l t  t a s k  o f  deve lop ing  t h e  r e q u i s i t e  suppor t  f a c i l i t i e s .  Other  p o t e n t i a l  i s o t o p e  

s e p a r a t i o n  techniques a r e  under development i n  many c o u n t r i e s .  Laser  i s o t o p e  s e p a r a t i o n  

(L IS )  , plasma techniques,  aerodynamic methods, chemical techniques , and e lec t romagne t i c  

s e p a r a t i o n  methods c u r r e n t l y  show v a r y i n g  degrees o f  promise. 

these methods i s  d iscussed i n  Appendix A. 
success o r  f a i l u r e  o f  these a l t e r n a t i v e  methods, and hence t h e  i s o t o p i c  s e p a r a t i o n  

c a p a b i l i t y  which m i g h t  e x i s t  i n  25 yea rs  i s  even more d i f f i c u l t  t o  es t ima te .  

es t ima tes  f o r  t h e  U.S. development program i n  L IS  and plasma methods suggest t h a t  i t  w i l l  
be a t  l e a s t  t e n  yea rs  b e f o r e  such methods c o u l d  be o p e r a t i v e  on a work ing  i n d u s t r i a l  

bas i s ,  even w i t h  a h i g h l y  s o p h i s t i c a t e d  R&D e f f o r t .  

T e c h n o l o g i c a l l y  advanced 

The c u r r e n t  s t a t u s  o f  

I t  i s  imposs ib le  t o  p r e d i c t  t h e  u l t i m a t e  

Cur ren t  

7.1.2. Gamma-Radiation B a r r i e r  o f  Fresh Fuel 

The p r o d u c t i o n  of 2 3 3 U  r e s u l t s  i n  t h e  concomi tant  p r o d u c t i o n  o f  a sma l l  b u t  r a d i o -  

a c t i v e l y  s i g n i f i c a n t  q u a n t i t y  of 232U th rough  t h e  232Th(n,2n) r e a c t i o n  [and t h e  230Th(n,y) 

r e a c t i o n  if 230Th i s  p r e s e n t  i n  t h e  thor ium].  
daughter  products ,  t h e  gama a c t i v i t y  o f  t h e  2 3 3 U - c o n t a i n i n g  f u e l s  i nc reases ,  t h u s  p r o v i d i n g  

a r a d i a t i o n  b a r r i e r  much more i n t e n s e  than  i s  found i n  o t h e r  f r e s h  f u e l s .  

c o u l d  be employed t o  remove t h e  2 3 2 U  decay products ,  such a procedure would p r o v i d e  a r e l a t i v e l y  

low r a d i o a c t i v i t y  f o r  o n l y  10-20 days, s i n c e  f u r t h e r  decay o f  t h e  232U p r e s e n t  i n  t h e  f u e l  

would p r o v i d e  a new p o p u l a t i o n  o f  228Th and i t s  daughters, t h e  a c t i v i t y  o f  wh ich  would con- 
t i n u e  t o  i n c r e a s e  i n  i n t e n s i t y  f o r  seve ra l  yea rs .  

As t h e  232U decays th rough  228Th and i t s  

Whi le  chemical p rocess ing  

The c o n c e n t r a t i o n  of 232U i n  t h e  r e c y c l e  f u e l  i s  u s u a l l y  c h a r a c t e r i z e d  as so many 

p a r t s  p e r  m i l l i o n  (ppm) o f  2 3 2 U  i n  t o t a l  uranium. 

232Th(nY2n) r e a c t i  cn, t h e  232U c o n c e n t r a t i o n  v a r i e s  w i t h  t h e  n e u t r o n  spectrum of t h e  

r e a c t o r  i n  which i t  i s  produced. Fo r  12% 

23% denatured fue l ,  t h e  232U c o n c e n t r a t i o n  ( i n  ppm U) ranges f rom 250 ppm f o r  LWR- 

produced 2 3 3 U  t o  a maximum of 1600 ppm f o r  c e r t a i n  LMFBR-derived denatured f u e l s  (see 

S e c t i o n  3.1.3) .  
t h e  232U c o n c e n t r a t i o n  would be approx ima te l y  8000 ppm, and thus  t h e  m a t e r i a l  would be 

h i g h l y  r a d i o a c t i v e ,  

Due t o  t h e  t h r e s h o l d  n a t u r e  o f  t h e  

I t  a l s o  v a r i e s  w i t h  t h e  amount o f  r e c y c l e .  

If t h e  l a t t e r  m a t e r i a l  were e n r i c h e d  t o  produce weapons-grade m a t e r i a l  , 



7-7 

While t h e  rad ia t ion  f i e l d  would introduce complications i n  t he  manufacture of a 
weapon, pa r t i cu la r ly  f o r  a t e r r o r i s t  group, t he  r e su l t i ng  dose r a t e s  would not provide an 
absolute b a r r i e r  (see Section 3.3.5). 
u p  the f i s s i l e  material  so t h a t  i t  was r e l a t i v e l y  f r e e  of rad ia t ion  f o r  a period of 10 t o  
20 days. 
b a r r i e r  t o  be circumvented: however, construction and/or acquis i t ion  of t he  sh ie ld ing ,  
remote handling equipment, e t c . ,  could increase the  risk of detection o f  a covert  pro- 
gram before i t s  completion. 
provide some sh ie ld ing  during de l ivery ,  and additional shadow sh ie ld ing  t o  pro tec t  the  
operator of the  de l ivery  vehicle and t o  f a c i l i t a t e  the  loading operations could be 
developed. 

As mentioned above, i t  would be poss ib le  t o  clean 

Al te rna t ive ly ,  providing sh ie ld ing  and remote handling would allow the  rad ia t ion  

Non-fissile material included in  the  weapon would a l so  

In another approach, the  2 3 2 U  could be separated from the  233U by investing i n  a 
r a the r  la rge  cascade of over some 3000 cent r i fuges ,  possibly including 228Th  cleanup t o  l imi t  
the  rad ia t ion  contamination of the  cent r i fuges .  
disadvantages would permit the  radiation-contaminated material t o  be processed in  the  cen- 
t r i fuges  provided they were shielded and some provision was made f o r  remote operation. By 
comparison, clean mixed oxide Pu/U fuel would have a much l e s s  s i g n i f i c a n t  rad ia t ion  problern 
and the cur ren t ly  employed f resh  LEU fuel would have e s s e n t i a l l y  none a t  a l l .  

A willingness to  accept ce r t a in  operational 

7.1.3. Spent Fuel F i s s i l e  Content 

Spent denatured fuel contains th ree  possible sources of f i s s i l e  mater ia l :  unburned 
233U; 233pa which decays t o  2 3 % ;  and Pu  produced from the  2 3 8 U  denaturant.  Use of the  
uranium contained in the spent denatured fuel i s  subjec t  t o  a l l  the  considerations out- 
lined above and would a l so  be hindered by the fission-product contamination (and r e su l t an t  
r ad ia t ion )  inherent i n  spent reac tor  fue l .  As was noted i n  Section 3 . 3 . 4 ,  the  r e l a t i v e l y  
long h a l f - l i f e  of 233Pa (27 .4  days) could permit the  production of weapons-grade material  
via chemical separation of t he  2j3Pa; however, such a procedure would requi re  t h a t  
chemical separation be i n i t i a t e d  sho r t ly  upon discharge from the r eac to r  (while rad ia t ion  
l eve l s  a r e  very h i g h )  t o  minimize the amount of 233Pa which decays t o  2 3 3 U  while s t i l l  
contained i n  t he  2 3 8 U  denaturant.  Moreover, since the discharge concentration of 233Pa i s  
t yp ica l ly  5% of t h a t  of 23311, a considerable heavy metal processing r a t e  would be required 
t o  recover a s i g n i f i c a n t  quant i ty  of 233Pa (and hence 2 3 % )  w i t h i n  t he  time frame ava i l -  
ab le .  The  plutonium concentration i s  comparable t o  t h a t  of 233pa, b u t  very l i t t l e  i s  l o s t  
by decay. Hence, the  spent fuel can be allowed t o  cool f o r  some time before reprocessing. 
I t  would seem, therefore ,  t h a t  i f  denatured 2 3 3 U  spent fuel were d iver ted  i t  would be 
primarily f o r  i t s  plutonium content.  

Any fuel cycle u t i l i z i n g  2 3 8 U  inevi tab ly  leads t o  some plutonium production. 
Compared to  the LEU cyc le  and the Pu/U cyc le ,  the denatured 2 3 3 U  fuel  cycle reduces the  
plutonium production by (1 )  employing a s  l i t t l e  2 3 8 U  a s  necessary t o  achieve the 
denaturing objec t ive ,  and ( 2 )  replacing the  displaced 2 3 8 U  w i t h  232Th to enhance the 
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p r o d u c t i o n  o f  "dena tu rab le "  
o p e r a t i n g  on conven t iona l  and denatured f u e l  c y c l e s  a r e  d iscussed i n  Chapter 4 and 

summarized i n  Table 7.1-1, where t h e  L igh t -Wate r  Reactor  (LWR) i s  rep resen ted  by t h e  

p ressu r i zed -wa te r  r e a c t o r  (PWR) ; t h e  SSCR ( S p e c t r a l - S h i f t - C o n t r o l  l e d  Reac to r )  i s  a 

m o d i f i e d  PWR; t h e  heavy-water r e a c t o r  (HWR) i s  assumed t o  be a s l i g h t l y  e n r i c h e d  CANDU; 

t h e  High-Temperature Gas-Cooled Reactor  (HTGR) i s  taken t o  be t h e  F o r t  S t .  V r a i n  p l a n t ;  

and t h e  High-Temperature Reactor  (HTR) o f  t h e  Pebble-Bed Reactor  (PBR) t y p e  i s  rep resen ted  

by  t h e  West German design.  

rep resen ted  by t h e  L iqu id -Me ta l  F a s t  Breeder Reactor  (LMFBR) a r e  i n c l u d e d  f o r  comparison. 

33U, The p l u t o n i u m  p r o d u c t i o n  r a t e s  f o r  v a r i o u s  r e a c t o r s  

P lu ton ium d i scha rge  d a t a  f o r  F a s t  Breeder Reactors  (FBRs) 

It i s  q u i t e  c l e a r  f rom Tab le  7.1-1 t h a t  t h e  denatured f u e l  c y c l e  f o r  t h e  HWR g i v e s  

t h e  g r e a t e s t  r e d u c t i o n  i n  p l u t o n i u m  p r o d u c t i o n  between t h e  r e g u l a r  and denatured cyc les .  
The HTGR has about  t h e  same a b s o l u t e  p l u t o n i u m  p r o d u c t i o n  f o r  t h e  denatured f u e l  c y c l e  as 

t h e  HWR and i n  b o t h  cases t h e  p l u t o n i u m  amounts a r e  r a t h e r  smal l .  The HTR-PBR i s  b e s t  i n  

a b s o l u t e  minimum p l u t o n i u m  p roduc t i on ,  y i e l d i n g  o n l y  14 kg/GWe-yr and even l e s s  i n  a h i g h l y  
o p t i m i z e d  design. 

Tab le  7.1-1. F i s s i l e  P lu ton ium Discharge f o r  Va r ious  
Reactor  and Fuel  Cyc le  Combinations 

(Capac i t y  F a c t o r  = 0.75) 

F i s s i l e  Pu Discharge (kg/GWe-yr) 

LEU Cyc le  Pu/U Cyc le  Denatured Cyc le  

a bP1 uton ium burner. 
S l i g h t l y  e n r i c h e d  CANDU. 

F o r  t h e  LWR, SSCR and HWR t h e  percentage of t h e  d i scha rge  p l u t o n i u m  t h a t  i s  f i s s i l e  

p l u t o n i u m  i s  app rox ima te l y  t h e  same f o r  t h e  dena tu red  c y c l e  as f o r  t h e  LEU cyc le.  F o r  
t h e  HTGR and PBR, t h e  f i s s i l e  p l u t o n i u m  percentage i s  o n l y  %39% f o r  t h e  denatured c y c l e  

(compared t o  56% f o r  t h e  LEU c y c l e ) .  F u r t h e r ,  t h e  d i scha rge  p l u t o n i u m  f r o m  t h e  HTGR and PBR, 

and a l s o  f rom t h e  HWR, i s  more d i l u t e d  w i t h  o t h e r  heavy m a t e r i a l  by  a f a c t o r  o f  t h r e e  t o  

fou r  than  t h a t  f rom t h e  LWR o r  SSCR. Thus, more m a t e r i a l  must be processed i n  t h e  HTGR, 
HTR, and HWR t o  o b t a i n  a g i v e n  amount o f  p lu ton ium,  wh ich  p r o v i d e s  an a d d i t i o n a l  p r o l i f e r a -  

t i o n  r e s t r a i n t  a s s o c i a t e d  w i t h  spent  f u e l  d i scha rged  from these  r e a c t o r s .  

o n - l i n e  r e f u e l i n g  f e a t u r e  o f  t h e  CANDU, and a l s o  of t h e  PBR, may be a d isadvantage f r o m  a 
p r o l i f e r a t i o n  v i e w p o i n t  s i n c e  low-burnup f u e l  c o u l d  be removed and weapons-grade p l u t o n i u m  

e x t r a c t e d  f r o m  it. 

r e a c t o r s  would i n c u r  economic penal  t i e s .  

However, t h e  

On t h e  o t h e r  hand, premature d i scha rge  o f  low-burnup f u e l  f rom t h e  
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Viewed s o l e l y  f rom t h e  p l u t o n i u m  p r o d u c t i o n  v iewpo in t ,  t h e  o r d e r  o f  p re fe rence  i n  terms 
of h i g h e r  p r o l i f e r a t i o n  r e s i s t a n c e  f o r  t h e  v a r i o u s  denatured r e a c t o r  candidates t o  be employed 

a t  d i spe rsed  s i t e s  i s  as fo l l ows :  

must a l s o  be addressed i n  e v a l u a t i n g  t h e  cand ida te  r e a c t o r s ,  one o f  which i s  t h a t  t h e i r  

p l u t o n i u m  p r o d u c t i o n  m a i n t a i n s  t h e  symbios is  o f  a system t h a t  i n c l u d e s  p l u t o n i u m - f u e l e d  2 3 3 U  

producers i n  secure energy cen te rs .  

recovered f rom t h e  spent  f u e l  would l i m i t  t h e  amount o f  p l u t o n i u m  a v a i l a b l e  f o r  p o s s i b l e  

d i v e r s i o n .  

denatured c y c l e  would p e r m i t  t h e  d i s p e r s a l  o f  a l a r g e r  f r a c t i o n  o f  t h e  recyc le-based power 

g e n e r a t i o n  c a p a b i l i t y .  Hence, t h e  number and/or s i z e  o f  t h e  r e q u i r e d  energy c e n t e r s  m i g h t  

be markedly  reduced r e l a t i v e  t o  t h e  number r e q u i r e d  by t h e  Pu/U c y c l e .  

HTR-PBR, HWR, HTGR, LWR, and SSCR. However, o t h e r  f a c t o r s  

T h i s  p lu ton ium b e i n g  consumed w i t h i n  t h e  c e n t e r  as i t  i s  

Whi le  such an energy c e n t e r  c o u l d  a l s o  be implemented f o r  t h e  Pu/U c y c l e ,  t h e  

7.1.4. Conclus ions 

The p r o l i f e r a t i o n - r e s i s t a n t  c h a r a c t e r i s t i c s  of t h e  denatured 2 3 3 U  f u e l  c y c l e  d e r i v e  f rom 

i t s  i n t r i n s i c  i s o t o p i c  b a r r i e r ,  i t s  gamma r a d i a t i o n  b a r r i e r ,  and i t s  r e l a t i v e l y  low c o n t e n t  o f  

c h e m i c a l l y  separab le  f i s s i l e  m a t e r i a l  i n  spent  f u e l :  

0 The i s o t o p i c  d e n a t u r i n g  o f  t h e  denatured 2 3 3 U  c y c l e  would p r o v i d e  a s i g n i f i c a n t  
t e c h n i c a l  b a r r i e r  ( a l t h o u g h  n o t  an abso lu te  one) t h a t  would decrease w i t h  t i m e  
a t  a r a t e  which i s  c o u n t r y - s p e c i f i c .  

e x p e r t i s e  t o  develop i s o t o p e  s e p a r a t i o n  c a p a b i l i t i e s  w i l l  have t h e  technology 

r e q u i r e d  t o  c i r cumven t  t h i s  b a r r i e r ;  however, t hey  w i l l  a l s o  have t h e  o p t i o n  o f  

u t i l i z i n g  p o s s i b l e  ind igeneous n a t u r a l  uranium o r  low e n r i c h e d  2 3 5 U  f u e l  az 

a1 t e r n a t e  f e e d  m a t e r i a l s .  

Coun t r i es  t h a t  have the  t e c h n o l o g i c a l  

The denatured 2 3 3 U  c y c l e  imposes a s i g n i f i c a n t  r a d i a t i o n  b a r r i e r  due t o  t h e  2 3 2 U  

daughter  p roduc ts  i n  t h e  f r e s h  f u e l  as an i n h e r e n t  p r o p e r t y  o f  t h e  c y c l e .  

a r a d i a t i o n  f i e l d  i nc reases  t h e  e f f o r t  r e q u i r e d  t o  o b t a i n  weapons-usable m a t e r i a l  

from f r e s h  denatured r e a c t o r  f u e l .  

Such 

0 Whi le  t h e  amount o f  p l u t o n i u m  d i scha rged  i n  t h e  denatured 2 3 3 U  f u e l  c y c l e  i s  

s i g n i f i c a n t l y  l e s s  than  i n  e i t h e r  t h e  Pu/U c y c l e  o r  t h e  LEU c y c l e ,  t h e  presence 

o f  p lu ton ium i n  t h e  c y c l e  (even though i t  i s  i n  t h e  spent  f u e l )  does r e p r e s e n t  
a p r o l i f e r a t i o n  concern. Conversely, i t  a l s o  rep resen ts  a resource  p o t e n t i a l l y  

u s e f u l  i n  a s y m b i o t i c  power system employing denatured f u e l .  The concept o f  a 

safeguarded energy c e n t e r  p rov ides  a means o f  add ress ing  t h i s  d u a l i t y  i n  t h a t  

t h e  f i s s i l e  p l u t o n i u m  can be burned i n  t h e  c e n t e r  t o  produce a p r o l i f e r a t i o n -  

r e s i s t a n t  f ue l .  

I n  summary, t h e  denatured 233U f u e l  c y c l e  o f f e r s  a t e c h n i c a l  c o n t r i b u t i o n  t o  p ro -  

l i f e r a t i o n  res i s tance .  
i n s t i t u t i o n a l  arrangements a l s o  des igned t o  d iscourage p r o l i f e r a t i o n .  

However, t h e  f u e l  c y c l e  must be supplemented w i t h  p o l i t i c a l  and 
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7.2. IMPACT OF DENATURED 2 3 3 U  FUEL ON REACTOR PERFORMANCE AND SELECTION 
COMPARISON WITH OTHER FUEL CYCLES 

T. J .  Burns 
Oak Ridge N a t i o n a l  Labora to ry  

The d i s c u s s i o n  i n  Chapter 4 has shown t h a t  t h e  impac t  o f  t h e  denatured 2 3 3 U  f u e l  

c y c l e  on t h e  performance o f  t h e  v a r i o u s  r e a c t o r s  cons ide red  i n  t h i s  s tudy  i s  l a r g e l y  due 

t o  d i f f e r e n c e s  i n  t h e  n u c l e a r  p r o p e r t i e s  o f  2 3 3 U  and 232Th r e l a t i v e  t o  those o f  239Pu 

(and 235LJ) and 238U, r e s p e c t i v e l y .  For  thermal  systems, 233U i s  a s i g n i f i c a n t l y  b e t t e r  

f u e l  t han  e i t h e r  239Pu o r  235U,  b o t h  i n  terms o f  energy p r o d u c t i o n  and i n  terms o f  t h e  

convers ion  r a t i o *  t h a t  can be a t t a i n e d .  For  f a s t  systems, however, t h e  s u b s t i t u t i o n  o f  

233U-based f u e l s  f o r  239Pu-based f u e l s  r e s u l t s  i n  a somewhat poo re r  r e a c t o r  performance, 

p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t h e  breeding r a t i o . *  

v a r i o u s  r e a c t o r s  o p e r a t i n g  on t h e  denatured 2 3 3 U  f u e l  c y c l e  i s  compared w i t h  t h e i r  p e r -  

formance on o t h e r  f u e l  cyc les .  

c y c l e  on a u x i l i a r y  f u e l  c y c l e s  f o r  an adequate supp ly  o f  2 3 3 U  i s  d iscussed.  

dependence, r e a c t o r s  f u e l e d  w i t h  denatured 2 3 3 U  must be operated i n  symbios is  w i t h  r e a c t o r s  

t h a t  produce 233U.  
r e a c t o r s  o r  f a s t  r e a c t o r s .  
those chosen t o  ope ra te  on denatured 2 3 3 U  f u e l  w i l l  depend on seve ra l  f a c t o r s ,  two o f  t h e  most 

i m p o r t a n t  be ing  t h e  resource  requi rements o f  t h e  i n d i v i d u a l  r e a c t o r s  and t h e  energy growth 

c a p a b i l i t y  r e q u i r e d  o f  t h e  s y m b i o t i c  system. 

p o i n t e d  o u t  i n  t h e  d i s c u s s i o n  below. 

I n  t h i s  s e c t i o n  t h e  performance o f  t h e  

I n  a d d i t i o n ,  t h e  dependence o f  t h e  denatured 2 3 3 U  f u e l  

Because o f  t h i s  

These l a t t e r  r e a c t o r s ,  r e f e r r e d  t o  as transmters ,  may be e i t h e r  thermal  

The p a r t i c u l a r  r e a c t o r s  s e l e c t e d  f o r  o p e r a t i o n  as t ransmuters and 

The i n f l u e n c e  o f  t hese  v a r i o u s  f a c t o r s  i s  

7.2.1 Thermal Reactors  

I n  comparing t h e  performance o f  thermal  r e a c t o r s  o p e r a t i n g  on denatured 2 3 3 U  f u e l  

w i t h  t h e i r  performance on o t h e r  f u e l s ,  i t  i s  u s e f u l  t o  d i s t i n g u i s h  between two g e n e r i c  
f u e l  c y c l e  types:  

systems) and those t h a t  do. 

employed as a once-through system, t h e  imp lemen ta t i on  o f  t h e  MEU(235)/Th once- through 

c y c l e  i s  a l o g i c a l  f i r s t  s t e p  t o  t h e  imp lemen ta t i on  o f  t h e  denatured 2 3 3 U  c y c l e .  

once- through and r e c y c l e  scenar ios  a r e  cons ide red  here f o r  thermal  r e a c t o r s .  

those t h a t  do n o t  r e q u i r e  concur ren t  rep rocess ing  ( t h a t  i s ,  once- through 

A l though  t h e  denatured 233(1 f u e l  c y c l e  cannot  i t s e l f  be 

Thus b o t h  

Once-Through Systems 

Two f u e l  c y c l e s  o f  i n t e r e s t  t o  t h i s  s tudy  can be implemented w i t h o u t  c o n c u r r e n t  reprocess-  

i n g  c a p a b i l i t y :  t h e  LEU c y c l e  and t h e  MEU(235)/Th c y c l e .  The LEU c y c l e  i s ,  o f  course, a l r e a d y  used 

* 
The conversion r a t i o  and breeding r a t i o  a r e  b o t h  d e f i n e d  as t h e  r a t i o  o f  t h e  r a t e  a t  

which f i s s i l e  m a t e r i a l  i s  produced t o  t h e  r a t e  a t  which f i s s i T e  m a t e r i a l  i s  des t royed  a t  a 
s p e c i f i c  p o i n t  i n  t i m e  ( f o r  example, a t  t h e  m i d p o i n t  o f  t h e  e q u i l i b r i u m  c y c l e ) .  The te rm 
convers ion  r a t i o  i s  a p p l i e d  t o  those r e a c t o r s  f o r  which t h i s  r a t i o  i s  l e s s  t h a n  1, which 
i s  u s u a l l y  t h e  case f o r  thermal r e a c t o r s ,  w h i l e  t h e  term b reed ing  r a t i o  i s  a p p l i e d  t o  
those r e a c t o r s  f o r  which t h i s  r a t i o  i s  g r e a t e r  t han  1, which i s  u s u a l l y  t h e  case f o r  f a s t  
r e a c t o r s  ( i  .e. , breeders) .  
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r o u t i n e l y  i n  LWRs and sma l l - sca le  f a b r i c a t i o n  o f  MEU(235)/Th f u e l s  f o r  LWRs m i g h t  be a t t a i n -  

a b l e  w i t h i n  2 - 3 years.  

v a r i a n t s  - throwaway and stowaway - and i n  c e r t a i n  systems ( f o r  example, t h e  PWR, as no ted  

below), t h e  MEU(235)/Th c y c l e  m i g h t  be economic o n l y  from a stowaway s t a n d p o i n t  - t h a t  i s ,  

o n l y  i f  a rep rocess ing  c a p a b i l i t y  i s  e v e n t u a l l y  env is ioned.  

However, i t  i s  p o i n t e d  o u t  t h a t  t h e  once-through c y c l e  has two 

Tab le  7.2-1 summarizes t h e  U,08 and s e p a r a t i v e  work requi rements es t ima ted  f o r  PWRs 

HWRs, HTGRs, PBKs, and SSCRs o p e r a t i n g  as once-through systems on b o t h  t h e  LEU and t h e  

MEU(235)/Th cyc les .  Severa l  i n t e r e s t i n g  p o i n t s  a r e  e v i d e n t  f rom these data. The LEU-HWR 
r e q u i r e s  t h e  s m a l l e s t  resource  commitment (as w e l l  as t h e  s m a l l e s t  SWU requi rement) .  The 

conven t iona l  PWR r e q u i r e s  a s i g n i f i c a n t l y  g r e a t e r  resource  commitment and l a r g e r  SWU 

requi rements f o r  t h e  MEU/Th once-through c y c l e  than  f o r  t h e  LEU once-through c y c l e  and 
hence no i n c e n t i v e  e x i s t s  f o r  t h e  MEU/Th c y c l e  on PWRs i f  o n l y  t h e  throwaway o p t i o n  i s  

cons idered.  

HTGR and t h e  PBR, r e q u i r e  s m a l l e r  U308 commitments f o r  t h e  MEU/Th once-through c y c l e  than  
i o r  t h e  LEU case. 

c y c l e  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  those  f o r  t h e  LEU cyc le ;  i n  f a c t ,  f o r  t h e  PBR, 
t h e  MEU/Th c y c l e  i s  s l i g h t l y  l e s s  demanding than t h e  LEU c y c l e .  

m a r i l y  due t o  t h e  h i g h  burnup des ign  o f  b o t h  t h e  HTGR and t h e  PBR. 

l e v e l s  of t h e  gas-cooled r e a c t o r s ,  most o f  t h e  2 3 3 U  produced i n  t h e  MEU/Th c y c l e  i s  burned i n  

s i t u  and c o n t r i b u t e s  s i g n i f i c a n t l y  t o  b o t h  t h e  power and t h e  convers ion  r a t i o .  It i s  a l s o  
i n t e r e s t i n g  t o  n o t e  t h a t ,  w h i l e  n o t  cons idered i n  Table 7.2-1, t h e  unique des ign  o f  t h e  

PBR would p e r m i t  r e c y c l e  o f  t h e  f e r t i l e  elements w i t h o u t  i n t e r v e n i n g  rep rocess ing  and thus  

would f u r t h e r  reduce bo th  t h e  o r e  and SWU requi rements f o r  t h e  MEU/Th c y c l e .  

da ta  g i v e n  i n  Table 7.2-1 f o r  PWRs cons ide rs  o n l y  c u r r e n t  commerc ia l l y  deployed des igns.  

S tud ies  now underway i n  t h e  DOE-sponsored N o n p r o l i f e r a t i o n  A l t e r n a t i v e  Systems Assessment 

Program (NASAP) i n d i c a t e  t h a t  LWR m o d i f i c a t i o n s  t o  reduce uranium requi rements a r e  f e a s i b l e .  

S i m i l a r l y ,  much o f  t h e  o t h e r  r e a c t o r  da ta  a r e  s u b j e c t  t o  des ign  r e f i n e m e n t  and u n c e r t a i n -  

t i e s ,  as w e l l  as t o  f u t u r e  o p t i m i z a t i o n  f o r  s p e c i f i c  r o l e s . ]  

S i g n i f i c a n t l y ,  however, b o t h  o f  t h e  gas-cooled graphi te-moderated r e a c t o r s ,  t h e  

Moreover, f o r  b o t h  o f  t hese  r e a c t o r s ,  t h e  SWU requi rements f o r  t h e  MEU/Th 

These e f f e c t s  a r e  p r i -  

A t  t h e  h i g h e r  burnup 

[Note:  The 

Table 7.2-1. 30-Year Uranium and Separa t i ve  Work Requirgments f o r  

Uranium Requirement Separa t i ve  Work Requirement 

Once-Through LEU and MEU(235)/Th Fuel  Cyclesa’ 

(ST U308/GWe) (MT SWU/GWe) 

Reactor  LEU MEU/Th LEU MEU/Th 

PWR 5989 8360 3555 7595 

HWR 3563 8281 666 7521 

HTGR 4860 451 5 3781 41 43 

PBR 4500 41 84 e 3891 3663b 

SSCR 5320 7920 301 0 71 60 

‘~75% c a p a c i t y  f a c t o r ;  no c r e d i t  f o r  end-of-1 i f e  c o r e  i n v e n t o r i e s ;  
0.2% t a i l s .  

bThe d a t a  p resen ted  i n  t h i s  t a b l e  a r e  c o n s i s t e n t  w i t h  t h e  d a t a  submi t ted  
by t h e  U.S. t o  INFCE ( I n t e r n a t i o n a l  Nuc lea r  Fuel Cyc le E v a l u a t i o n )  f o r  
t h e  cases i n  which co r respond ing  r e a c t o r s  a r e  considered.  
Does n o t  i n c l u d e  r e c y c l e  o f  f e r t i l e  elements w i t h o u t  i n t e r v e n i n g  r e -  
process ing.  

c 
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I f  these once-through systems a re  operating on the throwaway opt ion,  the f i s s i l e  
material discharged i n  t h e i r  spent fuel  elements i s  deemed unusable; i n  f a c t ,  no value i s  
assigned to  the spent fuel  in once-through fuel cycle  accounting. T h u s ,  in  t h i s  case the 
most resource-ef f ic ien t  once-through fuel cycle  i s  the one t h a t  requires  the lowest f i s s i l e  
charge per un i t  power. 
eventual ly  envisioned ( i . e .  , i f  the  throwaway option becomes a stowaway opt ion) ,  then the 
quant i ty  of f i s s i l e  material in the spent fuel becomes an important considerat ion.  Es t i -  
mates of the amounts of the various f i s s i l e  mater ia l s  discharged by each reac tor  type 
operating on both the  L E U  cycle and the MEU(235)/Th cycle  a re  given in Table 7.2-2. 

I f ,  however, a capabi l i ty  f o r  reprocessing the spent fuel i s  

Table 7.2.2. 30-Year Charge and Discharge Quan t i t i e s  
f o r  Once-Through Fuel Cyclesa 

~ 

MT/GWe 
b 

Cumulative F i s s i l e  Discharge 
2351) Total Net F i s s i l e  

Reactor Charge 233U 2 3 5 U  Puf  F i s s i l e  Consumption 

LEU Cycle 
PWR 24.72 - 6.45 5.22 11.67 13.05 
HWR 17.53 - 1.77 5.49 7.26 10.27 

HTGR 19.49 - 3.25 2.16 5.41 14.08 
PBR 18.09 - 2.79 1.89 4.68 13.41 
SSCR 22.25 - 5,46 5.68 11.34 10.91 

MEU(235)/Th Cycle 

PWR 33.83 7.80 11.52 2.13 21.45 12.38 
HWR 32.63 14.28 10.08 0.75 25.11 7.52 
HTGR 17.99 2.31 1.35 0.69 4.35 13.64 
PBR 16.55 2.73 1.17 0.42 4.32 12.23 

a ~ t  75% capaci ty  fa.ctor. 
bEstimated from equilibrium cycle. 

For the PWR and H W R ,  the  use of the MEU/Th fuel  cycle  r a the r  than the LEU fuel 
cycle r e s u l t s  in a s ign i f i can t  increase in the amount of f i s s i l e  material contained in  
the spent f u e l .  I t  should be noted, however, t h a t  this increase i s  pr imari ly  the r e s u l t  
of higher feed requirements ( i  . e .  , 2 3 5 U  commitment). 
LEU cycle  t o  the MEU/Th cycle  does not mater ia l ly  a f f e c t  the net consumption of the gas- 
cooled HTGR and PBR (although i t  dramatical ly  a f f e c t s  the types of f i s s i l e  material pre- 
sent i n  t h e i r  spent f u e l ) .  The r e l a t i v e l y  low values f o r  the  discharge quan t i t i e s  f o r  the 
gas-cooled reac tors  i s  the r e s u l t  of two e f f ec t s :  a lower i n i t i a l  loading; and a design 
t h a t  i s  apparently based on higher burnup ,  which i n  turn reduces the  amount of f i s s i l e  
material discharged. 
spent fue l  inventory a r e  recoverable only when the spent fuel  i s  reprocessed, whereas the 
U3O8 comitment  i s  necessary throughout the operating l i f e t ime  of the reactor .  T h u s ,  i n  a 
sense, the spent  fuel  resource must be discounted i n  time t o  order  t o  assess  the best system 
from a resource u t i l i z a t i o n  basis. 

In con t r a s t ,  converting from the 

F ina l ly ,  i t  i s  t o  be remembered t h a t  the  resources represented by the 
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The i s o t o p i c  compos i t i on  o f  t h e  spent  f u e l  i n v e n t o r i e s  i s  a l s o  o f  i n t e r e s t  f rom a 

For  b o t h  t h e  LEU and t h e  MEU/Th once-through f u e l  c y c l e s ,  t h e  

Thus t h e  p l u t o n i u m  i n  t h e  f u e l  would be t h e  

The use o f  t h e  MEU/Th c y c l e  i n  p l a c e  o f  t h e  

p r o l i f e r a t i o n  s t a n d p o i n t .  

f i s s i l e  uranium c o n t e n t  o f  t h e  spent  f u e l  i s  denatured ( d i l u t e d  w i t h  238U) and hence i s  
p r o t e c t e d  by  t h e  i n h e r e n t  i s o t o p i c  b a r r i e r .  

f i s s i l e  m a t e r i a l  most s u b j e c t  t o  d i v e r s i o n .  

LEU c y c l e  s h a r p l y  reduces t h e  amount o f  p lu ton ium produced (by  60-80%, depending on r e a c t o r  

t y p e ) ,  and f o r  b o t h  c y c l e s  t h e  q u a n t i t y  o f  p l u t o n i u m  produced i n  t h e  gas-cooled r e a c t o r s  i s  

s u b s t a n t i a l l y  l e s s  than t h a t  produced i n  t h e  o t h e r  r e a c t o r  types.  

Recycle Sys terns 

I f  r e c y l i n g  o f  t h e  f i s s i l e  m a t e r i a l  i n  t h e  thermal r e a c t o r s  i s  p e r m i t t e d ,  t hen  2 3 3 U  

(and p lu ton ium)  produced i n  t h e  MEU(235)/Th i s  recove rab le  on a schedule d i c t a t e d  by t h e  

p r o d u c t i o n  r a t e  o f  t h e  system. Table 7.2-3 g i v e s  es t ima tes  o f  t h e  n e t  l i f e t i m e  consumption 

and p r o d u c t i o n  o f  v a r i o u s  f i s s i l e  m a t e r i a l s  f o r  t h e  MEU(235)/Th f u e l  c y c l e  under t h e  as- 

sumption t h a t  t h e  c a p a b i l i t y  f o r  uranium r e c y c l e  i s  a v a i l a b l e .  (The 2 3 5 U  consumption t a b u l -  

a t e d  does not r e f l e c t  t h e  2 3 5 U  l o s t  t o  t h e  enr ichment  t a i l i n g s . )  For  comparison purposes, 

t h e  MEU(233)/Th f u e l  c y c l e  es t ima tes  a r e  a l s o  p rov ided .  

Table 7.2-3 i s  t h e  apparent  30% r e d u c t i o n  o f  f i s s i l e  consumption achieved w i t h  t h e  233t systerc 

i n d i c a t i n g  t h e  h i g h e r  va lue  o f  2 3 3 U  as a thermal r e a c t o r  f u e l .  

t h i s  e f f e c t  i s  masked somewhat s i n c e  a l a r g e  f r a c t i o n  o f  t he  r e c y c l e d  f u e l  f o r  t h e  2 3 5 U  makeup 

case i s  i n  f a c t  2 3 3 U .  

The most s t r i k i n g  aspec t  o f  

I n  f a c t ,  t he  t r u e  e x t e n t  o f  

Table 7.2-3. Est imated 30-Year F i s s i l e  Consumption and 
Produc t i on  f o r  MEU/Th Cycles w i t h  Uranium Recyclea 

MTI  GWe 

Wi th  2 3 T L ~ a d i n g  and Makeup Wi th  2 3 3 U  Loading and Makeup 

F i s s i l e  Pu F i s s i l e  Pu 
Reactor 2 3 5 U  Consumption P roduc t i on  2 3 3 U  Consumption P roduc t i on  

PWR 14.0 1.9 10.0 1.9 
HWR 6.4 0.9 3.8 1 .o 
HTGR 18.8 0.8 9.0 0.8 

SSCR 13.1 1.9 8.0 2.2 
~~ 

A t  75% c a p a c i t y  f a c t o r .  a 
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As has been s t a t e d  e a r l i e r ,  t h e  c o n s i d e r a t i o n  o f  an MEU/Th c y c l e  t h a t  u t i l i z e s  2331! 

Al though t h e  2 3 3 U  i n  t h e  makeup presumes t h e  e x i s t e n c e  of a source o f  t h e  r e q u i s i t e  2 3 3 U .  

spent  f u e l  elements would be recovered, t h e  amount would be inadequate t o  m a i n t a i n  the  

system and an exogenous source must be developed. One means f o r  g e n e r a t i n g  2 3 3 U  i s  by 

u s i n g  a Pu/Th-ox ide- fue led thermal  r e a c t o r .  

f o r  t h e  v a r i o u s  thermal  r e a c t o r s  o p e r a t i n g  on t h e  Pu/Th c y c l e .  

HTGR case g i ven  i n  Table 7.2-4 i s  f o r  a case i n  wh ich  t h e  f u l l  co re  i s  r e f u e l e d  eve ry  5 y r  

and i s  n o t  o p t i m i z e d  f o r  2 3 3 U  p r o d u c t i o n .  

consumed i n  p r o v i d i n g  power, and t h e  t r a n s m u t a t i o n  e f f i c i e n c y  ( t o n s  o f  p l u t o n i u m  " t ransmuted"  

i n t o  tons o f  2 3 3 U )  i s  s i g n i f i c a n t l y  reduced r e l a t i v e  t o  t h e  PWR and SSCR. 

e f f i c i e n c y  o f  0.40 f o r  t h e  PWR and SSCR i s  a l s o  r a t h e r  poor, however, compared t o  t h e  1.20 

va lue  f o r  a Pu/Th- fue led FBR (see S e c t i o n  4 . 5 ) .  

t ransmuters i s  more s u i t e d  t o  f a s t  r e a c t o r s .  

f u e l e d  thermal  r e a c t o r s  c o u l d  p r o v i d e  an i n t e r i m  source o f  233U. 

Table 7.2-4 summarizes some p e r t i n e n t  r e s i i l t s  

I t  shou ld  be no ted  t h a t  t h e  

Thus, much o f  t h e  2 3 3 U  b r e d  d u r i n g  t h i s  p e r i o d  i s  

The t r a n s m u t a t i o n  

P r o d u c t i o n  o f  2 3 3 U  v i a  plutonium-consuming 

On the  o t h e r  hand, i t  i s  recognized t h a t  Pu/Th- 

Table 7.2-4. Met 30-Year F i s s i l e  Consumption and P r o d u c t i o n  
f o r  Pu/Th Cyclesa 

MT / G W e 

F i s s i l e  Pu 23311 Transmutat ion 
Reactor  Consumption Output  E f f i c i ency 

~~ ~~ ~ 

PWR 21.7 

H W R ~  19.9 

HTGR 15.3 

SSCR 24.5 

~ 

8.2 0.38 

11.8 0.59 

2.8 0.18 

8.2 0.33 
~~ ~ 

'At 75% c a p a c i t y  f a c t o r ,  u s i n g  e q u i l i b r i u m  c y c l e  va lues.  

bFrom da ta  i n  Tab le  6.1-3. 

7.2.2. F a s t  Reactors  

I n  t h i s  s tudy  f a s t  r e a c t o r s  have been cons ide red  as p o s s i b l e  cand ida tes  f o r  two 
as power r e a c t o r s  o p e r a t i n g  on denatured 2 3 3 U  f u e l ;  and as t ransmute rs  b u r n i n g  r o l e s :  

p lu ton ium t o  produce 233U.  Wi th  LMFBRs used as t h e  model, t h e  denatured FBRs were analyzed 

f o r  a range o f  2 3 3 U / U  enr ichments t o  pa ramete r i ze  t h e  impact  o f  t h e  f u e l  on t h e  r e a c t o r  

performance (see S e c t i o n  4.5) , and t h e  t ransmute r  FBRs were analyzed b o t h  f o r  a 

c o r e  d r i v i n g  a Tho2 b l a n k e t  and f o r  a Pu/Th system i n  which t h e  t h o r i u m  was i n c l u d e d  i n  
b o t h  t h e  c o r e  and t h e  b lanke t .  

The s p e c i f i e d  233U/U  enr ichment  i s  a c r u c i a l  parameter f o r  t h e  denatured f a s t  

r e a c t o r s .  

m a t e r i a l  and hence a l l o w s  t h e  r e a c t o r s  t o  be more s e l f - s u f f i c i e n t  ( i . e . ,  reduces t h e  

I n c r e a s i n g  t h e  a l l o w a b l e  enr ichment  p e r m i t s  more t h o r i u m  t o  be used i n  t h e  f u e l  
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r e q u i r e d  233U makeup). 

p lu ton ium con ta ined  i n  t h e  d ischarged f u e l ,  which i s  o b v i o u s l y  d e s i r a b l e  f rom a safeguards 

v iewpo in t .  

denatured f u e l  t o  i s o t o p i c  enr ichment ,  e f f e c t i v e l y  f o r c i n g  a compromise between p r o l i f e r a -  

t i o n  concerns r e g a r d i n g  t h e  f resh  f u e l  versus p r o l i f e r a t i o n  concerns r e g a r d i n g  t h e  spent  f u e l .  

The lowes t  enr ichment  f e a s i b l e  f o r  t h e  denatured LMFBR systems analyzed : i e s  in t h e  range 

of 11-14%. Such a system would u t i l i z e  U02 as fue l  and would r e q u i r e  s i g n i f i c a n t  amounts 

o f  2 3 3 U  as makeup s i n c e  t h e  p lu ton ium i t  produced c o u l d  n o t  be r e c y c l e d  i n t o  i t .  

I n c r e a s i n g  t h e  233U enr ichment  a l s o  reduces t h e  amount o f  f i s s i l e  

However, i n c r e a s i n g  t h e  2 3 3 U  f r a c t i o n  a l s o  i nc reases  t h e  v u l n e r a b i l i t y  o f  t h e  

The "b reed ing"  r a t i o  components o f  c e r t a i n  denatured LMFBRs as a f u n c t i o n  o f  233U 

enr ichment  a r e  shown i n  Table 7.2-5. 

s e n s i t i v e  t o  the  s p e c i f i e d  degree of dena tu r ing  i n  t h e  range o f  12-20% 233U/U. 
gests  t h a t  s i g n i f i c a n t  performance improvements may be p o s s i b l e  ( i  .e., i nc reased  233U produc- 

t i o n  and decreased 239Pu p r o d u c t i o n )  f o r  r e l a t i v e l y  smal l  i nc reases  i n  t h e  d e n a t u r i n g  

c r i t e r i a .  

degraded below t h a t  f o r  t h e  r e f e r e n c e  

The r a t i o  of 233U produced t o  Pu f produced i s  v e r y  
T h i s  sug- 

O f  course, t h e  o v e r a l l  "breeding"  r a t i o  o f  t h e  denatured LMFBR i s  s i g n i f i c a n t l y  

c y c l e  (see Table 4.5-1 i n  Chapter 4 ) .  

Table 7.2-5. Denatured LMFBR M i d - E q u i l i b r i u m  Cyc le  
Breeding R a t i o  Components* 

23311 2 3 3 U  "Breeding"  Pu "Breeding"  O v e r a l l  "Breeding"  
Enrichment Component Component R a t i o  
-~ 

%12% 0.41 0.71 1.12 

20% 0.70 0.39 1.09 

40% 0.90 0.15 1.05 
100% 1.02 - 1.02 

*Using va lues  f r o m  S e c t i o n  4.5-1. A more r e c e n t  s t u d y  [ P r o l i f e r a -  
t i o n  R e s i s t a n t  Large Core Design Study (PRLCDS)] i n d i c a t e s  t h a t  
s u b s t a n t i a l  improvements i n  t h e  FBR performance i s  p o s s i b l e .  

Because o f  t h e  s u p e r i o r  b reed ing  p o t e n t i a l  o f  a 239Pu- fue led  system r e l a t i v e  t o  a 

233U- fue led  system i n  a f a s t  neu t ron  spectrum, t h e  f a s t  r e a c t o r  i s  i d e a l l y  s u i t e d  t o  t h e  

r o l e  o f  a p l u t o n i u m - f u e l e d  t ransmuter .  Moreover, i n  c o n t r a s t  t o  t h e  thermal  t ransmuters,  

t h e  f a s t  r e a c t o r s  r e s u l t  i n  a n e t  o v e r a l l  f i s s i l e  m a t e r i a l  ga in . *  

Two types o f  FBR t ransmuters have been analyzed f o r  t h e  c l a s s i c a l  homogeneous FBR 

co re  c o n f i g u r a t i o n  ( a  c e n t r a l  homogeneous co re  surrounded by  f e r t i l e  b l a n k e t s ) .  

f i r s t ,  t he  usual  P ~ / ~ ~ ~ U - f u e l e d  co re  was assumed w i t h  a Tho2 r a d i a l  b l a n k e t  ( a l s o  a Tho2 a x i a l  

b l a n k e t  i n  one case). 

t h e  n e t  p r o d u c t i o n  da ta  f o r  t y p i c a l  f a s t  t ransmuters of each t ype .  The o v e r a l l  f i s s i l e  

g a i n / c y c l e  w i t h  t h e  c o r e  i s  s i g n i f i c a n t l y  h i g h e r  than  t h a t  w i t h  t h e  Pu/Th core, 

t h e  r e s u l t  be ing  t h a t  t h e  "b reed ing"  r a t i o  i s  n o t  n o t i c e a b l y  reduced from t h e  b reed ing  

r a t i o  f o r  t h e  r e f e r e n c e  P U / ~ ~ * U  c y c l e .  The p r o d u c t i o n  o f  233U i n  t h e  Pu/Th r e a c t o r  i s  

app rox ima te l y  a f a c t o r  o f  4 h i g h e r ,  b u t  t h i s  i s  achieved as a r e s u l t  o f  " s a c r i f i c i a l "  
consumption o f  p lu ton ium.  

As no ted  i n  Chapter 4.5, s i g n i f i c a n t  u n c e r t a i n t i e s  a r e  assoc ia ted  w i t h  t h e  f a s t - n e u t r o n  
c ross  s e c t i o n s  f o r  233U and Th. 

I n  t h e  

I n  t h e  second t ype  a Pu/Th c o r e  was assumed. Table 7.2-6 summarizes 

Thus, t hese  two r e a c t o r  types r e f l e c t  a t r a d e o f f  between 2 3 3 U  

* 
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and overall  f i s s i l e  production ( i . e . ,  potent ia l  growth r a t e ) .  

Table 7.2-6. Equilibrium Cycle Net F i s s i l e  Production for 
Potential  LMFBR Transmuters* 

Net F i s s i l e  
Production 

Reactor - (kg/GWe - y r )  

Core Axi a1 B1 anket Radial B1 anket 
Materi a1 Material Materi a1 PU 23% F i s s i l e  

(PU/'23*U)02 uo2 T h o 2  t30 t157 +184 
(Pu /Th)O,  T h o 2  Tho, -493 +583 +90 

*Using values from Section 4.5-1 ( ~ 7 5 %  capacity f a c t o r ) .  A more recent 
study [P ro l i f e ra t ion  Resistant Large Core Design Study ( P R L C D S ) ]  i n d i -  
cates  t h a t  substant ia l  improvements in the FBR performance i s  possible .  

In addition t o  the systems u t i l i z i n g  the c l a s s i ca l  homogeneous core configurat ion,  
systems u t i l i z i n g  a heterogeneous core configuration ( i . e . ,  interspersed f i s s i l e  and 
f e r t i l e  regions) were examined as a possible means of improving the performance of f a s t  
reactors  operating on a l t e r n a t e  fuel cycles .  The subs t i t u t ion  of d i f f e r e n t  coolants 
and  fuel forms ( i  . e . ,  carbides and  metals versus oxides) were a l s o  considered. The net 
e f f e c t  of these changes i s  t o  increase the fuel  volume f r ac t ion  in the reactor  core ,  
harden the spectrum, or, in some cases,  b o t h .  
s i gn i f i can t  improvement regarding the breeding r a t i o  (and doubling time) r e l a t i v e  t o  the 
c l a s s i ca l  design when operating on a l t e r n a t e  fuel cycles;  however, the performance of the 
a l t e r n a t e  fuel cycles i s  s t i l l  degraded over t h a t  of the same reactor  type operating on 
the cycle.  

The advanced f a s t  reactor  concepts show 

7.2.3. Symbiotic Reactor Systems 

As has been s t a t ed  throughout t h i s  r epor t ,  in considering denatured 2 3 3 U  reactor  
systems i t  i s  assumed t h a t  the denatured reactors  wil l  operate as  dispersed power systems 
supported by fuel cycle services  and reactor  transmuters located i n  secure energy centers .  
When the system i s  i n  f u l l  operation no external source of f i s s i l e  material  i s  supplied; 
t h a t  i s ,  the system i s  self-contained. I n i t i a l l y  the resource base ( i  . e .  , natural  uranium) 

can be used t o  provide a source of 233U f o r  implementing the  denatured 233U fuel  cycle [via 
the MEU(235)/Th cycle]; however, a s h i f t  t o  plutonium-fueled transmuters wil l  eventually be 
required. 
which the resource base i s  consumed (see Chapter 6). 
potent ia l  of various reactor  systems under the  r e s t r i c t i o n s  imposed by the denatured fuel  
cycle,  two system parameters have been developed: (1)  the energy support r a t i o ,  defined 
as the  r a t i o  of dispersed reactor  power r e l a t i v e  t o  the  energy center  (o r  cen t r a l i zed )  power, 
and ( 2 )  t he  inherent growth potent ia l  of the system. Since both. t he  growth r a t e  and the  
energy support r a t i o  involve f i s s i l e  mass flows, they a r e  in t e r r e l a t ed .  

uously determine both  parameters, the inherent system growth r a t e  i s  determined a t  the 
asymptotic value of the support r a t i o ,  a value which can be viewed as the  "natural"  operat- 
i n g  r a t i o  o f  the  system. 

During t h i s  t r a n s i t i o n  period, the system can be characterized by the r a t e  a t  
In order t o  compare the long-term 

In order t o  unambic; 
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Three g e n e r i c  t ypes  o f  s y m b i o t i c  r e a c t o r  systems can be e n v i s i o n e d  by c o n s i d e r i n g  

v a r i o u s  combinat ions o f  thermal  c o n v e r t e r s  and f a s t  breeders f o r  t h e  d i spe rsed  ( D )  and 

energy c e n t e r  ( S )  r e a c t o r s :  thermal  (D) / thermal  ( S ) ,  thermal  ( D ) / f a s t ( S ) ,  and f a s t ( D ) / f a s t ( S ) .  

I n  o r d e r  f o r  t h e  g e n e r a t i n g  c a p a c i t y  o f  a system t o  i nc rease  w i t h  t ime  w i t h o u t  an e x t e r n a l  

supply  o f  f i s s i l e  m a t e r i a l ,  a n e t  g a i n  o f  f i s s i l e  m a t e r i a l  ( o f  some t y p e )  must occur. Thus, 

t h e  growth p o t e n t i a l  of t h e  thermal  (D) / thermal  ( S )  system i s  i n h e r e n t l y  nega t i ve ;  t h a t  i s ,  

t h e  i n s t a l l e d  n u c l e a r  c a p a c i t y  must decay as a f u n c t i o n  of t i m e  s i n c e  t h e  o v e r a l l  conve rs ion  

r a t i o  i s  l e s s  than  1. 

growth s i n c e  t h e  n e t  f i s s i l e  g a i n  o f  t h e  f a s t  component can be used t o  o f f s e t  t h e  f i s s i l e  

l o s s  o f  t h e  thermal  r e a c t o r s .  However, a t r a d e o f f  between t h e  suppor t  r a t i o  [ t he rma l (D) /  

f a s t ( S ) ]  and t h e  growth r a t e  c l e a r l y  e x i s t s  f o r  t h i s  system, s ince  maximiz ing t h e  suppor t  

r a t i o  w i l l  mean t h a t  n e t  f i s s i l e - c o n s u m i n g  r e a c t o r s  w i l l  c o n s t i t u t e  t h e  m a j o r  f r a c t i o n  o f  
t h e  system and t h e  growth r a t e  w i l l  be d e t r i m e n t a l l y  a f f e c t e d .  

p r o v i d e s  a g r e a t  deal  more f l e x i b i l i t y  i n  terms o f  t h e  a l l o w a b l e  energy suppor t  r a t i o  and 

i n h e r e n t  growth r a t e .  

The the rma l (D) / fas t (S )  system, however, does have t h e  p o t e n t i a l  f o r  

The f a s t ( D ) / f a s t ( S )  system 

To i l l u s t r a t e  t h e  t r a d e o f f  between t h e  growth p o t e n t i a l  and t h e  suppor t  r a t i o ,  t h e  

" o p e r a t i n g  envelopes" shown i n  F ig .  7.2-1 have been generated u s i n g  denatured PWR da ta  

f rom S e c t i o n  4.1 and LMFBR t ransmute r  d a t a  f rom S e c t i o n  4.5.1. 

t h e  l ocus  o f  p e r m i s s i b l e  s y m t i o t i c  parameters (g rowth  r a t e ,  suppor t  r a t i o )  f o r  t h e  system 

considered, l  i.e., t h e  p e r m i s s i b l e  combinat ions o f  growth r a t e  and suppor t  r a t i o  f o r  each 

s p e c i f i c  r e a c t o r  combinations. 

r e s p e c t i v e l y ,  t h e  c l a s s i c a l  (Pu/U)O, r e f e r e n c e  system w i t h  a UO, r a d i a l  b lanke t ,  a (Pu/U)02 
system w i t h  a Tho, r a d i a l  b l a n k e t ,  and a (Pu/Th)O, system w i t h  a Tho, r a d i a l  b lanke t .  

each p o i n t  a long  t h e  curves connec t ing  p o i n t s  A, 8, and C, t h e  t ransmute r  i s  a combinat ion 

Each envelope r e p r e s e n t s  

A t  p o i n t s  A, B, and C on t h e  curves, t h e  t ransmute r  used i s ,  

A t  

o f  t h e  two r e a c t o r s  d e f i n e d  by  t h e  end p o i n t s  o f  each cu rve  segment 

hand co rne r ) .  

muters  i n  d i f f e r e n t  p r o p o r t i o n s .  

P o i n t s  uithin t h e  envelope correspond t o  combinat ions 

The l o w e r  envelope i n  F ig .  7.2-la ( repea ted  i n  F ig .  7.2-lb) i 

see key i n  upper  r i g h t -  
o f  t h e  t h r e e  t r a n s -  

l u s t r a t e s  t h e  t r a d e o f f  

f o r  t h e  denatured PWRs and LMFBR t ransmuters,  and t h e  upper envelope d e p i c t s  t h e  f a s t / f a s t  

analogue i n  which t h e  denatured PWR i s  r e p l a c e d  by an ~ 1 2 %  denatured LMFRR. 
t h e  f a s t ( D ) / f a s t ( S )  s y m b i o t i c  system p r o v i d e s  a h i g h e r  growth r a t e  f o r  a g i v e n  energy sup- 

p o r t  r a t i o ,  and, moreover, t h e  growth r a t e  i s  always p o s i t i v e .  The upper envelope i n  F ig .  

7.2-lb rep resen ts  t h e  co r respond ing  case u s i n g  20% denatured LMFBRs. 

As i n d i c a t e d ,  

I n  a l l  cases t h e  f a s t  r e a c t o r  d a t a  u t i l i z e d  were taken  f rom S e c t i o n  4.5.1; t h a t  i s ,  

homogeneous LMFBR cores were assumed. 

r e a c t o r  would have t h e  e f f e c t  o f  d i s p l a c i n g  t h e  curves i n  F ig .  7.2-1 upwards and t o  t h e  

r i g h t .  

would have a s i m i l a r  e f f e c t  on t h e  t h e r m a l / f a s t  curve. 

The use o f  a heterogeneous c o r e  f o r  t h e  t ransmute r  

The employment o f  an advanced c o n v e r t e r  (a  h i g h  convers ion  r a t i o  thermal  r e a c t o r )  
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ORNL-DWG 78-1980 9 
(I) 

( b )  
SEGMENT AB: TRANSMUTER = X.A t 1 3  - E  
SEGMENT BC: TRANSMUTER = X - B  t ( l A 1 . C  
SEGMENT AC: TRANSMUTER = X - A  t ( l - X ) . C  

O < X i l  

+- LMFBR T r a n s m u t e r s  

8 ENERGY SUPPORT R A T I O  e 

9 
p- REACTOR A: 

REACTOR B: 

REACTOR C: 

( P u / U ) 0 2  + U 0 2  RB 

( P u / U ) 0 2  + Tho2 RB 
(Pu /Th)02  + T h o 2  RB 

P 
F i g .  7.2-1. Opera t i ng  Envelopes f o r  Symb io t i c  Systems U t i l i z i n g  LMFBR Transmuters. 
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7.2.4. Conclusions 

Since optimization of the various reac tors  f o r  the  pa r t i cu la r  fuel cycle considered 
was beyond the  scope of this study, the  r e s u l t s  presented above a re  subjec t  t o  several  uncer- 
t a i n t i e s .  
cycles on reac tor  performance a re  believed t o  be valid:  

Nevertheless, ce r t a in  general conclusions on the  impact of the various fue l  

@ For once-through throwaway systems, the  various systems studied a re  ranked 

in  order of resource u t i l i z a t i o n  as follows: 
HTGR and HTR-PBR on e i t h e r  t he  LEU cycle o r  on the  MEU/Th cycle;  and the  
SSCR and PWR on the  LEU cycle.  
more uranium than they do on  the LEU cycle and hence do not merit  f u r t h e r  
consideration f o r  once-through operation. 

the  HWR on the LEU cycle;  t he  

O n  the  MEU/Th cycle the  SSCR and PWR requi re  

@ For once-through stowaway systems, i n  whfch the  f i s s i l e  material  i n  the  
spent fuel i s  expected t o  be recovered a t  some fu tu re  da te ,  the  r e l a t i v e  
ranking of the systems would depend on the  ult imate des t ina t ion  of the  
f i s s i l e  material .  
recycle systems, then e a r l y  emphasis should be placed on reac tors  and 
fuel cycles t h a t  have a high 233U discharge. 
t o  be f a s t  recycle systems, then emphasis should be placed on reac tors  
and fuel cycles t h a t  wi l l  provide a plutonium inventory. 

I f  fu tu re  nuclear power systems a re  t o  be thermal 

I f  the  fu tu re  systems a re  

@ For recycle systems u t i l i z i n g  thermal reac tors ,  the preferred basic 
f i s s i l e  material  i s  2 3 3 U .  However, implementation of a 233U fuel cycle 
wi l l  require an exogenous source of the  f i s s i l e  mater ia l ;  therefore ,  i t  
i s  l i k e l y  t h a t  the MEU(235)/Th cycle would be implemented f i r s t  t o  
i n i t i a t e  the  production of 233U. 
would be recycled; thus the  system would evolve towards the  MEU(233)/Th 
cycle,  which i s  the  denatured 233U cycle as defined i n  this study. 
i t  i s  t o  be emphasized t h a t  these reac tors  will not produce enough 233U 
t o  sustain themselves and separa te  2 3 3 U  production f a c i l i t i e s  must be 
operated. A Pu/Th-fueled thermal reac tor  has been considered as a 233U 

production f a c i l i t y .  

Both the  unburned 235U and the 233U 

However, 

@ For recycle systems u t i l i z i n g  f a s t  r eac to r s ,  t he  preferred basic f i s s i l e  
material i s  23gPu .  
thorium in  the  core sharply reduces the  breeding performance of f a s t  
reactors.  
blankets would be e f f i c i e n t  2 3 3 U  production f a c i l i t i e s .  

Using 233U as the primary f i s s i l e  material  o r  placing 

However, f a s t  reac tors  u s i n g  plutonium fuel and thorium 
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e The i n h e r e n t  s y m b i o t i c  n a t u r e  of t h e  denatured 2 3 3 U  f u e l  c y c l e  (i.e., d i spe rsed  

r e a c t o r s  f u e l e d  w i t h  denatured 2 3 3 U  and suppor ted by energy-center  r e a c t o r s  f u e l e d  
w i t h  Pu) mandates a t r a d e o f f  a n a l y s i s  of growth p o t e n t i a l  versus energy suppor t  

r a t i o  ( r a t i o  o f  power produced o u t s i d e  t h e  energy c e n t e r  t o  t h e  power produced i n s i d e  

t h e  c e n t e r ) ,  assuming no e x t e r n a l  source of f i s s i l e  m a t e r i a l .  

systems, t h e  growth p o t e n t i a l  i s  nega t i ve .  Fas t / t he rma l  systems would p e r m i t  some o f  
t h e  n e t  f i s s i l e  g a i n  (i.e., growth p o t e n t i a l )  o f  t h e  f a s t  r e a c t o r s  t o  be s a c r i f i c e d  

f o r  a h i g h e r  energy suppor t  r a t i o .  

growth p o t e n t i a l .  
a l s o  i n f l u e n c e  t h e  cho ice  o f  r e a c t o r s  f o r  t h e  system, as has been d iscussed i n  Chapters 

5 and 6. 

F o r  the rma l / t he rma l  

F a s t / f a s t  systems would p r o v i d e  t h e  h i g h e s t  

Fac to rs  o t h e r  than  those  a f f e c t i n g  r e a c t o r  performance would 

Sec t i on  7.2. Reference 

1 T.  J .  Burns and J .  R. White, " P r e l i m i n a r y  E v a l u a t i o n  o f  A l t e r n a t e  Fuel Cyc le Opt ions 

~ 

Opt ions U t i l i z i n g  Fas t  Breeders," ORNL-5389 (1978) .  
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7.3. PROSPECTS FOR IMPLEMENTATION AND COMMERCIALIZATION 
OF DENATURED 2 3 3 U  FUEL CYCLE 

J .  C. C leveland and T. J .  Burns 
Oak Ridge N a t i o n a l  Labora to ry  

Chapter 5 has d iscussed t h e  r e a c t o r s  i n  which denatured 2 3 %  m i g h t  be deployed, as 

w e l l  as t h e  accompanying f u e l  r e c y c l e  f a c i l i t y  requi rements,  and has p resen ted  schedules 

o f  deployment t h a t  a r e  based s o l e l y  on t h e  minimum t i m e  es t ima ted  t o  be r e q u i r e d  t o  s o l v e  

t e c h n i c a l  problems. 

e v a l u a t i o n s  p resen ted  i n  Chapter 6, were developed i n  d i scuss ions  between Hanford Engi - 
n e e r i n g  Development Labora to ry  (HEDL) , Argonne N a t i o n a l  Labora to ry  (ANL) , Oak Ridge 

N a t i o n a l  Labora to ry  (ORNL) , Combustion Eng ineer ing  (CE), and t h e  Department o f  Energy (DOE) 

s p e c i f i c a l l y  as a bounding case f o r  assess ing t h e  maximum b e n e f i t s  t h a t  c o u l d  be ob ta ined  

by employing denatured 2 3 %  f u e l .  As a r e s u l t ,  t h e  schedules a r e  n o t  e n t i r e l y  c o n s i s t e n t  

w i t h  those t h a t  have been developed subsequent ly  i n  t h e  N o n p r o l i f e r a t i o n  A l t e r n a t i v e  

Systems Assessment Program (NASAP). 

n o t  d i f f e r  s i g n i f i c a n t l y ,  t h e  NASAP scenar ios  p r e d i c t  a much s lower  deployment o f  
commercial r e a c t o r s .  

These schedules, which have been used i n  t h e  n u c l e a r  power system 

Whi le  t h e  i n t r o d u c t i o n  dates o f  t h e  l e a d  p l a n t s  do 

The r e a c t o r  i n t r o d u c t i o n  dates and deployment schedules used i n  t h i s  s tudy  were 
based on t h e  f o l l o w i n g  assumptions: 

s10 yr  t o  develop/commerc ia l ize new f u e l  des ign  

~ 1 4  yr t o  develop/commerc ia l ize m o d i f i e d  r e a c t o r  des ign  

a18 y r  t o  develop/commerc ia l ize new advanced c o n v e r t e r  des ign  

%24 yr  t o  develop/commerc ia l ize new breeder  des ign  
The r e s u l t i n g  i n t r o d u c t i o n  dates f o r  t h e  v a r i o u s  r e a c t o r s  a r e  as l i s t e d  below, where t h e  

i n t r o d u c t i o n  d a t e  i s  d e f i n e d  as t h e  d a t e  o f  s t a r t u p  o f  t h e  f i r s t  u n i t ,  r e a c t o r  deployment 

t h e r e a f t e r  be ing  l i m i t e d  t o  a maximum i n t r o d u c t i o n  r a t e * '  by bienniuni  o f  1, 2, 4,... r e a c t o r s :  

1969 - LWRs o p e r a t i n g  on LEU f u e l  

1987 - LWRs o p e r a t i n g  on "denatured 2 3 5 U "  f u e l  ( i . e . ,  MEU(235)/Th) 
1991 - LWRs o p e r a t i n g  on denatured 233U, Pu/U, and Pu/Th fuels 
1991 - SSCRs o p e r a t i n g  on LEU, denatured 233U,  o r  Pu/Th f u e l s  
1995 - HWRs o p e r a t i n g  on any o f  seve ra l  proposed fue l s  

1995 - HTGRs o p e r a t i n g  on any o f  seve ra l  proposed f u e l s  

2001 - FBRs o p e r a t i n g  on Pu/U, Pu/Th, o r  denatured 2 3 3 U  f u e l s  

Since t h e  above i n t r o d u c t i o n  dates a r e  those es t ima ted  t o  be t h e  e a r l i e s t  p o s s i b l e  

dates t h a t  t e c h n i c a l  problems c o u l d  be reso lved ,  i t  i s  c l e a r  t h a t  t h e y  cannot  be achieved 
w i t h o u t  s u b s t a n t i a l  i n i t i a t i v e s  and s t r o n g  f i n a n c i a l  suppor t  f rom t h e  U.S., Government. 

* 
The i n t r o d u c t i o n  r a t e  o f  any new technology i s  l i k e l y  t o  be l e s s  than  t h e  maximum r a t e  
no ted  above, s i n c e  t h e  c o n s t r u c t i o n  market  loss r a t e  o f  an e s t a b l i s h e d  technology i s  
l i m i t e d  t o  10% p e r  y e a r  and t o t a l  n u c l e a r  c a p a c i t y  a d d i t i o n s  cannot  exceed 15 GWe/yr. 
2 3 3 U  systems a r e  f u r t h e r  c o n s t r a i n e d  because t h e  number oT 233U-burn ing p l a n t s  t h a t  can 
be operated i s  l i m i t e d  by t h e  2 3 3 U  p r o d u c t i o n  r a t e .  
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Even with government support, achieving the postulated schedules would be a difficult 
undertaking and would entail considerable risk since it would be impossible to fully 
demonstrate an alternate reactor concept before construction on the initial commercial 
size units has to begin. 
unit, and a minimum of three years would be required prior to construction for R&D and 
licensing approval. 
the U.S. )  

necessary to establish satisfactory reactor performance. 
reactor concept could be demonstrated is in the 1991-1995 period indicated, and that 
assumes that a commitment to proceed has been made by 1980. 
and construction schedules, the first commercial units would have to be ordered well in 
advance of the operation of the initial demonstration reactor to achieve the buildup 
rates assumed in this study. In order to achieve such commitments prior to the first 
successful demonstration, government support would have to extend through the initial 
commercial units in addition to the lead plant. 
be perceived as economically advantageous to attract the postulated number o f  customers. 

A minimum of six years would be required to construct a nuclear 

(It currently takes 10 to 12 yr to license and construct LWRs in 
At least two additional years of operation of the demonstration unit would be 

Thus the earliest time a new 

Because of design, licensing, 

The new reactor cycle would also have to 

Although several of these reactor/fuel options (e.g. , Pu/Th LWRs, denatured advanced 
converters, etc.) are based on the use of recycled fissile material, it should be emphasized 
that comercia2-scaZe reprocessing is not necessarily required on the same time scale as the 
introduction of the recycle fuel types because the demand for recycle fissile material may 
be quite modest during the initial introduction phase. 
Chapter 6, many of the new fuel types are, in fact, introduced before the associated fuel 
reprocessing is fully developed, it being assumed that pilot or prototype-plant scale 
reprocessing would be adequate to support the initial phase of deployment o f  fuel recycle, 
Hence, although commercial reprocessing of 233U-containing fuels is not projected until 
around the turn o f  the century, limited introduction o f  denatured 2 3 3 U  fuel is permitted 
as early as 1991. 
alternate fuels would not be feasible until the backlog of spent fuel required for plant 
startup had accumulated and the number of reactors utilizing recycled fuel could assure 
continued operation o f  commercial-scale facilities. On the other hand, for 
spent fuel elements to be available even for pilot-plant processing, it is essential that 
early irradiation of thorium in reactors be implemented. 

In the analysis presented in 

A further argument i s  that commercial-scale reprocessing for the 

33U-containing 

In Section 7.3.1 a possible procedure for implementing and eventually commercializing 
the denatured 2 3 3 U  cycle is discussed. 
early introduction of thorium fuel into current light-water reactors and allow an orderly 

The major considera- 

Included is a scenario which would provide for the 

progression t o  the utilization of denatured 233U fuel in breeders. 
tions in comnercializing these various reactors operating on alternate fuels, and in 
particular on denatured 2 3 3 U  fuel, are summarized in Section 7.3.2. 
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7.3.1. P o s s i b l e  Procedure f o r  Implementing and 
Commerc ia l iz ing t h e  Denatured Fuel Cyc le 

On t h e  b a s i s  o f  t h e  above assumptions, and t h e  d i s c u s s i o n  i n  Sec t i on  5.1, i t  i s  ob- 
v i o u s  t h a t  t h e  o n l y  r e a c t o r s  t h a t  c o u l d  ope ra te  on denatured 233U f u e l  i n  t h e  near  te rm 

(by  1991) would be LWRs. 

t h e  i n t r o d u c t i o n  o f  commercial f u e l  rep rocess ing .  

f ue l  ( i . e . ,  MEU(235)/Th) i n  LWRs, the reby  i n i t i a t i n g  t h e  p r o d u c t i o n  o f  2 3 3 U .  

scheme s u f f e r s  f r o m  v e r y  h i g h  f i s s i l e  i n v e n t o r y  requi rements assoc ia ted  w i t h  f u l l  t h o r i u m  

load ings  i n  LWRs (see S e c t i o n  4.1).  A second o p t i o n  i n v o l v e s  t h e  use o f  p a r t i a l  t h o r i u m  

l o a d i n g s  i n  LWRs. I n  t h i s  o p t i o n  Tho2 i s  i n t r o d u c e d  i n  c e r t a i n  l a t t i c e  l o c a t i o n s  and/or  

MEU(235)/Th f u e l  i s  used i n  o n l y  a f r a c t i o n  o f  t h e  f u e l  rods, t h e  rema in ing  f u e l  rods 

be ing  conven t iona l  LEU f u e l  rods.  

i n v e n t o r y  p e n a l t y  assoc ia ted  w i t h  f u l l  t ho r ium l o a d i n g s  i n  LWRs and f o r  BWRs may o f f e r  

o p e r a t i o n a l  b e n e f i t s  as w e l l  (see Sec t ion  4.1). A lso,  t h e  p a r t i a l  t h o r i u m  load ings  would 

a l l o w  exper ience t o  be gained on t h e  performance o f  thorium-based f u e l s  w h i l e  g e n e r a t i n g  

s i g n i f i c a n t  q u a n t i t i e s  o f  2 3 3 U .  

p robab ly  r e q u i r e  some fo rm o f  government i n c e n t i v e  s i n c e  t h e  U308  and s e p a r a t i v e  work 

requi rements (and assoc ia ted  c o s t s )  w i l l  i nc rease  w i t h  t h e  amount o f  Th u t i l i z e d  i n  t h e  
once-through throwawaylstowaway modes i n  LWRs. 

Two p o s s i b i l i t i e s  e x i s t  f o r  p roduc ing  2 3 3 U  f o r  LWRs p r i o r  t o  

One i n v o l v e s  t h e  use o f  "denatured 2 3 5 U "  
However, t h i s  

T h i s  scheme s i g n i f i c a n t l y  reduces t h e  f i s s i l e  

E i t h e r  o f  t h e  above o p t i o n s  f o r  p roduc ing  23311 w i l l  

A l though a rep rocess ing  c a p a b i l i t y  would be r e q u i r e d  t o  r e c o v e r  t h e  bred 33U f rom 

t h o r i u m  f u e l s ,  such a c a p a b i l i t y  would n o t  be r e q u i r e d  f o r  t h e  q u a l i f i c a t i o n  and 

demonstrat ion o f  thorium-based f u e l  , which i n i t i a l l y  would employ 2 3 5 U  r a t h e r  than  2 3 3 U .  

As has been p o i n t e d  o u t  above, t h e  o p e r a t i o n  o f  LWRs w i t h  MEU(235)/Th o r  w i t h  p a r t i a l  

t h o r i u m  l o a d i n g s  c o u l d  be accomplished d u r i n g  t h e  n e x t  decade w h i l e  t h e  development and 

demonstrat ion o f  t h e  needed f u e l  c y c l e  f a c i l i t i e s  f o r  t h e  implementat ion o f  t h e  denatured 

2 3 3 U  c y c l e  a r e  pursued. 

secure f u e l  s t o r a g e  c e n t e r s  which would r e p r e s e n t  a growing s t o c k p i l e  of 2 3 3 U  and p lu ton ium.  

A d d i t i o n a l  f u e l  c y c l e  s e r v i c e  f a c i l i t i e s ,  such as i s o t o p i c  separa t i on ,  reprocess ing,  f u e l  
r e f a b r i c a t i o n  and p o s s i b l y  waste i s o l a t i o n ,  c o u l d  be i n t r o d u c e d  i n t o  these c e n t e r s  as t h e  

need develops. 

f o l l o w e d  by l a r g e r  p r o t o t y p e s  and then  comnerc ia l - sca le  p l a n t s .  It has been es t ima ted  

( i n  S e c t i o n  5 . 2 )  t h a t  c o m m e r c i a l i z a t i o n  o f  a new rep rocess ing  technology would r e q u i r e  

12 t o  20 yr and t h e  c o m m e r c i a l i z a t i o n  o f  a new r e f a b r i c a t i o n  technology would r e q u i r e  8 t o  

15 yr. 

I n i t i a l l y  t h e  spent  f u e l  c o u l d  be s t o r e d  i n  r e p o s i t o r i e s  i n  

As p o i n t e d  o u t  above, these c o u l d  i n i t i a l l y  be p i l o t - p l a n t - s c a l e  f a c i l i t i e s  

Wi th  t h e  deployment o f  t h e  p i l o t - s c a l e  rep rocess ing  and r e f a b r i c a t i o n  f a c i l i t i e s ,  
r e c o v e r y  o f  Pu and U f r om spent  f u e l  and t h e  subsequent r e f a b r i c a t i o n  of Pu/Ph and 

denatured 233U/Th f u e l s  c o u l d  be demonstrated w i t h i n  t h e  center .  Pu/Th LWRs* c o u l d  then  be 

*That i s ,  thermal  t ransmute rs  of an LWR des ign  (see S e c t i o n  4.0). 
a t ransmute r  i s  a r e a c t o r  ( thermal  o r  f a s t )  which burns one f u e l  and produces ano the r  
( s p e c i f i c a l l y ,  a r e a c t o r  t h a t  burns Pu t o  produce 2 3 3 U  f rom Th). 

As used i n  t h i s  r e p o r t ,  
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introduced within the centers  t o  provide an  addi t ional  means f o r  2 3 3 U  production, as well 
as addi t ional  power production. 
MEU(235)/Th or from pa r t i a l  thorium loadings could be u t i l i zed  in denatured 2331) fueled 
LWRs introduced a t  dispersed s i t e s .  Later ,  2 3 3 U  recovered from the P u / T h  fueled LWRs 
could a l so  be u t i l i zed  t o  fuel dispersed reac tors .  
nuclear power system t h a t  includes reac tors  operating both in energy centers  and a t  d i s -  
persed locat ions outs ide the centers  would be in e f f e c t .  

Concurrently, 2 3 3 U  (and unburned 2 3 5 U )  recovered from 

A t  t h i s  p o i n t  the  f i r s t  phase of a 

D u r i n g  t h i s  phase, which i s  

O R N L - O W G  18-21116 

LWR-LEU DENATURED LWR 

PUREX REPROCESSING 
THOREX REPROCESSING 

LWR/PulTh 

ADVANCED 

\ a. lNlTlAL PHASE 
/--. 

' LWR-LEU \ 
/ 

/ '---' I 
'\ 

PUREX REPROCESSING DENATURED 
FUEL THOREX REPROCESSING - 

FER PulTh 

b. INTERMEDIATE PHASE 
DENATURED FER 

PUREX REPROCESSING 
THOREX REPROCESSING 

FER PulTh 

c.  FINAL PHASE 

F i g .  7.3-1. Three Phases for an 
Evolving Energy Center. 

represented in Fig. 7 .3- la ,  the research 
and development t h a t  will  be requirea t o  
deploy Pu-fueled FBR transmuters with 

thorium blankets i n  the  energy centers  
could be pursued. 

With these advance preparations 
having been made, by the time conventional 
LEU fue l ing  in LWRs begins t o  phase o u t  
(due t o  increasing deplet ion o f  an eco- 
nomical resource base) ,  the  power system 
would evolve in to  a fas t / thermal  combination 
employing FBR transmuters and 233U-fueled 
converters ,  which by then might include 
denatured LWRs and advanced converters (SSCRs 

HTGRs, or HWRs), depending on the r e a c t o r ( s )  
se lec ted  fo r  development ( see  Fig. 7.3-lb). 
Such a system could provide adequate capac i t j  
expansion f o r  modest energy demand growth; 
however, i f  the  energy demand i s  such t h a t  
the fast / thermal  system i s  inadequate, an  

a l l - f a s t  system including denatured FBRs could be subs t i tu ted  as shown in Fig. 7.3-lc. 
The necessi ty  of the th i rd  phase of the  energy center  development i s  uncertain a t  t h i s  
time, r e f l ec t ing  a s  i t  does assumptions concerning the supply of economically recoverable 
U308 and energy demand. 

I t  i s  noted t h a t  t h i s  proposed scheme f o r  implementing the denatured fuel cycle and 
i n s t i t u t i n g  the energy center  concept r e l i e s  heavily on two strong technical bases: 
cur ren t ly  employed LWR technology, and the research and development already expended on 
LMFBRs, which includes the Purex and, t o  a l e s s e r  ex ten t ,  the Thorex reprocessing 
technologies. While a l t e rna t ive  fuel cycle technologies o r  other  types of reac tors  will  
be involved i f  they can be demonstrated t o  have resource or economic advantages, the LWR- 
LMFBR scenario has been selected as representa t ive  of the type of a c t i v i t y  t h a t  would be 
required. 
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7.3.2. Cons ide ra t i ons  i n  Commerc ia l iz ing Reactors  Opera t i ng  
on A l t e r n a t e  Fuels  

Al though t h e  i n t r o d u c t i o n  dates c i t e d  above f o r  commercial o p e r a t i o n  o f  t h e  v a r i o u s  

r e a c t o r s  on a l t e r n a t e  f u e l s  a r e  considered t o  be a t t a i n a b l e ,  t h e y  can be r e a l i z e d  o n l y  i f  

t h e  f i r s t  s teps toward commerc ia l i za t i on  a r e  i n i t i a t e d  i n  t h e  near  f u t u r e  under s t r o n g  and 

sus ta ined  government suppor t .  

p r i v a t e  s e c t o r  t o  proceed w i t h  such development a lone.  

eva lua t i ons1y2  o f  LWRs have i n d i c a t e d  t h e  f e a s i b i l i t y  o f  u s i n g  thorium-based f u e l s  w i t h  

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

o r  as b o t h  i n i t i a l  and r e l o a d  f u e l s  f o r  f u t u r e  LWRs, t h e  resource-sav ings b e n e f i t  o f  such 

f u e l s  r e l a t i v e  t o  once-through LEU f u e l  cannot  be r e a l i z e d  i n  t h e  absence o f  f u e l  r e p r o -  

cess ing  and r e f a b r i c a t i o n  se rv  ces. Moreover, t h e  i n t r o d u c t i o n  o f  t h o r i u m  i n t o  t h e  c o r e  

w i l l  r e q u i r e  h i g h  i n i t i a l  u ran  um load ings ,  so t h a t  t h e  f u e l  c o s t s  f o r  t h e  c o r e  would 

i nc rease .  Obvious ly ,  t h e  l a c k  o f  s t r o n g  ev idence t h a t  f u e l  r e c y c l e  s e r v i c e s  would be 

a v a i l a b l e  as soon as t h e y  were needed would d iscourage a t r a n s i t i o n  t o  thorium-based f u e l s .  

A l t e r n a t i v e l y ,  such s e r v i c e s  c o u l d  n o t  be expected t o  be a v a i l a b l e  commerc ia l l y  u n t i l  

u t i l i z a t i o n  o f  t h o r i u m  has been e s t a b l i s h e d  and a market  f o r  these s e r v i c e s  e x i s t s .  

Thus commerc ia l i za t i on  o f  t h e  denatured f u e l  c y c l e  i n  LWRs, e s p e c i a l l y  w i t h i n  t h e  t i m e  

frame p o s t u l a t e d  i n  t h i s  s tudy,  i s  u n l i k e l y  un less  ma jo r  government i n c e n t i v e s  a r e  p rov ided .  

C u r r e n t l y ,  t h e r e  i s  l i t t l e  economic i n c e n t i v e  f o r  t h e  

For  example, w h i l e  r e c e n t  

The government i n c e n t i v e s  c o u l d  be i n  t h e  form o f  guarantees f o r  investment  i n  t h e  

f u e l  c y c l e  s e r v i c e s  and/or s u b s i d i e s  f o r  t h e  c o s t s  assoc ia ted  w i t h  t h e  a d d i t i o n a l  U308 and 

s e p a r a t i v e  work r e q u i r e d  f o r  thorium-based f u e l s  o r  f o r  p a r t i a l  t h o r i u m  load ings  on t h e  

once-through c y c l e .  

by e s t a b l i s h i n g  widespread use o f  thorium-based f u e l s .  

r e q u i r e d  new LWR f u e l  c y c l e  s e r v i c e s  c o u l d  p robab ly  be accomplished by a l l o w i n g  a 7 -y r  

l e a d  t ime  f o r  c o n s t r u c t i o n  o f  demonstrat ion rep rocess ing  and r e f a b r i c a t i o n  p l a n t s  and an 

a d d i t i o n a l  7 yr t o  c o n s t r u c t  commerc ia l -s ize p l a n t s .  I n  t h e  meantime, f a b r i c a t i o n  o f  

MEU(235)/Th f u e l  o r  f u e l  des igns i n v o l v i n g  p a r t i a l  t h o r i u m  l o a d i n g s  f o r  LWRs c o u l d  

p robab ly  be accomplished w i t h  e x i s t i n g  LEU f a c i l i t i e s  w i t h i n  2 t o  3 y r  (Ref. 3 )  w i t h  an 

a d d i t i o n a l  5 t o  7 y r  r e q u i r e d  f o r  f u e l  q u a l i f i c a t i o n  and/or  demonstrat ion.  The R&D c o s t s  
f o r  demons t ra t i ng  denatured uranium f u e l  i n  commercial r e a c t o r s  would be borne by t h e  

T h i s  would a l s o  encourage t h e  development o f  t h e  f u e l  c y c l e  s e r v i c e s  

The commercial i n t r o d u c t i o n  o f  t h e  

government. 

The commercial i n t r o d u c t i o n  i n  
HTGRs, and HWRs) would be more d i f f i c u  

o f  t h e  LWR. A l though  t h e  i n t r o d u c t i o n  

d i d  i n v o l v e  government suppor t ,  a r e l a  

he U. S .  o f  t h e  advanced c o n v e r t e r  concepts (SSCRs, 
t today than  was t h e  p a s t  commercial i n t r o d u c t i o n  
i n  1958 o f  t h e  f i r s t  LWR, t h e  Sh ipp ingpor t  r e a c t o r ,  

i v e l y  smal l  i nves tmen t  was r e q u i r e d  due t o  i t s  s i z e  

(a68 MWe). 
t r a t e d  t h e  commercial market. A lso,  d u r i n g  t h e  i n i t i a l  y e a r s  o f  deployment o f  n u c l e a r  power, 

de lays  due t o  l i c e n s i n g  procedures were c o n s i d e r a b l y  s h o r t e r ,  a l l o w i n g  p l a n t s  t o  be cons t ruc -  

t e d  and b rough t  o n - l i n e  more r a p i d l y  than  t h e  c u r r e n t  10- t o  12-yr  l e a d  t ime. The l o n g e r  
t i m e  causes much l a r g e r  i n t e r e s t  payments and much g r e a t e r  r i s k  o f  l i c e n s i n g  d i f f i c u l t i e s .  

The l a r g e s t  base-load power p l a n t s  were about  300 MWe when LWRs i n i t i a l l y  pene- 
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P r i o r  t o  commercial i n t r o d u c t i o n ,  a demons t ra t i on  phase o f  a new advanced c o n v e r t e r  

concept  w i l l  be r e q u i r e d ,  and, as has been p o i n t e d  o u t  i n  Chapter 5.1, i t  i s  assumed he re  
t h a t  t h e  demons t ra t i on  w i l l  be on t h e  r e a c t o r ' s  r e f e r e n c e  c y c l e ,  which excep t  f o r  t h e  

HTGR, does n o t  i n v o l v e  thor ium. U t i l i t i e s  a r e  u n w i l l i n g  t o  r i s k  t h e  l a r g e  i nves tmen t  f o r  

commerc ia l -s ize p l a n t s  o f  1000 MWe t o  1300 MWe on u n t r i e d  concepts. 

investments necessary f o r  demonstrat ion u n i t s ,  s i g n i f i c a n t  government suppor t  would be 

r e q u i r e d :  

u n i t  w i t h  government f i n a n c i a l  suppor t  o f  t h e  f i r s t  commerc ia l -s ize p l a n t  (1000 MWe t o  

1300 MWe). 

necessary investment  t o  e s t a b l i s h  t h e  manu fac tu r ing  i n f r a s t r u c t u r e .  

W i th  t h e  l a r g e  

i . e . ,  a demons t ra t i on  program i n v o l v i n g  government c o n s t r u c t i o n  o f  t h e  i n i t i a l  

For  commercial sa les  t o  occur ,  a vendor would have t o  market  i t  and make t h e  

The SSCR i s  expected t o  draw h e a v i l y  on e x i s t i n g  LWR technology,  and i t  may even bo 

f e a s i b l e  t o  ope ra te  a conven t iona l  PWR i n  t h e  s p e c t r a l - s h i f t - c o n t r o l  mode by a d d i t i o n  of 

c e r t a i n  equipment. The f e a s i b i l i t y  o f  s p e c t r a l - s h i f t - c o n t r o l  has a l r e a d y  been demonstrated 

i n  t h e  B e l g i a n  VULCAIN exper iment  (see S e c t i o n  4 .2 ) .  Whi le  t h e  p o s s i b i l i t y  o f  r e t r o f i t t i n g  

e x i s t i n g  l a r g e  PWRs t o  t h e  SSC mode e x i s t s ,  f o r  r e a c t o r s  go ing  i n t o  o p e r a t i o n  a f t e r  t h e  

l a t e - l 9 8 0 s ,  des ign ing  PWRs t o  accep t  SSC c o n t r o l  a t  some l a t e r  d a t e  i s  a more l i k e l y  

p o s s i b i l i t y .  A ma jo r  impediment t o  commercial i n t r o d u c t i o n  o f  t h e  SSCR i n  t h e  U.S. i s  

l i k e l y  t o  be t h e  supp ly  of D20 and government i n c e n t i v e  would p robab ly  a l s o  be r e q u i r e d  

i n  t h i s  area, as i t  w i l l  be f o r  t h e  deployment o f  t h e  CANDU r e a c t o r  (see below).  

The technology f o r  HTGRs i s  a l r e a d y  w e l l  under way, w i t h  a p r o t o t y p e  r e a c t o r  

c u r r e n t l y  undergoing s t a r t u p  t e s t i n g  a t  F o r t  S t .  V ra in .  P r i o r  t o  commercial deployment, 

however, success fu l  o p e r a t i o n  o f  a demons t ra t i on  HTGR i n  t h e  1000-MWe t o  1300-MWe range 

would be r e q u i r e d .  I n i t i a l l y ,  HTGRs c o u l d  ope ra te  on t h e  stowaway MEU(235)/Th o r  LEU c y c l e .  

Again, commerc ia l -sca le rep rocess ing  and r e f a b r i c a t i o n  f a c i l i t i e s  would n o t  be expected u n t i l  

a demonstrated market  f o r  such s e r v i c e s  i s  p resen t .  

The technology f o r  HWRs i s  a l s o  w e l l  advanced, w i t h  t h e  CANDU r e a c t o r s  f u e l e d  w i t h  
n a t u r a l  uranium a l r e a d y  commerc ia l ized i n  Canada. It would be necessary, however, t o  

demonstrate t h a t  t h e  CANDU w i t h  a p p r o p r i a t e  m o d i f i c a t i o n s  f o r  s l i g h t l y  e n r i c h e d  f u e l  c o u l d  

be l i c e n s e d  i n  t h e  U.S. and produce power a t  an accep tab le  c o s t .  

t h e  CANDU i n  t h e  U.S. would p robab ly  r e q u i r e  government a c t i o n  i n  t h r e e  areas:  
Commerc ia l i za t i on  o f  

1. Transfer  o f  technology from Canada t o  t a k e  advantage o f  CANDU r e a c t o r  development 

and demonstrated performance. 

U.S. l i c e n s i n g  s tandards would be r e q u i r e d .  

Government f i n a n c i a l  suppor t  of a l a r g e  (1000-MWe t o  1300-MWe) CANDU i n  t h e  U.S. 

Development of D20 p r o d u c t i o n  f a c i l i t i e s  i n  t h e  U.S. on a l a r g e r  s c a l e  than  
c u r r e n t l y  e x i s t s .  

A1 t e r n a t i v e l y ,  a demons t ra t i on  u n i t  des igned t o  

2 .  

3. 

CANDUs o p e r a t i n g  on thorium-based f u e l s  c o u l d  p o s s i b l y  be i n t r o d u c e d  s i m u l t a n e o u s l y  

w i t h  t h e  deployment i n  t h e  U.S. o f  t h e  CANDU r e a c t o r  concept  i t s e l f .  

p a r t i c i p a t i o n ,  thorium-based f u e l  c o u l d  be demonstrated i n  Canadian r e a c t o r s  p r i o r  t o  t h e  

o p e r a t i o n  o f  a CANDU r e a c t o r  i n  t h e  U.S. 

Assuming Canadian 

Furthermore, i f  by then  t h e  LWR t h o r i u m  f u e l  
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c y c l e  s e r v i c e s  o f  rep rocess ing  and r e f a b r i c a t i o n  had been commerc ia l l y  developed, t h e  
e x t e n s i o n  o f  these s e r v i c e s  t o  CANOU r e a c t o r s  c o u l d  be b u i l t  on t h e  e x i s t i n g  LWR f a c i l i t y  

base. Otherwise,  t h e  commercial i n t r o d u c t i o n  of t hese  s e r v i c e s  c o u l d  n o t  be expected 

u n t i l  some t i m e  a f t e r  i t  becomes c l e a r  t h a t  CANDU r e a c t o r s  w i l l  be commerc ia l l y  deployed 
i n  t h e  U.S. w i t h  t h o r i u m  f u e l ,  t he reby  i n d i c a t i n g  t h e  e x i s t e n c e  o f  a market  f o r  assoc ia ted  

f u e l  c y c l e  s e r v i c e s .  

CANDUs assume t h a t  r e q u i s i t e  f u e l  c y c l e  s e r v i c e s  have a l r e a d y  been developed f o r  t ho r ium-  
f u e l e d  LWRs. 

The i n t r o d u c t i o n  dates p o s t u l a t e d  f o r  t h e  a l t e r n a t e  f u e l  c y c l e  

As p o i n t e d  o u t  i n  S e c t i o n  5.1, no a t tempt  has been made here t o  c o n s i d e r  t h e  com- 

m e r c i a l  i z a t i o n  p rospec ts  o f  FBRs s i n c e  t h e  INFCE program ( I n t e r n a t i o n a l  Nuc lea r  Fuel Cyc le 

E v a l u a t i o n )  i s  c u r r e n t l y  s t u d y i n g  t h e  r o l e  o f  FBRs i n  n u c l e a r  power scenar ios  and t h e i r  

r e s u l t s  shou ld  be a v a i l a b l e  i n  t h e  near  f u t u r e .  

I n  summary, i t  i s  apparent  t h a t  s i g n i f i c a n t  b a r r i e r s  e x i s t  f o r  t h e  p r i v a t e  s e c t o r  

e i t h e r  t o  c o n v e r t  LWRs t o  thorium-based f u e l s  o r  t o  develop advanced r e a c t o r  concepts. 

Whi le  U308 i s  s t i l l  r e l a t i v e l y  inexpensive,  t h e  economics of a l t e r n a t e  r e a c t o r  and fue l  

c y c l e  concepts a t  b e s t  show marg ina l  sav ings r e l a t i v e  t o  t h e  LWR and consequent ly  t h e i r  

development and deployment would have t o  be h e a v i l y  s u b s i d i z e d  by t h e  government. 
l o n g e r  term, as  t h e  p r i c e  o f  uranium inc reases  due t o  d e p l e t i o n  o f  l o w e r - c o s t  uranium 

depos i t s ,  t hese  a l t e r n a t e  concepts c o u l d  ach ieve  s u p e r i o r  economic performance compared 
t o  t h e  LWR. The most o p t i m i s t i c  i n t r o d u c t i o n  dates f o r  advanced c o n v e r t e r s  r e s u l t  i n  a 

r e l a t i v e l y  smal l  i n s t a l l e d  c a p a c i t y  by t h e  y e a r  2000, and, as shown i n  Chapter 6, t h e  

impact o f  advanced c o n v e r t e r s  on t h e  cumu la t i ve  U308 consumption by t h e  y e a r  2000 would 

be smal l .  However, deployment o f  a l t e r n a t e  r e a c t o r  concepts i n  t h e  t i m e  f r o m  1995-2000 

c o u l d  have s i g n i f i c a n t  impact  on resource  use i n  t h e  p e r i o d  2000-2025. 

none o f  t h e  a1 t e r n a t e  r e a c t o r  concepts t h a t  promise improved resource  u t i 1  i z a t i o n  has 

undergone l i c e n s i n g  rev iew  by  t h e  government. Due t o  these  f a c t o r s ,  conve rs ion  t o  t h e  

denatured f u e l  c y c l e  and/or  i n t r o d u c t i o n  o f  a l t e r n a t e  r e a c t o r  concepts on a t i m e  s c a l e  

which can d issuade i n t e r n a t i o n a l  tendencies toward conven t iona l  p l u t o n i u m  r e c y c l e  w i l l  
r e q u i r e  v e r y  s i g n i f i c a n t  government invo lvement  and f i n a n c i a l  i n c e n t i v e s  i n  t h e  near  

f u t u r e .  

I n  t h e  

Except f o r  HTGRs, 

7.3.3. Conclus ions 

From t h e  above d i s c u s s i o n  t h e  f o l l o w i n g  conc lus ions  can be summarized: 

0 The p r o d u c t i o n  o f  2331) f o r  t h e  denatured 2 3 3 U  f u e l  c y c l e  c o u l d  be i n i t i a t e d  

by  i n t r o d u c i n g  Th i n t o  t h e  LWRs c u r r e n t l y  o p e r a t i n g  on t h e  once-through 
cyc le .  

s e c t o r  t o  c o n v e r t  LWRs t o  thorium-based f u e l s  because o f  t h e  i nc reased  

c o s t s  assoc ia ted  w i t h  t h e  h i g h e r  U308 and s e p a r a t i v e  work requirements. 

Thus commerc ia l i za t i on  o f  t h e  denatured f u e l  c y c l e  i s  n o t  p l a u s i b l e  

un less  government i n c e n t i v e s  a r e  prov ided.  

However, t h e r e  i s  an economic d i s i n c e n t i v e  w i t h i n  t h e  p r i v a t e  

I n i t i a l  p r o d u c t i o n  o f  233U 
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f o r  l a t e r  r e c y c l e  c o u l d  be i n i t i a t e d  by  t h e  mid-1980's i f  such i n c e n t i v e s  

were for thcoming.  Recyc le o f  233U on a commercial s c a l e  i s  n o t  p l a u s i b l e  

p r i o r  t o  t h e  y e a r  2000, however, 

0 The i n t r o d u c t i o n  o f  advanced r e a c t o r  concepts t h a t  would p r o v i d e  s i g n i f i c a n t  

resource  sav ings beyond t h e  y e a r  2000 w i l l  r e q u i r e  v e r y  l a r g e  government 

suppor t  f o r  R&D, f o r  demons t ra t i on  f a c i l i t i e s ,  and f o r  l e a d  commercial 

p l a n t s .  I f  a r a p i d  deployment schedule were requ i red ,  a d d i t i o n a l  resources 

would have t o  be committed t o  cove r  t h e  r i s k s  o f  e a r l y  commercial p l a n t s .  

0 Fuel se rv i ce /energy  c e n t e r s  whose u l t i m a t e  purpose i s  t o  u t i l i z e  p lu ton ium b o t h  

f o r  energy p r o d u c t i o n  and f o r  2 3 3 U  p r o d u c t i o n  would progress th rough  v a r i o u s  

phases. I n i t i a l l y  these c e n t e r s  would be fue l  s t o r a g e  f a c i l i t i e s .  W i th  t h e  

i n t r o d u c t i o n  o f  rep rocess ing  and r e t a b r i c a t i o n  i n  t h e  c e n t e r ,  LWRs l o c a t e d  a t  

d i spe rsed  s i t e s  would be f u e l e d  w i t h  denatured 2 3 3 U .  C o n c u r r e n t l y  Pu- fue led 

thermal  t ransmuters would be deployed w i t h i n  t h e  c e n t e r .  

l ong - te rm energy demands, Pu- fue led f a s t  t ransmuters would be i n t r o d u c e d  

w i t h i n  t h e  cen te rs .  

U l t i m a t e l y ,  t o  meet 

0 It i s  d e s i r a b l e  t h a t  a f u e l  r e c y c l e  R&D program be i n i t i a t e d  f o r  denatured f u e l s  

a t  t h e  same t i m e  a d e c i s i o n  i s  made t o  f a b r i c a t e  t h o r i u m - c o n t a i n i n g  f u e l  
f o r  l a r g e - s c a l e  i r r a d i a t i o n  i n  e x i s t i n g  LWRs. 

c o u l d  be r e q u i r e d  w i t h i n  seven y e a r s  a f t e r  t h e  i n i t i a t i o n  o f  a t h o r i u m  

i r r a d i a t i o n  program. 

P i l o t - s c a l e  r e c y c l e  f a c i l i t i e s  
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7.4. ADEQUACY OF NUCLEAR POWER SYSTEMS UTILIZING DENATURED 2 3 3 U  FUEL 
FOR MEETING ELECTRICAL POWER DEMANDS 

M. R. Shay, D. R. H a f f n e r ,  W. E. Black, T. M. Helm, 
R. W. Hard ie,  and R. P. Omberg 

Hanford Eng ineer ing  Development Labora to ry  

An i m p o r t a n t  measure f o r  e v a l u a t i n g  a n u c l e a r  power system i s  whether i t  can meet 

p r o j e c t e d  power demands w i t h  t h e  uranium resources es t ima ted  t o  be a v a i l a b l e  a t  an accept-  

a b l e  c o s t .  T h i s  s e c t i o n  summarizes t h e  r e s u l t s  o f  analyses performed i n  t h i s  s tudy  t o  

determine whether  v a r i o u s  n u c l e a r  power systems u t i 1  i z i n g  denatured 2 3 3 U  f u e l  c o u l d  meet 

a p r o j e c t e d  power demand o f  350 GWe i n s t a l l e d  c a p a c i t y  by t h e  y e a r  2000 and a n e t  i nc rease  

o f  15 GWelyear through t h e  y e a r  2049, t h e  t o t a l  c a p a c i t y  i n  t h e  y e a r  2050 b e i n g  1100 GWe. 

The analyses were based on a uranium supp ly  model shown i n  F ig .  7.4-1 and i n  Table 8-7 

(Appendix B), which p r o v i d e s  b o t h  c o n s e r v a t i v e  and o p t i m i s t i c  p r e d i c t i o n s  o f  t h e  uranium 

supply  as a f u n c t i o n  o f  cost .  

The power systems analyzed a r e  desc r ibed  i n  d e t a i l  i n  Chapter 6. They a r e  comprised 

o f  LEU-LWRs o p e r a t i n g  i n  c o n j u n c t i o n  w i t h  LWRs on o t h e r  f u e l  c y c l e s  o r  i n  c o n j u n c t i o n  w i t h  

one o f  t h e  t h r e e  t ypes  o f  advanced c o n v e r t e r s  (SSCR, HWR, o r  HTGR) cons ide red  i n  t h e  s tudy .  

I n  some cases, FBRs a r e  i n c l u d e d  i n  t h e  system. 

r e s i s t a n t  power systems was one o f  t h e  p r i m a r y  concerns, t h e  concept o f  a secure energy 

c e n t e r  s u p p o r t i n g  d i spe rsed  r e a c t o r s  was 

Since t h e  maintenance o f  p r o l i f e r a t i o n -  

ORNL-DW(I 78-2,7,7 used, w i t h  the  f u e l  u t i l i z e d  i n  t h e  d i s -  
260 I I I T I I I I I I  persed r e a c t o r s  r e s t r i c t e d  t o  LEU ( o r  SEU) 

and denatured f u e l s .  A r e a c t o r  o p e r a t i n g  on 

t h e  denatured 2 3 3 U  f u e l  c y c l e  i s  n o t  s e l f -  

200 s u s t a i n i n g ,  however, and t h e r e f o r e  i t  

r e q u i r e s  an exogenous source o f  2331).  

t h e  power systems s tud ied ,  t h e  2 3 3 U  i s  

- p r o v i d e d  by MEU/Th-fueled thermal r e a c t o r s  

240 - 

- 

- - 
INTERMEDIATE-COST U 3 0 8  

I n  

- o r  p l  u ton ium- fue led  thermal and/or  f a s t  

t ransmuters.  These r e a c t o r s ,  o f  course,  

a1 so c o n t r i b u t e  t o  t h e  power genera t i on .  

Because t h e  t ransmuters have p lu ton ium cores,  

however, t h e y  must be l o c a t e d  w i t h i n  t h e  secure 

energy cen te rs .  (Note: W i th  t h i s  r e s t r i c t i o n  

t h e  "energy suppor t  r a t i o "  o f  a n u c l e a r  
system becomes a second i m p o r t a n t  measure 

o f  e v a l u a t i o n ,  as i s  d iscussed i n  S e c t i o n  

7.2.3. The energy suppor t  r a t i o s  f o r  t h e  

- 

- 

- 

- 

- 

O o  1 I I I b ,, 
U308 QUANTITY (!06 tons) 

systems desc r ibed  he re  a r e  g i ven  i n  Appendix 

F ig .  7.4-1. Marg ina l  Costs f o r  High-  C, a l o n g  w i t h  o t h e r  d e t a i l e d  r e s u l t s  f rom 

t h e  analyses.  ) and In te rmed ia te -Cos t  U308 Supply Curves. 
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A nuclear power systems evaluation such a s  the one performed i n  t h i s  study requires 
th ree  basic components. 
i den t i f i ed .  Second, there  must be an ana ly t ica l  model capable of modeling each system i n  
s u f f i c i e n t  de t a i l  t h a t  d i f fe rences  between the  systems can be accura te ly  ca lcu la ted .  And 

f i n a l l y ,  a data base t h a t  contains both r eac to r  performance data and economic data must be 
developed. Sections 7.4.1 and 7.4.2 below give b r i e f  descr ip t ions  of the  model and data 
base a s  they were applied to  t h i s  evaluation. The r e s u l t s  of  the  analyses f o r  spec i f ied  
nuclear power systems a r e  then summarized in Sections 7.4.3, 7.4.4 and  7 .4 .5 ,  with the 
de t a i l ed  r e s u l t s  presented i n  Appendix C .  

F i r s t ,  the various nuclear power systems to  be analyzed must be 

7.4.1. The Analytical Method 

Two fundamental aspects o f  the  model used in the  analyses r e l a t e  t o  the nuclear 
energy demand and the  U 3 0 8  supply, both of which have been spec i f ied  above. 
energy demand assumed in the model i s  cons is ten t  w i t h  the cur ren t  construction plans of 
u t i l i t i e s  through the  1980 ' s .  
low-cost U308  progressively depleted,  i t  was assumed t h a t  more expensive lower-grade 
uranium resources would be mined. This was modeled by assuming t h a t  the l o n g - r u n  marginal 
cos t  of U308 was an increasing function of the  cumulative amount mined. For a pa r t i cu la r  
nuclear pol icy  option, the  p lan t  construction pa t te rn  was therefore  governed by economics 
and/or uranium u t i l i z a t i o n .  

The nuclear 

As more nuclear units were requi red ,  with the  supply of 

Two d i f f e r e n t  optimizing pa t te rns  were used i n  the study. In the  f i r s t  runs 
economic competition between nuclear fue l s  and coal was assumed, and the  p lan ts  were 
se lec ted  to  minimize the  leve l ized  cos t  o f  power over time. These runs, which a r e  pre- 
sented i n  Appendix D, indicated t h a t  nuclear power did not compete well a t  U308 pr ices  

above $160/lb f o r  the  assumptions used i n  t h i s  study. T h u s  f o r  the  runs of a l l -nuc lea r  
power systems, described in Chapter 6 and sumnarized here, an attempt was made to  s a t i s f y  
the  demand f o r  nuclear power w i t h  the  U308 avai lab le  a t  a pr ice  l e s s  than $160/lb U308. 

Other considerations a l so  a f f ec t ed  the  se l ec t ion  of the  nuclear power p lan ts  t o  be 
constructed.  
unless the projected supply of f i s s i l e  material was s u f f i c i e n t  throughout the  r e a c t o r ' s  
l i f e t ime .  
could be introduced only a t  a l imi ted  r a t e .  Furthermore, once the  manufacturing capab i l i t y  
to  produce a p a r t i c u l a r  reac tor  type was well e s t ab l i shed ,  the  maximum r a t e  a t  which t h a t  
reac tor  type could lo se  i t s  share of the new construction market was l imi ted  t o  a speci-  
f i ed  r a t e .  

For example, a reac tor  t h a t  required P u  o r  2 3 3 U  could not be constructed 

In addi t ion ,  a nuclear p lan t  design t h a t  d i f f e red  from es tab l i shed  technology 

Both the to t a l  power cos t  of each nuclear policy option a n d  the  t o t a l  power cos t  
of each reac tor  type ava i lab le  in  each option were ca lcu la ted .  For each r eac to r  type,  the 
to t a l  power cos t  was ca lcu la ted  f o r  four components -- capi ta l  , operation and maintenance, 
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taxes ,  and 
2 3 % ,  uran 

fuel cycle.  The fuel cycle cos ts  were, i n  turn, divided in to  seven components -- 
um, thorium, enrichment, plutonium, f ab r i ca t ion ,  and reprocessing. 

I t  s t o  be noted t h a t  the power systems ca lcu la ted  were a l l  assumed t o  be U.S. 

based, the  i n p u t  data a l l  being of U.S. or ig in .  W i t h  appropriate i n p u t  modifications,  
however, the  model could be used f o r  o ther  scenarios.  For example, i t  could be used t o  
analyze the  poten t ia l  f o r  the  deployment of transmuters both t o  produce power in secure 
s t a t e s  and to  produce 2 3  S f o r  export t o  s t a t e s  wishing to  base t h e i r  own power systems 
on thermal reac tors  without national reprocessing. 

7.4.2. Data Base 

The data required by the  model f o r  each reac tor  type include power l e v e l ,  annual 
i so topic  charge and discharge,  annual fabr ica t ion  requirements, introduction da te s ,  e t c .  
These data a r e  presented i n  Tables 6.1-2 and 6.1-3 in Chapter 6. I t  i s  t o  be pointed ou t ,  
however, t h a t  the  data a r e  f o r  reac tors  of e s s e n t i a l l y  conventional designs,  and t h a t  the  
U308 requirements f o r  the  various reac tor  types could be reduced through design optimiza- 
t i on .  
and i s  discussed in Section 7.4.3 below.). 

(Note: The e f f e c t  of optimizing LWRs has been considered i n  a separa te  ana lys i s  

The major parameters i n  the economic data base used f o r  this study a r e  cap i t a l  cos t s ,  
uranium cos t s ,  f ab r i ca t ion  cos t s ,  spent fuel disposal c o s t s ,  reprocessing cos t s ,  and money 
cos t s .  
and industry representa t ives ,  i s  presented i n  Appendix B .  

The e n t i r e  data base, which was developed in a j o i n t  e f f o r t  involving government 

7.4.3. Results f o r  Price-Limited Uranium Supplies 

As noted above, the  denatured nuclear power systems u t i l i z e d  various combinations 
of thermal converters and f a s t  r eac to r s .  These in turn were examined under s i x  fuel cycle 
opt ions ,  which a r e  summarized i n  Table 7.4-1 (Options 4-8). In addi t ion ,  the same reac tor  
types were examined under th ree  reference fuel cycle options -- a throwawaylstowaway option 
(Option 1 )  and two plutonium-uranium options (Options 2 and 3 ) .  Four cases were considered 
under each option, each case being distinguished by the type of converter being emphasized -- 
LWRs, SSCRs, HWRs, o r  HTGRs. T h u s  a t o t a l  of 36 d i f f e r e n t  nuclear power systems were 
analyzed. 

The maximum nuclear capacity and the  year in which the  maximum occurs f o r  each 
nuclear system studied i s  shown in Table 7.4-2 f o r  the  two uranium supply assumptions ( see  
Fig. 7.4-1). 
mill ion ST of U308 could be recovered a t  cos t s  l e s s  than $160/lb, while with the high-cost 
supply i t  was assumed t h a t  3 mill ion ST of U308 would be ava i lab le .  

As s t a t ed  e a r l i e r ,  w i t h  the  intermediate-cost supply i t  was assumed t h a t  6 
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Table 7.4-1. D e s c r i p t i o n  o f  Fuel Cyc le Opt ions*  
- ~~ - 

Throwaway/Stowaway Op t ion  (see F i g .  6.1-1 ) : 

Op t ion  1 .  LEU ACRs and/or  LWRs on once-through c y c l e .  

Plutonium-Uranium Op t ions  (see F i g .  6.1-2): 

Op t ion  2 .  Pu/U r e c y c l e  o p t i o n ;  LEU c o n v e r t e r s  o u t s i d e  c e n t e r ;  Pu/U c o n v e r t e r s  
i n s i d e  cen te r ;  when ACRs i n s i d e  c e n t e r  a r e  HTGRs, t h e y  opera te  on 
235U/Th, 233U/Th, and Pu/Th. 

Pu/U r e c y c l e  o p t i o n ;  LEU c o n v e r t e r s  o u t s i d e  cen te r ;  Pu/U c o n v e r t e r s  
and breeders i n s i d e  cen te r ;  when ACRs i n s i d e  c e n t e r  a r e  HTGRs, t h e y  
opera te  on 235U/Th, 233U/Th, and Pu/U. 

Op t ion  3. 

Denatured Uranium Op t ions  Using Conver ters  Only  (see F i g .  6 .1-3) :  

Op t ion  4. 

Op t ion  5U. 

P lu ton ium throwaway o p t i o n ;  LEU and denatured 235U and 233U c o n v e r t e r s  
o u t s i d e  cen te r ;  no r e a c t o r s  i n s i d e  c e n t e r ;  U o n l y  r e c y c l e d .  

P lu ton ium m i n i m i z a t i o n  o p t i o n ;  LEU and denatured 2 3 5 U  and 2 3 3 U  con- 
v e r t e r s  o u t s i d e  c e n t e r ;  Pu/Th c o n v e r t e r s  i n s i d e  c e n t e r ;  U and Pu 
r e c y c l  ed. 

Same as 5U w i t h o u t  denatured 2 3 5 U  c o n v e r t e r s .  Op t ion  5T. 

Denatured Uranium Opt ions Using Bo th  Conver ters  and Breeders (see F i g .  6.1-4): 

Op t ion  6. L i g h t  t r a n s m u t a t i o n  o p t i o n ;  LEU and denatured 2 3 5 U  and 2 3 3 U  conver-  
t e r s  o u t s i d e  c e n t e r ;  Pu/Th c o n v e r t e r s  and Pu-U/Th breeders i n s i d e  
c e n t e r .  

Op t ion  7. L i g h t  t r a n s m u t a t i o n  o p t i o n  w i t h  denatured breeder ;  LEU conver te rs ,  
denatured 2 3 5 U  conver te rs ,  and denatured 2 3 3 U  c o n v e r t e r s  and breeders 
o u t s i d e  c e n t e r ;  Pu/Th c o n v e r t e r s  and Pu-U/Th breeders i n s i d e  c e n t e r .  

Heavy t r a n s m u t a t i o n  o p t i o n ;  same as Op t ion  7 excep t  i n s i d e  breeder  i s  
a Pu-Th/Th breeder .  

O p t i o n  8. 

*Four cases cons ide red  under each o p t i o n ,  i d e n t i f i e d  by l e t t e r s  L, S, H, and G t o  denote 
t y p e  o f  c o n v e r t e r  employed i n  a d d i t i o n  t o  LEU-LWRs (L = LWR, S = SSCR, H = HWR, G = HTGR). 

The e f f e c t  o f  v a r y i n g  t h e  f u e l  c y c l e  system can be seen by r e a d i n g  ac ross  Table 7.4-2 

An i n s t a l l e d  n u c l e a r  c a p a c i t y  o f  1100 GWe i n  y e a r  2050 i n d i c a t e s  t h a t  t h e  p r o j e c t e d  
and t h e  e f f e c t  of changing t h e  c o n v e r t e r  r e a c t o r  o p t i o n  can be deduced by  r e a d i n g  down a 
column. 

energy demand i s  f u l l y  met by t h e  r e a c t o r s  i n  a g i v e n  n u c l e a r  fue l  c y c l e  system. 
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Table 7.4-2. Maximum Nuclear  Capaci ty  o f  Var ious Nuclear  Power Opt ions L i m i t e d  
t o  $160 pe r  pound U,08 and Year i n  Which Maximum Occurs 

(Note: A capaci ty  of  1100 GWe i n  year 2049 meets demand.) 

Maximum I n s t a l l e d  Nuclear Capacity (GWe)/Year fdmimwn Occurs 

AC R LEU, Pu/U Denatured w i t h  ACRs Denatured w i t h  ACRs/FBRs 

1 2 3 4 5u 5T 6 7 8 

W i t h  High-Cost U 3 0 8  Supply 

LWR ( L )  433 
2009 

61 1 1100 585 716 637 
202: 2049 LO19 2027 2021 

1100 1100 
2049 2049 

1087 
2049 

SSCR ( S )  440 
2 0 0 9  

1100 1100 
2049 2049 

1084 
2049 

HWR ( t i )  444 
201 1 

630 1100 756 91 5 856 
2021 9049 2031 2041 2035 

1100 1100 
2049 2049 

1100 
2049 

HTGR (GI 437 
2009 

818 1100 545 671 638 
2033 2049 2Oi9 2 0 2 3  2021 

1091 1100 
2049 2049 

958 
2041 

With Intermediate-Cost U308 Supply 

LWR ( L )  729 
2027 

968 
2041 

1100 1002 

2049 2047 

1062 1012 
2049 2047 

1100 
2049 

1100 
2049 

1097 
2049 

SSCR ( S )  763 
2029 

1078 
2049 

1100 1084 
2049 2049 

1100 1100 
2049 2049 

1100 
2 0 4 9  

1100 
2049 

1100 
2 0 4 9  

HWR (H) 852 
2035 

1062 
2049 

1100 1084 
2049 2049 

1100 1100 
2049 2 0 4 9  

1100 
2049 

1100 
2049 

1100 
2049 

HTGR (G) 783 
203: 

1100 
2049 

1100 971 
2049 2041 

1065 996 
2049 2045 

1100 
2048 

1100 
2049 

1100 
2049 

Non-FBR Systems, Opt ions 1, 2, 4, and 5 

i 
For  t h e  h igh -cos t  U308 supp ly  case (3  m i l l i o n  ST U308 below $160/ lb) ,  i t  i s  e v i d e n t  

t h a t  i n t r o d u c i n g  advanced c o n v e r t e r s  on t h e  throwaway/stowaway f u e l  c y c l e  (Op t ion  1 ) has 

l i t t l e  e f f e c t  on t h e  maximum a t t a i n a b l e  n u c l e a r  capac i t y .  T h i s  i s  d i r e c t l y  due t o  t h e  

i n t r o d u c t i o n  dates assumed f o r  t h e  advanced c o n v e r t e r  r e a c t o r s .  By t h e  t ime  t h e  c o n v e r t e r s  
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dominate t h e  new c a p a c i t y  be ing  b u i l t ,  a v e r y  s i g n i f i c a n t  f r a c t i o n  o f  t h e  U,08 supply  has 

a l r e a d y  been committed t o  t h e  s tandard  LWR. 

were used ( 6  m i l l i o n  ST U308 below $160 / lb ) ,  t o g e t h e r  w i t h  t h e  same n u c l e a r  growth r a t e ,  t h e  

a d d i t i o n  of an advanced c o n v e r t e r  would have a much l a r g e r  impact. 

t h e  system i n c l u d i n g  HWRs has a maximum a t t a i n a b l e  i n s t a l l e d  n u c l e a r  c a p a c i t y  f o r  t h e  throwaway/ 

stowaway o p t i o n  t h a t  i s  app rox ima te l y  17% g r e a t e r  t han  t h e  i n s t a l l e d  c a p a c i t y  o f  t h e  system 

comprised o f  LWRs a lone,  w h i l e  f o r  t h e  h i g h - c o s t  supply  case i t  i s  o n l y  3% g r e a t e r .  

I t  f o l l o w s  t h a t  i f  t h e  i n t e r m e d i a t e - c o s t  U308 

F o r  example, i n  t h i s  case 

I n  Op t ion  2 c o n v e r t e r  r e a c t o r s  a r e  ope ra ted  on t h e  LEU f u e l  c y c l e  o u t s i d e  t h e  energy 

c e n t e r  and Pu/U c o n v e r t e r s  and 235U(HE)/Th, 23?J /Th ,  and Pu/Th HTGRs a r e  operated i n s i d e  

t h e  c e n t e r .  As expected, t h e  thermal  r e c y c l e  systems a l l  suppor t  n u c l e a r  power growth 

w i t h  l e s s  U308 consumption than t h e  once- through systems o f  Op t ion  1, and, i n  genera l ,  t h e  

o p t i o n s  i n c l u d i n g  advanced c o n v e r t e r  r e a c t o r s  (SSCRs, HWRs, and HTGRs) p r o v i d e  f o r  i nc reased  

maximum i n s t a l l e d  c a p a c i t y  r e l a t i v e  t o  t h e  LWR o p t i o n  f o r  b o t h  t h e  h i g h - c o s t  and t h e  

i n t e r m e d i a t e - c o s t  U308 supp ly  assumptions. The HTGR o p t i o n  (26)  p rov ides  f o r  t h e  g r e a t e s t  

l e v e l  o f  i n s t a l l e d  n u c l e a r  c a p a c i t y  f o r  b o t h  U308 s u p p l i e s .  

these scenar ios  i s  l a r g e l y  due t o  t h e  f a c t  t h a t  t h e y  i n c l u d e  t h e  nondenatured 2 3 % / T h  f u e l  

c y c l e  which i s  used o n l y  by HTGRs i n  t h i s  s tudy .  

The resource  e f f i c i e n c y  o f  

Op t ion  4 u t i l i z e s  o n l y  denatured 2 3 5 U  and 2 3 3 U  f u e l s  and LEU f u e l ,  a l l  o u t s i d e  t h e  

Here i t  i s  i n t e r e s t i n g  t o  energy cen te r ,  and none o f  t h e  p lu ton ium produced i s  recyc led .  

observe t h a t  f o r  b o t h  uranium supp ly  assumptions t h e  HWR c o n v e r t e r  o p t i o n  (4H) has i n s t a l l e d  

c a p a c i t y  l e v e l s  t h a t  a r e  g r e a t e r  t han  o r  equal t o  those o f  any o t h e r  c o n v e r t e r  r e a c t o r  

o p t i o n ,  w h i l e  t h e  HTGR o p t i o n  (46)  has t h e  l o w e s t  i n s t a l l e d  c a p a c i t i e s .  

t h e  HTGRs used i n  t h i s  s tudy  do n o t  ope ra te  e f f i c i e n t l y  on denatured f u e l  c y c l e s  r e l a t i v e  

t o  t h e  o t h e r  c o n v e r t e r s  a v a i l a b l e  (see a l s o  Opt ions 5UG and 5TG). 
a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  r e a c t o r s  used i n  these e v a l u a t i o n s  were n o t  o p t i m i z e d  f o r  
t h e  r o l e s  i n  which t h e y  were employed, and f o r  t h e  HTGR t h i s  has a g r e a t e r  impac t  t han  f o r  

t h e  o t h e r  r e a c t o r  types.  

I t  appears t h a t  

T h i s  can be p a r t i a l l y  

Op t ion  5 uses denatured and LEU-fueled r e a c t o r s  o u t s i d e  t h e  c e n t e r  and Pu/Th-fueled 

c o n v e r t e r s  w i t h i n  t h e  c e n t e r .  
which b o t h  denatured 2 3 5 U  and denatured 2 3 %  u n i t s  a r e  used; and Op t ion  5T, i n  which t h e  

denatured 2 3 5 U  u n i t s  a r e  excluded. 

I n  these cases t h e  HWR o p t i o n s  produce t h e  g r e a t e s t  maximum i n s t a l l e d  n u c l e a r  c a p a c i t y  

w i t h  t h e  h i g h - c o s t  o r e  supply ,  and b o t h  t h e  HWR o p t i o n s  and SSCR o p t i o n s  meet t h e  power 

demand w i t h  t h e  i n t e r m e d i a t e - c o s t  o r e  supply .  

e f f i c i e n t l y  as t h e  o t h e r  c o n v e r t e r s  f o r  t h e  reasons c i t e d  above. 

Th is  o p t i o n  i s  d i v i d e d  i n t o  two subopt ions:  Op t ion  5U, i n  

I n  b o t h  cases, 2 3 %  i s  produced i n  t h e  Pu/Th c o n v e r t e r s .  

Again, t h e  HTGRs do n o t  appear t o  ope ra te  as 

I n  summary, non-FBR power systems u s i n g  denatured f u e l  b u t  d i s c a r d i n g  p l u t o n i u m  

r e q u i r e  about  t h e  same amount of U308 as thermal  systems on t h e  c l a s s i c a l  Pu/U c y c l e  and 

o f f e r  p o t e n t i a l  n u c l e a r  growth r a t e s  t h a t  a r e  r o u g h l y  t h e  same. I f  t h e  p l u t o n i u m  i s  r e -  
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cycled in P u / T h  conver te rs ,  the systems have poten t ia l  nuclear growth r a t e s  t h a t  exceed 
those of analogous reac tors  operating on the  P u / U  fuel cycle.  I f  the  intermediate-cost  
U308 supply assumption proves t o  be co r rec t ,  advanced converters i n  the  recycle mode can 
s a t i s f y  the  postulated nuclear energy demand through year 2050 a t  competitive cos ts .  
This ana lys i s  therefore  ind ica tes  t h a t ,  a t  l e a s t  under opt imis t ic  resource conditions,  
advanced converters using denatured fue l s  can defer  the  need f o r  commercial use of an 
"inexhaustible" energy source (such a s  FBRs) beyond the  year 2050. 

FBR Systems, Options 3 ,  6, 7 ,  and 8 

Table 7.4-2 shows t h a t  almost a l l  of the  nuclear system options u s i n g  FBR fuel 
cycles (Options 3,  6 ,  7 ,  and 8)  a r e  ab le  t o  meet the  projected nuclear energy demand 
without mining U308 costing more than $160/lb. 
case of the  high-cost ore supply, and even this option, which includes the  Pu-Th /Th  
breeder and the  denatured 2 3 3 U  breeder, would s a t i s f y  the  demand i f  s l i g h t l y  improved FBR 
reac tor  design parameters were used. Thus, a s  was expected, t h i s  ana lys i s  ind ica tes  t h a t  
FBR-containing systems will  po ten t i a l ly  support much l a rge r  nuclear capac i t i e s  than 
thermal recycle systems and/or wi l l  requi re  l e s s  mining. The Th-containing FBR cycles 
supporting dispersed denatured converters perform as well as the  analogous Pu/U cycles 
within the  framework of t h i s  ana lys i s .  
core and T h  blanket i s  pa r t i cu la r ly  resource-ef f ic ien t .  

The only exception i s  Option 8 f o r  t he  

Of the  Th-containing cyc les ,  t he  FBR w i t h  a Pu/U 

7.4.4. Results f o r  Unconstrained Resource Avai lab i l i ty  

The preceding r e s u l t s  represent a somewhat a r t i f i c i a l  s i t u a t i o n  because of t he  
$160/lb l imi t a t ion  on the  U308 a v a i l a b i l i t y .  
power demand i n  many of the  scenarios investigated i s  a d i r e c t  r e s u l t  of t he  system's 
i n a b i l i t y  t o  u t i l i z e  U308 costing more than $160/lb. In order t o  address the  poten t ia l  
of t he  various fuel cyc le / reac tor  options under the  condition t h a t  the  projected demand 
f o r  nuclear power must be s a t i s f i e d ,  the $160/lb cons t r a in t  was removed. 
quant i ty  of U308 required t o  completely s a t i s f y  the  demand f o r  nuclear generating capacity 
was t h e n  estimated f o r  each of t he  nuclear power options; these r e s u l t s  a r e  presented i n  
Table 7.4-3. 

That i s ,  the  f a i l u r e  t o  meet the  projected 

The cumulative 

The r a t e  a t  which U308 i s  required t o  support the  projected nuclear capacity 
An overall  maximum U308 represents  an important additional cons t r a in t  on a system. 

production r a t e  i s  d i f f i c u l t  t o  specify because of the  p o s s i b i l i t y  of importing U308 
and because any prediction o f  the  production of U308 from uncertain resources i n  the  next 
century i s  highly specula t ive .  
U308 production r a t e  i s  s t i l l  an important var iab le ,  the  maximum required U308 production 
r a t e s  f o r  each scenario were estimated and a r e  tabulated i n  Table 7.4-4. As a point of 
reference,  note t h a t  DOE has estimated t h a t  domestic mining and mill ing could sus t a in  a 
production r a t e  of 60,000 ST of U308 per year i n  the  1990s by developing U,08 reserves 
and potential  resources a t  forward costs* of l e s s  than $30 per pound. 

Recognizing t h i s ,  and a l so  recognizing t h a t  t he  required 

* 
Forward cos ts  do not include the capi ta l  cos ts  of f a c i l i t i e s  o r  industry p r o f i t s ,  which 
a r e  included in the  long r u n  marginal cos ts  used i n  t h i s  study. 
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Tab le  7,4-3. Cumulat ive U308 Consumption o f  Var ious  Nuc lear  P o l i c y  
Opt ions  F u l l y  Meet ing  P r o j e c t e d  Nuc lear  Power Demands 

( R e s t r i c t i o n  t o  $160 per  pound u308  removed.) 

Cumulative u308 Consumption ( m i l l i o n s  o f  tons)  
Through year  2025/Through Year 2049 

A C R  LEU, Pu/U Denatured w i t h  ACRs Denatured w i t h  ACRs/FBRs 
1 2 3 4 5u 5T 6 7 8 

L l l R  (L) 

SSCR ( S )  

HWR (H) 

HTGR (G) 

LWR (L) 

SSCR ( S )  

HLIR (11) 

HTGR ( G )  

3.41 
7.05  

3.26 
6 . 5 2  

3.10 
5 . 5 8  

3.23 
6 . 2 6  

3.41 
7 . 0 5  

3.26 
6 . 5 2  

3.10 
5.58 

3.23 
6 . 2 6  

I l i t h  High-Cost U308 Supply 

2.39 2.14 2.87 2.36 2.36 2.18 2.14 2.29 

5 . 2 3  2 . 7 3  5.4.1 4 . 8 3  4 . 9 4  2 . 8 2  2 . 8 3  2.86 

2.23 1.99 2.70 2.35 2.14 1.93 1.93 2.07 

4.35  2 . 7 0  4 . 6 5  3 . 8 6  3 . 8 6  2.69 2 . 6 9  2 . 8 3  

2.72 2.29 2.50 2.16 2.14 2.25 2.21 2.29 
4.64 2 . 7 0  4 . 3 6  3 .27  3 .77  2.61 2.55 2.87 

2.19 1.97 2.58 2.32 2.34 2.15 2.12 2.32 

4.04  2.75 5 . 1 3  4 . 4 3  4 . 9 4  2 .70  2 . 6 8  3.18 

N i t h  Intermediate-Cost U,O, Supply 

2.39 2.28 2.87 2.36 2.36 2.37 2.37 2.37 

5 . 2 3  4 . 4 0  5 . 4 1  4 . 9 1  4 .94  4 .38  4 .38  4 . 4 8  

2.23 2.20 2.70 2.14 2.14 2.14 2.14 2.14 

4.35  4 . 1 4  4 . 6 5  3 .86  3 . 8 6  3 . 8 6  3.86 3 . 8 6  

2.72 2.31 2.94 2.52 2.51 2.32 2.30 2.38 
4.64 2 .  71 5 . 4 0  4 .32  4 . 3 7  3.66 2 .70  3 .37  

2.32 2.30 2.58 3.32 2.34 2.23 2.23 2.26 
4 . 2 3  4 .22  5.13 4 . 4 3  4 .94  4 . 1 9  4 . 1 9  4.24 

The r e s u l t s  p resented  i n  Tables 7.4-3 and 7.4-4 i n d i c a t e  the  r e l a t i v e  resource  

e f f i c i e n c i e s  o f  t h e  v a r i o u s  n u c l e a r  power systems s i n c e  t h e  energy produced was h e l d  

c o n s t a n t .  

removed, t h e  uran ium requ i rements  were es t ima ted  f o r  b o t h  t h e  i n t e r m e d i a t e -  and h igh -cos t  

U308 s u p p l i e s .  
U308 p r o d u c t i o n  r a t e s  f o r  s i m i l a r  fue l  c y c l e / r e a c t o r  combina t ions  a r e  due t o  d i f f e r e n t  

r e a c t o r  mixes assoc ia ted  w i t h  each uranium p r i c e  s t r u c t u r e .  

It s h o u l d  be no ted  t h a t  a l t h o u g h  t h e  U308 c o s t  l i m i t a t i o n  o f  $160/ lb  was 

Hence, t h e  d i f f e r e n c e s  i n  t h e  cumu la t i ve  U308 requ i rements  and annual 
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Table 7.4-4. Maximum Annual U308 Requirements of Various Nuclear Policy 
Options Fully Meeting Projected Nuclear Power Demands 

(Restriction t o  $160 per pound U 3 0 8  removed.) 
~~ ~~ 

Maximum U308 Consumption (thousands o f  tons per year) 

A C R  L E U ,  P u / U  Denatured with ACRs Denatured with ACRs/FBRs 
1 2 3 4 5u 5T 6 7 8 

IJith High-Cost U3O8 S u p p l y  

LWR ( L )  183 120 60 111 115 115 62 60 68 

SSCR ( S )  160 115 52 83 83 83 50 50 55 

HWR ( H )  120 83 66 78 62 69 64 63 65 

HTGR ( G )  140 82 53 105 96 115 61 60 65 

With Intermediate-Cost U3O8 S u p p l y  

LWR ( L )  183 120 92 111 117  115 86 86 92 

SSCR ( S )  160 115 93 83 83 83 83 83 83 

HWR ( H )  120 83 66 110 89 90 66 66 66 

HTGR ( G )  140 86 86 105 96 115 87 87 87 

Sa t i s fy ing  the demand f o r  1100 GWe in year 2050 with the standard LWR once-through 
cycle (Option 1 L )  would requi re  t h a t  about 183,000 ST U308 be produced in  year 2049, with 
a cumulative consumption of 7.1 mill ion ST through t h a t  da te .  
converters (Options lS ,  lH, and 1G) would reduce both the  cumulative U308 consumption and 
the maximum production r a t e  requirements on the  once-through cycle - i n  the  case of t he  
HWR a s  low as  5.6 mi l l ion  ST and 120,000 STlyr, respec t ive ly .  

Introducing advanced 

Thermal recycle modes (Options 2 ,  4 ,  5U, and 5T) would reduce U 3 0 8  consumption 
through year 2049 t o  w i t h i n  the  range of 3.3 t o  5.4 mill ion ST U308, depending on the  
policy option chosen and t o  a l e s s e r  ex ten t  on the  uranium cos t  l eve l .  
consumption would vary from 62,000 t o  120,000 ST/yr. 
t i v e  t o  the  uranium pr ice  level t o  the  ex ten t  t h a t  high-cost uranium favors the  choice of 
e f f i c i e n t  high-capital-cost  systems such as the H W R ,  whereas lower-cost uranium favors 
continued use of LWRs even i f  o ther  reac tors  a re  ava i lab le .  

The maximum U308 

The resource consumption i s  sensi- 

I t  should be noted t h a t  when plutonium i s  recycled i n  thermal power systems includ- 
ing denatured reac tors  (Options 5U and 5T) the t o t a l  resource requirements (including P u )  
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a r e  g e n e r a l l y  l e s s  than  those  f o r  thermal  systems i n  t h e  Pu-U r e c y c l e  mode (Op t ion  2 ) .  
D i s c a r d i n g  Pu f rom t h e  r e c y c l e  o f  denatured thermal  systems (Op t ion  4 )  reduces t h e  

e f f i c i e n c y  o f  t h e  denatured c y c l e .  

The n u c l e a r  power systems t h a t  i n c l u d e  f a s t  breeders (Op t ions  3, 6, 7 ,  and 8 )  have 

cumu la t i ve  U308 requi rements th rough  yea r  2049 w i t h i n  t h e  range o f  2.71 t o  4.41 m i l l i o n  ST 

U308 i n  t h e  case o f  t h e  i n t e r m e d i a t e - c o s t  U308 supp ly  and w i t h i n  2.6 t o  3.2 m i l l i o n  ST 
U308 i n  t h e  case of t h e  h i g h - c o s t  supply .  The maximum U308 consumption v a r i e s  f rom 66,000 

t o  93,000 STlyr f o r  t h e  i n t e r m e d i a t e - c o s t  supp ly  and f rom 52,000 t o  68,000 S T l y r  f o r  t h e  

h i g h - c o s t  supply .  

e f f e c t i v e l y  t o  reduce U308 consumption i n  t h e  even t  U308 c o s t s  a r e  h igh .  The l a r g e r  t h e  

f r a c t i o n  o f  breeders i n  t h e  r e a c t o r  mix ,  t h e  l ower  t h e  U308 requi rements.  

The b reeder -con ta in ing  o p t i o n s  a r e  a b l e  t o  a d j u s t  t h e  r e a c t o r  mix 

I t should be no ted  t h a t  t h e  U308 requi rements f o r  t h e  systems c o n t a i n i n g  breeders 

The systems c o n t a i n i n g  

w i t h  Pu/U co res  and Th b l a n k e t s  (Op t ions  6 and 7)  a r e  s i m i l a r  t o  t h e  U308 requi rements 

f o r  t h e  system c o n t a i n i n g  t h e  c l a s s i c a l  PulU breeder  (Op t ion  3 ) .  

breeders w i t h  Pu/Th co res  and Th b lanke ts  r e q u i r e  somewhat more U $ I 8  on an i n t e g r a t e d  

bas i s .  

The U308 requi rements presented i n  Table 7.4-4 q u a l i t a t i v e l y  suppor t  t h e  r a n k i n g  o f  

c y c l e s  i n  t h e  c o s t - c o n s t r a i n e d  runs.  S p e c i f i c a l l y ,  t h e  power systems o p e r a t i n g  on once- 

th rough  c y c l e s  r e q u i r e  5.6 t o  7.1 m i l l i o n  ST U308 t o  s a t i s f y  t h e  demand f o r  n u c l e a r  

power through 2050, t h e  t h e r m a l - r e c y c l e  systems r e q u i r e  3.3 t o  5 .4  m i l l i o n  ST U308, and 
t h e  b reeder -con ta in ing  systems r e q u i r e  2.6 t o  4.4 m i l l i o n  ST U308. The systems i n c l u d i n g  

denatured 2 3  ?J r e a c t o r s  r e q u i r e  app rox ima te l y  t h e  same cumu la t i ve  amount o f  U308 as t h e i r  

Pu/U coun te rpa r t s .  

t h e  r e q u i r e d  p r o d u c t i o n  r a t e s  a r e  h i g h e s t  f o r  t h e  once- through systems; t h e y  a r e  reduced 

somewhat f o r  t h e  thermal r e c y c l e  cases; and t h e y  a r e  l o w e s t  f o r  t h e  b reeder -con ta in ing  
scenar ios .  

The r e s u l t s  presented i n  Table 7.4-5 a l s o  suppor t  these s tatements:  

7.4.5. Systems Employinq Improved LWRs and Enrichment Technology 

Whi le  n o t  cons ide red  i n  t h e  a n a l y s i s  summarized above, i t  i s  p o s s i b l e  t o  o p t i m i z e  

LWR designs t o  g r e a t l y  enhance t h e i r  u t i l i z a t i o n  o f  U308 p e r  u n i t  energy produced. 

o p t i m i z e d  des igns may r e s u l t  i n  reduced U308 requi rements o f  up t o  30% r e l a t i v e  t o  more 

conven t iona l  LWR designs.  

f ue l  rep rocess ing ,  t h e  improvements be ing  t h e  r e s u l t  o f  i nc reased  d i scha rge  exposure f u e l s  

and/or  r e c o n f i g u r e d  r e a c t o r  cores.  

These 

The 30% improvement i n  LWR U308 requi rements assumes no spent  

The e f f e c t  of deve lop ing  these LWR co res  o p t i m i z e d  f o r  throwaway/stowaway o p e r a t i o n  

was examined by assuming t h a t  t h e  U308 u t i l i z a t i o n  would be improved i n  s e q u e n t i a l  i n c r e -  
ments o f  10%. 

have U,O, requi rements equal  t o  90% of t h e  s tandard  LWR. 

improvement would be r e t r o f i t t e d  i n t o  e x i s t i n g  reac to rs .+  S i m i l a r l y ,  r e a c t o r s  s t a r t i n g  up 

Thus i t  was assumed t h a t  r e a c t o r s  s t a r t i n g  up between 1981 and 1991 would 

It was a l s o  assumed t h a t  t h i s  

'Nei ther  t h e  down t i m e  r e q u i r e d  f o r  r e t r o f i t t i n g  n o r  t h e  a s s o c i a t e d  c o s t s  were addressed 
i n  t h i s  a n a l y s i s .  
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between 1991 and 2001 were assumed t o  have U308 requi rements equal t o  80% o f  t h e  s tandard  

LWR, w i t h  t h e  improvements r e t r o f i t t e d  t o  a l l  e x i s t i n g  r e a c t o r s  a t  t h a t  t ime .  F i n a l l y ,  

t hose  p l a n t s  beg inn ing  o p e r a t i o n  a f t e r  2001 were assumed t o  have U308 requi rements equal  

t o  70% of t h e  s tandard  LWR, aga in  w i t h  t h e  improvements r e t r o f i t t e d  t o  e x i s t i n g  p l a n t s .  

I n  a d d i t i o n ,  t h e  e f f e c t  o f  a l ower  enr ichment  t a i l s  assay was examined f o r  b o t h  t h e  
s tandard  and t h e  op t im ized  LWR designs.  

t h a t  t h e  assay f r a c t i o n  was a c o n s t a n t  0.0020. The reduced t a i l s  schedule began a t  0.0020 

b u t  decreased t o  0.0005 between 1980 and 2010 and remained c o n s t a n t  t h e r e a f t e r .  The l a t t e r  

t a i l s  schedule was assumed t o  r e p r e s e n t  a changeover t o  an improved enr ichment  technology.  

The s tandard enr ichment  t a i l s  schedule assumed 

The e f f e c t s  o f  c o n s i d e r i n g  b o t h  t h e  improved LWR des ign  and t h e  improved t a i l s  
technology a r e  summarized i n  Table 7.4-5. The r e s u l t s  show t h a t  w i t h  t a i l s  improvements 
a lone  t h e  U308 requi rements may be reduced by 16% by y e a r  2029. 

U308 consumption t r a n s l a t e s  t o  an i nc rease  i n  t h e  maximum i n s t a l l e d  c a p a c i t y  o f  a p p r o x i -  

ma te l y  60 GWe f o r  s tandard  LWRs on t h e  throwaway/stowaway f u e l  c y c l e .  

T h i s  reduced l e v e l  o f  

Table 7.4-5. Comparison o f  U308 U t i l i z a t i o n  o f  Standard and Improved 
LWRs Operat ing on Throwaway/Stowaway Opt ion Wi th  and Wi thou t  

Improved Tai  1 s 

ST U,08/GWe 

Standard LWR Technoloqy Improved LWR Technoloqy 
Normal Improved Normal Improved 

Year T a i  1 s T a i l s  T a i  1 s T a i l s  
~~ 

1989 5236 4759 4649 4224 

2009 5236 4508 4079 3560 

2029 5236 4398 3923 3346 

*Normal t a i l s  assume 0.2 w/o 2 3 5 U  i n  238U; improved t a i l s  as- 
sumed 0.05 w/o 2 3 5 U  i n  238U; 75% c a p a c i t y  f a c t o r .  

W i th  improved LWR techno log ies  (no t a i l s  improvements) t h e  U308 consumption l e v e l s  

c o u l d  be reduced a25% i n  y e a r  2029. 
maximum i n s t a l l e d  c a p a c i t y  f o r  o p t i m i z e d  LWRs. 

techno log ies  were used, t h e  maximum ach ievab le  i n s t a l l e d  n u c l e a r  c a p a c i t y  would i nc rease  

by about  144 GWe. 

Th is  t r a n s l a t e s  t o  an i nc rease  o f  100 GWe i n  t h e  

I f  b o t h  reduced t a i l s  and advanced LWR 

It i s  i m p o r t a n t  t o  p l a c e  these r e s u l t s  w i t h i n  t h e  p e r s p e c t i v e  o f  t h e  r e s u l t s  r e -  

p o r t e d  i n  Table 7.4-2. 

improvements a r e  comparable t o  those f o r  s tandard  LWRs o p e r a t i n g  on t h e  c l a s s i c a l  Pu/238U 

r e c y c l e  mode o r  on t h e  denatured 2 3 %  c y c l e .  

r e c y c l e  were a v a i l a b l e ,  t h e  n u c l e a r  c a p a c i t y  c o u l d  be even g r e a t e r .  

The maximum i n s t a l l e d  n u c l e a r  c a p a c i t i e s  ob ta ined  w i t h  these 

Obvious ly ,  if b o t h  improved LWRs and Pu 
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7.4.6 Conclus ions 

From t h e  p reced ing  d i s c u s s i o n  and t h e  r e s u l t s  p resen ted  i n  Chapter 6 and Appendix C y  

t h e  f o l l o w i n g  conc lus ions  may be drawn concern ing  t h e  r e a c t o r  o p t i o n s ,  t h e  f u e l  c y c l e  

o p t i o n s ,  and t h e  U308 supp ly  cases analyzed f o r  t h i s  s tudy.  

t h e  conc lus ions  a r e  t e n t a t i v e  and may be changed as a r e s u l t  o f  d i f f e r e n t  demand growth 

p r o j e c t i o n s  o r  more accu ra te  o r  improved r e a c t o r  c h a r a c t e r i z a t i o n s .  

It shou ld  be emphasized t h a t  

0 I f  n u c l e a r  power systems were l i m i t e d  t o  t h e  once- through c y c l e ,  i t  would be 

necessary t o  u t i l i z e  U 3 0 8  sources a t  above $160 / lb  sometime between y e a r  2009 

and y e a r  2035 i n  o r d e r  t o  s a t i s f y  t h e  p r o j e c t e d  n u c l e a r  power c a p a c i t y  demand. 

0 I f  n u c l e a r  power systems were l i m i t e d  t o  t h e  once-through c y c l e  and t o  U308 

Nuclear  power would f a i l  t o  s a t i s f y  t h e  p r o j e c t e d  

s u p p l i e s  below $160/ lb ,  t h e  U.S. n u c l e a r  power c a p a c i t y  would peak some t i m e  

between 2009 and 2035. 

n u c l e a r  demand d u r i n g  t h e  10-year p e r i o d  p reced ing  t h e  peak. 

des igns and improved t a i l s  s t r i p p i n g  techniques were implemented, t h e  peaks 

would occur  10 t o  15 yea rs  l a t e r .  

I f  improved LWR 

0 I f  t h e  h i g h - c o s t  U308 supp ly  i s  assumed ( 3  m i l l i o n  ST below $160/1b), a l l  

once-through systems, r e g a r d l e s s  o f  t h e  c o n v e r t e r  t y p e  employed, r e s u l t  i n  

app rox ima te l y  t h e  same maximum i n s t a l l e d  n u c l e a r  c a p a c i t y .  

U308 supply  assumptions, advanced c o n v e r t e r s  have t i m e  t o  i n c r e a s e  t h e  t o t a l  

n u c l e a r  power supp ly  on t h e  once-through c y c l e .  

Fo r  l e s s - r e s t r i c t i v e  

0 Thermal r e c y c l e  systems have t h e  c a p a b i l i t y  o f  s u b s t a n t i a l l y  r e d u c i n g  requi rements 

f o r  U308 o r  o f  i n c r e a s i n g  t h e  maximum i n s t a l l e d  c a p a c i t y  ove r  t h e  c a p a c i t y  o f  t h e  
once-through c y c l e .  The b e s t  thermal  r e c y c l e  systems can suppor t  ove r  t w i c e  t h e  

maximum i n s t a l l e d  c a p a c i t y  o f  t h e  once-through c y c l e ,  and, under t h e  i n t e r m e d i a t e -  

c o s t  U308 supp ly  assumption ( 6  m i l l i o n  ST below $160/ lb) ,  t h e y  can f u l l y  suppor t  

t h e  assumed n u c l e a r  power growth th rough  y e a r  2050. 

The systems i n c l u d i n g  breeders have t h e  c a p a b i l i t y  o f  s u b s t a n t i a l l y  reduc ing  t h e  

T h i s  c a p a b i l i t y  i s  needed t o  s a t i s f y  t h e  n u c l e a r  c a p a c i t y  

m i n i n g  requ i remen ts  and/or  i n c r e a s i n g  t h e  maximum i n s t a l l e d  c a p a c i t y  beyond thermal  

systems w l t h  r e c y c l e .  

demand th rough  y e a r  2050 under t h e  h i g h - c o s t  uranium supp ly  assumption ( 3  m i l l i o n  

ST below $160 / lb ) .  

a Thermal r e c y c l e  systems i n c l u d i n g  denatured 2 3 3 U  r e a c t o r s  have t h e  c a p a b i l i t y  o f  
s u p p o r t i n g  more n u c l e a r  c a p a c i t y  than  t h e  thermal  r e c y c l e  systems. However, 

a c h i e v i n g  t h i s  c a p a b i l i t y  would u s u a l l y  r e q u i r e  Pu u t i l i z a t i o n .  

From a resource  u t i l i z a t i o n  p o i n t  o f  v iew,  n u c l e a r  power systems u t i l i z i n g  denatured 

233U r e a c t o r s  can be s t a r t e d  e q u a l l y  w e l l  w i t h  MEU(235)/Th o r  Pu/Th f u e l s ,  p r o v i d i n g  

t h e  even tua l  use o f  t h e  p l u t o n i u m  generated i n  t h e  MEU(235)/Th c y c l e  i s  assumed. 
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Systems t h a t  use breeders ( i .e . ,  f a s t  t ransmute rs )  t o  produce 2 3 3 U  f o r  LWRs o r  

advanced c o n v e r t e r s  o p e r a t i n g  on denatured 233U f u e l  have a c a p a b i l i t y  comparable 

t o  systems employing t h e  c l a s s i c a l  Pu/U breeder  c y c l e  t o  s a t i s f y  t h e  assumed 

demand th rough  2050 w i t h  t h e  U308 resource base assumed i n  t h i s  s tudy.  
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7.5. TRADE-OFF ANALYSIS AND OVERALL STRATEGY CONSIDERATIONS 

T. J .  Burns and I. Spiewak 
Oak Ridge N a t i o n a l  L a b o r a t o r y  

One o f  t h e  p r i n c i p a l  concerns about  c i v i l i a n  n u c l e a r  power c e n t e r s  on t h e  p o s s i b l e  

d i v e r s i o n  o f  r e c y c l e d  f i s s i l e  m a t e r i a l  t o  weapons f a b r i c a t i o n ,  i n  p a r t i c u l a r ,  t h e  d i v e r -  

s i o n  o f  p lu ton ium. Depending on t h e  degree t o  which t h i s  concern i s  addressed, v a r i o u s  

n u c l e a r  power s t r a t e g i e s  can be developed between t h e  c u r r e n t  no - rep rocess ing  o p t i o n  (and 

hence no r e c y c l e )  and o p t i o n s  t h a t  would p e r m i t  t h e  uncons t ra ined  r e c y c l e  o f  p lu ton ium.  

The denatured 2 3 3 U  f u e l  c y c l e  t h a t  i s  t h e  s u b j e c t  o f  t h i s  r e p o r t  p rov ides  a m i d d l e  ground 

w i t h i n  which n u c l e a r  power s t r a t e g i e s  may be developed. 

employ r e c y c l e d  f i s s i l e  m a t e r i a l ,  i t  can be s t r u c t u r e d  so t h a t  i t  has more p r o l i f e r a t i o n -  

r e s i s t a n t  c h a r a c t e r i s t i c s  than  t h e  p lu ton ium c y c l e .  

can be implemented, however, i t  must be addressed i n  t h e  l i g h t  o f  p r a c t i c a l  c o n s i d e r a t i o n s  

such as t h e  supply  o f  U,O, a v a i l a b l e ,  t h e  p r o j e c t e d  n u c l e a r  power demand, t h e  r e a c t o r s  

and f u e l  c y c l e s  a v a i l a b l e ,  and t h e  t e c h n o l o g i c a l  and imp lemen ta t i on  c o n s t r a i n t s  imposed 

on t h e  n u c l e a r  power system. These v a r i o u s  aspects  o f  n u c l e a r  power systems u t i l i z i n g  

denatured 2 3 3 U  f u e l  have been d iscussed a t  l e n g t h  th roughou t  t h i s  r e p o r t .  

purpose o f  t h i s  f i n a l  s e c t i o n  o f  t h e  r e p o r t  t o  r e s t a t e  t h e  most i m p o r t a n t  conc lus ions  o f  

t h e  s tudy  and t o  address t r a d e - o f f s  i n h e r e n t  i n  deve lop ing  n u c l e a r  p o l i c y  s t r a t e g i e s  t h a t  

i n c l u d e  t h e  denatured 2 3 3 U  f u e l  c y c l e  as opposed t o  s t r a t e g i e s  t h a t  do n o t .  

A l though t h e  denatured c y c l e  does 

Be fo re  any proposed new f u e l  c y c l e  

It i s  t h e  

The n u c l e a r  power systems t h a t  have been examined can be c l a s s i f i e d  as ( a )  no- 

r e c y c l e  o p t i o n s ,  ( b )  c l a s s i c a l  r e f e r e n c e  r e c y c l e  op t i ons ,  and ( c )  denatured r e c y c l e  

o p t i o n s .  An i n t e g r a t e d  assessment o f  o p t i o n s  i n  these  t h r e e  c a t e g o r i e s  i s  p resen ted  in 
m a t r i x  form i n  Table 7.5-1, which a l s o  serves as a b a s i s  f o r  t h e  d i s c u s s i o n  t h a t  f o l l o w s .  

In e v a l u a t i n g  t h e  systems, each o p t i o n  was c h a r a c t e r i z e d  on t h e  b a s i s  o f  t h e  f o l l o w i n g  

c r i t e r i a :  

( 1 )  

( 2 )  P o t e n t i a l  f o r  c o m m e r c i a l i z a t i o n  o f  t h e  r e a c t o r / f u e l  c y c l e  components. 

( 3 )  

( 4 )  

(5 )  Economic f e a s i b i l i t y .  

Nuclear  p r o l i f e r a t i o n  r e s i s t a n c e  r e l a t i v e  t o  o t h e r  n u c l e a r  power systems. 

Techn ica l  f e a s i b i l i t y  on a reasonable schedule (and c o s t )  f o r  research,  
development and demonstrat ion o f  t h e  r e a c t o r / f u e l  c y c l e  components. 

C a p a b i l i t y  o f  t h e  system f o r  meet ing l ong - te rm n u c l e a r  energy demands. 

As has been p o i n t e d  o u t  i n  e a r l i e r  s e c t i o n s  o f  t h i s  r e p o r t ,  t h roughou t  t h i s  s t u d y  

t h e  U n i t e d  S t a t e s  has been used as a base case s i n c e  t h e  a v a i l a b l e  i n p u t  d a t a  ( t h a t  i s ,  

r e a c t o r  des ign  data,  n u c l e a r  growth p r o j e c t i o n s ,  e t c . )  r e q u i r e d  f o r  t h e  a n a l y t i c a l  model 

a r e  a l l  o f  U.S. o r i g i n .  However, w i t h  a p p r o p r i a t e  d a t a  bases, t h e  same model c o u l d  a p p l y  

t o  o t h e r  i n d i v i d u a l  n a t i o n s .  Moreover, i t  c o u l d  a p p l y  t o  c o o p e r a t i n g  n a t i o n s ,  i n  which 

case t h e  n u c l e a r  s t r a t e g y  would i n c l u d e  a mutual  n u c l e a r  in terdependence o f  t h e  p a r t i c i p a t -  
i n g  n a t i o n s .  
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7.5.1. No-Recycle Options 

Since commercial-scale reprocessing i s  not envisioned f o r  some time, the  cur ren t ly  
employed once-through low-enriched uranium cycle ( L E U )  represents the  only s ign i f i can t  
commercial p o s s i b i l i t y  in the near term. 
power generated via the  once-through LEU cycle i n  LWRs i s  economically competitive with 
o ther  energy sources. 
r e s i s t a n t  cha rac t e r i s t i c s :  
while i t s  spent fuel contains plutonium, the fuel i s  contaminated with highly rad ioac t ive  
f i s s i o n  products and t h u s  has a rad ia t ion  ba r r i e r .  
advantages ( see  Case A i n  Table 7.5-11, the continued near-term use of the once-through 
LEU fuel cycle f o r  nuclear-based e l e c t r i c a l  generation i s  des i rab le .  

A t  cur ren t  ore and separa t ive  work pr ices ,  

The once-through fuel cycle a l so  has favorable pro1 i f e ra t ion -  
i t s  f resh  fuel contains an inherent i so top ic  b a r r i e r ;  and 

On the bas i s  of these and other 

The principal drawback of the once-through fuel cycle l i e s  i n  the  f a c t  t h a t  i t  i s  
t i ed  t o  resources t h a t  will  become increasingly more expensive. Sa t i s fy ing  the nuclear 
demand postulated i n  t h i s  study t o  year 2050 would requi re  the consumption of 5.6 to  7 .1  
mill ion tons U308. An equally important consideration i s  t h a t  i t  would a l so  require an 
annual U308 production capacity of 90,000 t o  130,000 tons of U308 by the  year 2030. As 
the pr ice  of uranium increases ,  there  will  be incentives to  reduce both these requirements 
by using uranium more e f f i c i e n t l y .  For example, improved LWR technology could po ten t i a l ly  
reduce U308 consumption l eve l s  u p  t o  about 25% i n  the  year 2030. 
t a i l s  assay could r e s u l t  i n  an additional reduction i n  the uranium requirements of about 
16%; however, t h i s  would requi re  about 80% additional SWU capac i ty  t o  maintain a constant 
production level of enriched uranium. B u t  even w i t h  these gains t h e  v i a b i l i t y  of t he  once- 
through cyc le  would be limited by the a v a i l a b i l i t y  and producib i l i ty  of U308 from uncertain 
resources i n  the next century. 

A reduction i n  enrichment 

A second once-through option (Case B i n  Table 7.5-1) would involve the addition of 
advanced converters t o  the  power system e i t h e r  on the LEU cyc le  o r  on the  MEU(235)/Th cycle.  
The implementation of the  MEU(235)/Th once-through cycle in LWRs i s  uneconomic r e l a t i v e  to  
the  LEU cyc le  primarily because i t  would requi re  higher f i s s i l e  loadings and hence higher 
U308 commitments. And even i f  incentives were provided, the  use of thorium-based fue l s  i n  

LWRs would necess i t a t e  additional fuel R , D & D .  To use e i t h e r  the  LEU cycle o r  the  MEU/Th 
cycle i n  o ther  r eac to r  types would e n t a i l  s ign i f i can t  expenditures t o  commercialize the  
reac tors  in the  U.S. Moreover, the  generic drawback of once-through cycles - t h a t  i s ,  the  
uncertainty in the s i z e  of the  economically recoverable resource base - would remain. 
the o ther  hand, a s  cos ts  f o r  ex t rac t ing  the  resource base increase ( t o  above $100/lb U308, 

f o r  example), commercialization of the  a l t e r n a t e  reac tors  wi l l  become more a t t r a c t i v e .  

On 

I f  continued r e l i ance  on once-through fuel cycles i s  t o  be a long-term policy,  i t  
would be des i rab le  t o  make provisions f o r  r e s t r i c t i n g  the spread of enrichment f a c i l i t i e s .  
Also, safeguarding the spent fuel elements i s  necessary s ince  the plutonium bred i n  the 
spent fuel represents a po ten t ia l  source of weapons-usable material  which becomes i ncreas- 
ing ly  access ib le  as i t s  r ad ioac t iv i ty  decays w i t h  time. Near-term reso lu t ion  of the storage 
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question could be accomplished via in te rna t iona l  f a c i l i t i e s  char te red  f o r  just such a pur -  
pose. 
a s  forerunners of the f u l l - s c a l e  fuel cyc le  service/energy center  concept considered f o r  the 
recycl e-based options.  

Such centers  (and the i n s t i t u t i o n a l  arrangements a t tendant  t o  them) could a l s o  serve 

7 .5 .2 .  Recycle Options 

The inherent l imi t a t ions  of the resource base would requi re  the  use of recycled 
material  t o  supplement the LEU cyc le  i f  the growth of a nuclear-based e l e c t r i c a l  generation 
capacity were t o  be sustained. Table 7.5-1 compares three  recycle options u t i l i z i n g  de- 
natured fuel (Cases E-G)  w i t h  two reference recycle options u t i l i z i n g  the  c l a s s i ca l  P u / U  
cycle (Cases C and D ) .  

Case C does not. 
and Case G employs FBRs i n  addition t o  thermal r eac to r s .  
persed reac tors  while Case F uses both LWRs and advanced converters (HWRs, HTGRs, o r  SSCRs). 

The two reference cycles d i f f e r  i n  t h a t  Case 0 employs FBRs while 
The denatured cases d i f f e r  i n  t h a t  Cases E and F a r e  all- thermal systems 

Case E uses only LWRs as dis-  

I t  has been assumed t h a t ,  given a strong government mandate and f inanc ia l  support ,  
a l l  the  fuel cycles and reac tor  types t h a t  have been considered in  t h i s  repor t  could be 
developed by the  time they would be needed - by the  year 2000 o r  l a t e r .  
Pu/U cycle i s  much c lose r  t o  being commercialized than the  Th-based cyc les ,  and, a s  noted 
i n  Chapter 5 ,  the  research, development, and demonstration cos ts  f o r  implementing the  
denatured 2 3 3 U  fuel cycle i n  LWRs would be between $0.5 and $2 b i l l i o n  higher than the  
cos t s  f o r  implementing the  reference Pu/U cycle i n  LWRs. I f  t he  HWR or  HTGR were the  
reac tor  of choice, an additional $2 b i l l i o n  would be required f o r  reac tor  research, 
development, and demonstration. 

However, the  

A system in which reac tors  consuming Pu and producing 2 3 3 U  ( transmuters) a r e  
combined w i t h  reac tors  operating on denatured 
p r o l i f e r a t i o n - r e s i s t a n t  c h a r a c t e r i s t i c s  than a system based so le ly  on the  Pu/U cycle.  
The " f resh"  2 3 3 U  fuel i s  denatured w i t h  2 3 8 U ,  and t h u s  some of the  p ro l i f e ra t ion - re s i s t an t  
f ea tu re s  of t he  f r o n t  end of the  L E U  cyc le  would be extended t o  the  recycle mode. 
i s ,  both chemical and i so top ic  separation of the  f resh  fuel would be necessary t o  obtain 

weapons-usable mater ia l .  Additionally,  the f resh  denatured fuel i s  contaminated w i t h  
r ad ioac t iv i ty  due t o  the  decay daughters o f  a 232U impurity t h a t  is  unavoidably produced 
along with the  2 3 3 U ,  and the  associated complications introduced in to  the  isotope separation 
procedure would be severe. By con t r a s t ,  weapons material  could be obtained from Pu/U o r  
2 3 % / T h  fuel through chemical separation a lone ,  although the 2 3 %  obtained would a l s o  be 
rad ioac t ive  d u e  t o  the  232U daughters. 
l e s s  so.)  

33U fuel appears t o  have somewhat b e t t e r  

That 

(The Pu/U fuel would a l so  be rad ioac t ive  b u t  much 

The spent denatured fuel represents  a somewhat lower p ro l i f e ra t ion  risk than the  
spent fuel from other  options would. The recovery o f  a given quant i ty  of Pu  bred in the  
23*U denaturant would requi re  the processing o f  more material  t h a n  would be necessary in 
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T a b l e  7.5-1. I n t e q r a t e d  A s s e s s m e n t  o f  \ :a- ious l l l l c l e a r  P o l i c y  O p t i o n s  f o r  M e e t i n g  P r o j e c t e d  U .S .  N u c l e a r  P o w e r  G r o w t h  Demand 

R e a c t o r / F u e l  C y c l e  C o m b i n a t i o n  P r o l i f e r a t i o n  R e s i s t a n c e  

~ ~~~ ~ 

R , M D  Cos t  and  Time o f  
I m p l e m e n t a t i o n / C o m e r c i a l i z a t i o n  Commercial  I n t r o d u c t i o n  

~~ 

A b i l i t y  t o  Meet Power Demands Economics 

A LWRs on  LEU c y c l e  

B LEU-LWRs f o l l o w e d  b y  
advanced c o n v e r t e r s  on  
LEU (SEU) c y c l e  o r  on  
MEU(235)/Th c y c l e  

D 

E 

F 

G 

C O n c e - t h r o u g h  LEU-LWRs 
f o l l o w e d  by LWRs w i t h  Pu 
r e c y c l e  

No-Recyc le  O p t i o n s  

P r o b a b l y  b e s t  t o  t h e  e x t e n t  t h a t  n o n - n u c l e a r  I n  w ide  commerc ia l  use  Low c o s t  L e a s t  r e s o u r c e  e f f i c i e n t  Economics  c l o s e l y  l i n k e d  t o  U308 p r i c e  
weapons s t a t e s  c o n t i n u e  t o  f o r e g o  n a t i o n a l  Concern e x i s t s  a b o u t  f u e l  Gradua l  i m p r w e m e n t s  i n t r o d u c e d  f r o m  y e a r  Peaks o u t  between y e a r s  2010 and 2030 Very  f a v o r a b l e  a t  c u r r e n t  U,08 p r i c e s  
f u e l  r e c y c l e  s u p p l y  1980 t o  y e a r  2000 and d e c l i n e s  t h e r e a f t e r  u n l e s s  l a r g e  
F r e s h  f u e l  has i s o t o p i c  b a r r i e r ;  s p e n t  f u e i  Emphasis on  I v D r o v e d  LWRs and amounts o f  l ow-g rade  U308  a r e  e x p l o i t e d  
c o n t a i n s  r a d i o a c t i v e  f i s s i o n  p r o d u c t s  U308 r e s o u r c e  d e v e l o p m e n t  Peak c o u l d  be i n c r e a s e d  and d e l a y e d  1 0  
Spen t  f u e l  s t o c k p i l e  c o n t a i n i n g  Pu i s  a needed t o  15  y e a r s  w i t h  r e a c t o r  improvements  
r i s k ;  r e q u i r e s  i n s t i t u t i o n a l  b a r r i e r s  

S i m i l a r  t o  a b o v e  L i t t l e  commerc ia l  i n c e n t i v e  t o  Up t o  $2 b i l l i o n  f o r  advanced c o n v e r t e r  Advanced c o n v e r t e r s  c o u l d  e x t e n d  U n c e r t a i n  c a p i t a l  c o s t s  c l o u d  n e a r - t e r m  
HTGRs on MEU/Th c y c l e  w o u l d  r e d u c e  Pu p r o -  i n t r o d u c e  advanced c o n v e r t e r  R,D&D u s e f u l n e s s  o f  o n c e - t h r o u g h  c y c l e  up  

and r e d u c e d  t a i l s  assay  

i n t e r e s t  
Advanced c o n v e r t e r s  f a v o r e d  a t  h i g h  
U308  p r i c e s  . ( > $ 1 0 0 / l b )  

* t o  1 0  y e a r s  o v e r  s t a n d a r d  LWRs d u c t i o n  by f a c t o r  o f  5 o v e r  LEU-LWRs b u t  Known t o  be t e c h n i c a l l y  Advanced c o n v e r t e r s  i n t r o d u c e d  i n  1 9 9 0 ' s  
f r e s h  f u e l  w o u l d  have h i g h e r  2 3 5 U  c o n t e n t  
( 2 0 % )  Concern  e x i s t s  a b o u t  l o n g - t e r m  

c y c l e  i n  Pu p r o d u c t i o n  

f e a s i b l e  

HWRs on SEU c y c l e  a b o u t  equa l  t o  LWRs on LEU f u e l  s u p p l y  

C l a s s i c a l  Re fe rence  R e c y c l e  O p t i o n s  

P r e f e r r e d  o v e r  Case A a t  h i q h  U,O, 
( > $ 1 0 0 / l b )  

R e c y c l e d  Pu i n  f r e s h  f u e l  c h e m i c a l l y  sepa- A c c e p t a b l e  t o  p r i v a t e  s e c t o r  Over  $1 b i l l i o n ,  m a i n l y  f o r  f u e l  C y c l e  0 Gains  10-15 y e a r s  r e l a t i v e  t o  Case A; 
r a b l e ;  p r o b a b l y  a c c e p t a b l e  i f  Pu can  be Requ i res  c o m p l e t i o n  of  Gener i c  R&D somewhat l e s s  r e l a t i v e  t o  improved  A 
l i m i t e d  t o  n u c l e a r  weapons s t a t e s  and t o  E n v i r o n m e n t a l  I m p a c t  S ta temen t  I n t r o d u c t i o n  i n  l a t e  1 9 8 0 ' s  
s e c u r e  i n t e r n a t i o n a l  f u e l  s e r v i c e  c e n t e r s  on M ixed  O x i d e  F u e l  

b a r r i e r s  f o r  P u - f u e l e d  r e a c t o r s  (1.30%) 

p r o d u c t s  

O p t i o n  r e q u i r e s  t e c h n i c a l  and i n s t i t u t i o n a l  

Spen t  f u e l  c o n t a i n s  r a d i o a c t i v e  f i s s i o n  

O n c e - t h r o u g h  LEU-LWRs I n c r e a s e d  r i s k  o v e r  Case C because s y s t e m  P r e f e r r e d  by p r i v a t e  s e c t o r  FBR R,R&D up t o  $10 b i l l i o n  S u p e r i o r  a b i l i t y  t o  respond  t o  power Economics  u n c e r t a i n  because o f  FBR 
f o l l o w e d  by LWRs and FBRs t e n d s  t o  become Pu domina ted  FBR l i c e n s i n g  and c o m n e r c i a l -  Fue l  c y c l e  R,D&D $1 .6  t o  $3 b i l l i o n  g r o w t h  g r e a t e r  t h a n  t h a t  c o n s i d e r e d  i n  c o s t s ,  b u t  p r o b a b l y  a c c e p t a b l e  
w i t h  Pu r e c y c l e  Leads t o  s i g n i f i c a n t  Pu i n v e n t o r i e s  i z a t i o n  may be d i f f i c u l t  FBRs n o t  a v a i l a b l e  b e f o r e  2000 t h i s  s t u d y  

and  r e q u i r e s  e x t e n s i v e  Pu t r a n s p o r -  D i v o r c e  f r o m  m i n i n g  p o s s i b l e  
t a t i o n  f o r  d i s p e r s e d  r e a c t o r s  

b a r r i e r s  
R e q u i r e s  t e c h n i c a l  and i n s t i t u t i o n a l  

D i s p e r s e d  LWRs o p e r a t i n g  on  
LEU and  d e n a t u r e d  2 3 3 U  f u e l  
w i t h  U r e c y c l e ;  e n e r g y -  
c e n t e r  t h e r m a l  t r a n s m u t e r s  

Dena tu red  Recyc le  O p t i o n s  

Somewhat b e t t e r  t h a n  Case C due t o  
s u p e r i o r i t y  o f  2 3 3 U  as t h e r m a l  r e a c t o r  

" F r e s h "  d e n a t u r e d  f u e l  has i s o t o p i c  and Fue l  c y c l e  somewhat more com- UP t o  $0.5 b i l l i o n ,  PWRs and BWRs 

S p e n t  d e n a t u r e d  f u e l  c o n t a i n s  l e s s  Pu t h a n  R e q u i r e s  g o v e r n m e c t  i n c e n t i v e  

R e q u i r e s  t e c h n i c a l  and i n s t i t u t i o n a l  

r a d i o a c t i v e  b a r r i e r s ;  s p e n t  f u e l  c o n t a i n s  
r a d i o a c t i v e  f i s s i o n  p r o d u c t s  t i o n a l l  y e q u i  Va l  e n t  I n t r o d u c t i o n  i n  1 9 9 0 ' s  f u e l  

s p e n t  LEU f u e l  ( f a c t o r  o f  2 .5 l e s s )  

b a r r i e r s  t o  l i m i t  Pu t o  s e c u r e  e n e r g y  
c e n t e r s  
Reduces P u - f u e l e d  r e a c t o r s  b y  f a c t o r  o f  2 
compared w i t h  Case C 

p l e x  t h a n  Pu/U c y c l e ,  b u t  f u n c -  Fue l  c y c l e  R,O&D $1 .8  t o  $3.3 b i l l i o n  

(LWRs) w i t h  Pu r e c y c l e  

Fue l  c y c l e  same as i n  Case E 

Up t o  $2 .5  b i l l i o n  f o r  advanced D i s p e r s e d  LWRs and a d v a n c e d  F r e s h  and s p e n t  d e n a t u r e d  f u e l  a d v a n t a g e s  Same as Case E 
c o n v e r t e r s  o p e r a t i n g  o n  LEU same as f o r  Case E Advanced c o n v e r t e r s  l i k e l y  t o  c o n v e r t e r s  
and  d e n a t u r e d  233U f u e l  w i t h  R e q u i r e s  t e c h n i c a l  and i n s t i t u t i o n a l  
U r e c y c l e ;  e n e r g y - c e n t e r  b a r r i e r s  u n a v a i l a b l e  I n t r o d u c t i o n  i n  l a t e  1 9 9 0 ' s  
t h e r m a l  t r a n s m u t e r s  (LWRs Use b f  HWRs o r  HTGRs s u b s t a n t i a l l y  r e d u c e s  
and  advanced c o n v e r t e r s )  
w i t h  Pu r e c y c l e  

t o  be a t t r a c t i v e  i f  FBRs a r e  

Pu p r o d u c t i o n  r e l a t i v e  t o  Cases C and E 
Pu p roduced  i n  d e n a t u r e d  HWRs and HTGRs may be 
d i s c a r d e d  w i t h  m i n o r  l o s s  o f  f u e l  e f f i c i e n c y  

C l o s e  t o  Case C 

Can f u l l y  s a t i s f y  assumed demand t h r o u g h  P o s s i b l y  l o w e s t  c o s t  f o r  U,08 p r i c e  
y e a r  2050 f o r  p l e n t i f u l  U30B s u p p l y ;  
e s p e c i a l l y  t r u e  i f  HWR c o n v e r t e r s  used 

r a n g e  o f  $100-$200/1b ,  e s p e c i a l l y  
f o r  HTGR c o n v e r t e r  

D i s p e r s e d  LWRs and a d v a n c e d  V e r y  s i m i l a r  t o  Case E e x c e p t  t h a t  15  t o  50% Same as Case E Up t o  $10 b i l l i o n  f o r  FBRs AS good as Case D above f o r  assumed Economics  s i m i l a r  t o  Case D above 
c o n v e r t e r s  o p e r a t i n g  on LEU o f  r e a c t o r s  may be P u - f u e l e d  FBRs, d e p e n d i n g  P r i v a t e  s e c t c r  l i k e l y  t o  a c c e p t  C o n v e r t e r  R.D&D as i n  Cases E and F power  demand I f  FBR c o s t s  a r e  h i g h ,  can  compen- 
and d e n a t u r e d  2 3 3 U  f u e l  on  c h o i c e  o f  c y c l e s  government  mandate  D i v o r c e  f r o m  U m i n i n g  l e s s  l i k e l y  t h a n  s a t e  b y  r e d u c i n g  t h e  f r a c t i o n  o f  FBRs Fue l  c y c l e  $2 t o  $3.6 b i l l i o n  
U r e c y c l e ;  e n e r g y - c e n t e r  Shou ld  be  s t r u c t u r e d  f o r  maximum I n t r o d u c t i o n  a f t e r  y e a r  2000 f o r  Case D above i n  t h e  m i x  and i n c r e a s i n g  t h e  m i n i n g  
f a s t  t r a n s m u t e r s  w i t h  Pu t h e r m a l - t o - f a s t  r e a c t o r  r a t i o  t o  r a t e  
r e c y c  1 e a l l o w  s i t i n g  f l e x i b i l i t y  
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e i t h e r  t he  P u / U  cyc le  o r  the  LEU cycle (about 2 . 5  times more than the  LEU cyc le ) .  I t  must 
be noted, however, t h a t  the  presence of chemically separable f i s s i l e  material  a t  any point 
i n  a fuel cycle represents  a p ro l i f e ra t ion  risk, and thus these  points must be subjec t  
t o  s t r ingen t  safeguards. Also, t he  poten t ia l  spread of enrichment f a c i l i t i e s  and improve- 
ments i n  enrichment technology (and hence g rea t e r  ease in obtaining f i s s i l e  mater ia l )  may 
make such d i f fe rences  between the various fuel cycles l e s s  important. 

As i s  evident from Table 7.5-1, the pr iva te  sec to r  p re fe r s  the P u / U  cycle t o  the  
denatured fuel cyc le ,  and a government mandate would probably be required t o  induce 
commercialization of denatured recycle i n  preference t o  P u / U  recycle.  
have developed recycle technology f o r  mixed-oxide Pu  f u e l s  extensively,  while pu t t ing  
l i t t l e  e f f o r t  i n t o  recycle technology f o r  thorium-based f u e l s .  

Pr iva te  inves tors  

Because reprocessing i s  inherent i n  the  denatured 2 3 3 U  cyc le ,  implementation of the  
cyc le  is l i k e l y  t o  requi re  the  development of "fuel se rv ice  centers , "  safeguarded f a c i l i t i e s  
whose purpose would be t o  pro tec t  s e n s i t i v e  fuel cycle a c t i v i t i e s .  
evolve from the  safeguarded spent fuel s torage  f a c i l i t i e s  required f o r  the once-through 
fuel cycles.  For the recycle scenar ios ,  the center  would f i r s t  contain s e n s i t i v e  fuel 
cyc le  f a c i l i t i e s  t o  produce denatured 2 3 3 U  f ue l s  from s tored  233U-containing spent f u e l ;  
l a t e r  i t  would include those reac tors  t h a t  operate on fuel from which the  f i s s i l e  component 
could be chemically separated.  Under the assumption t h a t  no weapons-usable fuel t ha t  i s  
chemically separable can be used in dispersed r eac to r s ,  a power system u t i l i z i n g  denatured 
2 3 %  fuel has a s i g n i f i c a n t  advantage over one based on the  Pu/U cycle alone. 
cyc le  would necess i t a t e  t h a t  a l l  r eac to r s  be constrained t o  the energy c e n t e r ,  which will 
r e s u l t  i n  a penalty f o r  e l e c t r i c  power transmission s ince  energy cen te r s  could not be s i t e d  
a s  conveniently as dispersed reac tors .  W i t h  a denatured system, a s i g n i f i c a n t  f r ac t ion  ( u p  
t o  85%) of the power could be dispersed s ince  only the Pu-fueled transmuters would be oper- 
ated i n  such cen te r s  and t h u s  the system could maintain a r e l a t i v e l y  high energy-support 
r a t i o  ( r a t i o  of nuclear capacity i n s t a l l e d  outs ide  cen te r  t o  nuclear capacity i n s t a l l e d  
in s ide  cen te r ) .  

Such centers  could 

The P u / U  

Evaluation of t he  denatured 233U fuel cycle on the  bas i s  of economics and/or energy 
supply i s  d i f f i c u l t  due t o  the  unce r t a in t i e s  i n  u n i t  c o s t  f ac to r s  and poten t ia l  energy 
demand. W i t h  the economic and energy demand assumptions employed i n  the mzlysis pre- 
sented i n  Chapter 6, however, t he  economics of the  denatured cyc le  appear t o  be equivalent 
t o ,  o r  s l i g h t l y  b e t t e r  than, the economics of the c l a s s i ca l  Pu/U cyc le  f o r  moderate 
growth-rate scenarios ( i  .e. , those employing combinations o f  f a s t  and thermal systems). 
Although the  fuel cyc le  un i t  cos t s  of the  denatured cycle were assumed t o  be higher than 
those of the Pu/U cyc le ,  power systems u t i l i z i n g  denatured 233U fuel t yp ica l ly  allow a 
l a rge r  f r a c t i o n  of the r eac to r s  constructed t o  be thermal r eac to r s ,  which have lower 
cap i t a l  cos t s .  
can be used in  thermal r eac to r s  more e f f i c i e n t l y  than i n  f a s t  reac tors .  

T h i s  is poss ib le  because the  nuclear proper t ies  of 233U a r e  such t h a t  i t  
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Al though t h e  s t r a t e g y  analyses p resen ted  i n  Chapter 6 cons ide red  v a r i o u s  advanced 

c o n v e r t e r s  as p o t e n t i a l  d i spe rsed  denatured r e a c t o r s ,  t h e  s e l e c t i o n  o f  an optimum advanced 

c o n v e r t e r  i s  p rec luded  a t  t h i s  t i m e  due t o  c o s t  and performance u n c e r t a i n t i e s  and t h e  

f a i l u r e  o f  t h i s  s tudy  t o  i d e n t i f y  a s i n g l e  advanced c o n v e r t e r  f o r  f u r t h e r  development on 

t h e  b a s i s  o f  commonly accepted s e l e c t i o n  c r i t e r i a .  
HTGR appears t o  generate t h e  l o w e s t - c o s t  power of t h e  thermal  r e a c t o r s ,  w h i l e  an HWR 

appears t o  be t h e  most r e s o u r c e - e f f i c i e n t  and t o  have t h e  b e s t  energy-suppor t  r a t i o  on 

t h e  denatured c y c l e .  The SSCR m i g h t  be developed most q u i c k l y  and cheaply .  A l l  t h e  

advanced conver te rs ,  b u t  p a r t i c u l a r l y  t h e  HWR and t h e  HTGR, appear t o  have c e r t a i n  

s u p e r i o r  f u e l  u t i l i z a t i o n  c h a r a c t e r i s t i c s  r e l a t i v e  t o  s tandard LWRs due t o  t h e i r  h i g h e r  

convers ion  r a t i o s  ( i . e . ,  l ower  2 3 3 U  makeup requ i remen ts ) ,  l ower  f i s s i l e  i n v e n t o r i e s ,  and 

lower  Pu p roduc t i on .  Denatured advanced c o n v e r t e r s  a l s o  can be sus ta ined  a t  h i g h e r  suppor t  

r a t i o s  than  can denatured LWRs. [Cyc les w i t h  p o t e n t i a l l y  h i g h e r  thermal  e f f i c i e n c i e s  (such 
as t h e  d i r e c t  c y c l e )  and p o t e n t i a l  s i t i n g  advantages were n o t  cons idered i n  t h e  comparisons 

of t h e  advanced c o n v e r t e r s . ]  

For  example, a t  h i g h  U308 p r i c e s ,  t h e  

The i n t r o d u c t i o n  o f  denatured advanced conver te rs ,  however, i s  es t ima ted  t o  r e q u i r e  

up t o  $2 b i l l i o n  more research,  development, and demonstrat ion expend i tu res  than  would 

t h e  i n t r o d u c t i o n  o f  a denatured LWR. Moreover, a denatured LWR c o u l d  be commerc ia l ized 

up t o  10 yea rs  sooner than  a denatured advanced c o n v e r t e r .  Developing a denatured LWR 

would be l e s s  d i f f i c u l t  due t o  t h e  back log o f  LWR exper ience and t h e  reduced r i s k  

assoc ia ted  w i t h  a p r e v i o u s l y  demonstrated r e a c t o r  system. 

c o n v e r t e r ,  a l t hough  g e n e r a l l y  l ower  than  t h e  c o s t  o f  a f a s t  r e a c t o r ,  i s  es t ima ted  t o  be 

somewhat h i g h e r  than t h a t  o f  an LWR. Thus, t h e  improved performance must be weighed 

a g a i n s t  t h e  i nc reased  c a p i t a l  cos ts ,  t h e  d e l a y  i n  i n t r o d u c t i o n ,  and t h e  research  and 

development c o s t s  i n  any d e c i s i o n  r e l a t i v e  t o  t h e  use o f  advanced c o n v e r t e r s  i n  con- 

j u n c t i o n  w i t h  t h e  denatured c y c l e .  

The c a p i t a l  c o s t  o f  an advanced 

The a n a l y s i s  o f  Chapter 6 i n d i c a t e s  t h a t ,  as 2 3 3 U  producers,  f a s t  t ransmuters would 

have more f a v o r a b l e  resource  c h a r a c t e r i s t i c s  than  thermal  t ransmuters.  

demand assumed i n  t h i s  s tudy,  t h e  most s a t i s f a c t o r y  denatured power system would c o n s i s t  o f  

denatured thermal  r e a c t o r s  coupled t o  f a s t  t ransmuters i n  a s y m b i o t i c  r e l a t i o n s h i p ,  t h e  
l o g i c a l  t ransmute r  cand ida te  be ing  a f a s t  r e a c t o r  w i t h  (Pu-U)02 d r i v e r s  and Tho2 b l a n k e t s .  

It shou ld  be noted,  however, t h a t  a more r a p i d  growth i n  energy demand c o u l d  d i c t a t e  t h a t  

Pu/U breeders be c o n s t r u c t e d  t o  meet t h e  demand o r  t h a t  some combinat ion o f  Pu c y c l e  

breeders c o n t a i n i n g  t h o r i u m  and d i spe rsed  denatured breeders be used. I n  these cases t h e  

n u c l e a r  power c a p a c i t y  c o u l d  grow independent o f  t h e  resource base. 

For  t h e  energy 

Al though t h e  denatured c y c l e  appears t o  possess advantages r e l a t i v e  t o  t h e  Pu/U 

c y c l e ,  seve ra l  i m p o r t a n t  areas r e q u i r e  f u r t h e r  s tudy.  I n  p a r t i c u l a r ,  t h e  re f i nemen t  o f  
t h e  denatured advanced c o n v e r t e r  c h a r a c t e r i z a t i o n  i s  o f  p r ime  importance, b o t h  t o  e v a l u a t e  

v a r i o u s  r e a c t o r  o p t i o n s  and t o  s tudy  t h e  o v e r a l l  use o f  advanced c o n v e r t e r s  as opposed t o  

LWRs. As t h e  p o t e n t i a l  f o r  improv ing  t h e  performance o f  LWRs, b o t h  on t h e  once-through 
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and recycle modes, i s  b e t t e r  defined and as advanced converter designs a r e  optimized f o r  
denatured systems, the ana lys i s  w i l l  become more useful f o r  R,D&D planning. 
i n t e rac t ion  s tud ie s  f o r  the  dispersed denatured reac tors  and cent ra l ized  transmuters 
requi re  refinement based on improved reac tor  designs and updated mass balances. 
the  question of implementing the energy-center concept, together with the  use of spec ia l ly  
designed transmuters as a source of denatured f u e l ,  deserves more de t a i l ed  study. 
Nonproliferation Al te rna t ive  Systems Assessment Program (NASAP) i s  cur ren t ly  developing 
charac te r iza t ions  of improved f a s t  transmuters, improved LWRs, and reoptimized advanced 
converters and LMFBRs. 
these charac te r iza t ion  s tudies .  

Also, system 

Fina l ly ,  

The 

Light Water Breeder Reactors (LWBRs)  will  a l s o  be included i n  

7.5.3. Overall Conclusions and Recommendations 

The denatured 2 3 3 U  cycle emerges from t h i s  assessment a s  a po ten t ia l  a l t e r n a t i v e  
t o  the  conventional P u / U  cycle.  I t s  advantages may be characterized a s  follows: 

The denatured 233U cycle o f f e r s  pro1 i f e ra t ion - re s i s t ance  advantages r e l a t i v e  
t o  the  P u / U  cycle i n  t h a t  the " f resh"  denatured fuel has an i so topic  b a r r i e r ;  
t h a t  i s ,  i t  does not contain chemically separable P u  o r  highly enriched uranium. 
By con t r a s t ,  t he  P u / U  cycle together with f a s t  breeder reac tors  tends toward 
an equilibrium with a l l  reac tors  u s i n g  P u  fue l s .  Also, f resh  denatured fuel 
has a much more in tense  rad ioac t ive  ba r r i e r  than does the  f resh  fuel of the 
c l a s s i ca l  P u / U  cycle.  

For moderate g rowth  r a t e  scenar ios ,  deployment of power systems t h a t  include 
reac tors  operating on denatured 2 3 3 U  fuel would allow a l a rge r  f r ac t ion  of 
the  reac tors  i n  a power system t o  be thermal r eac to r s .  This would tend to  
minimize the  overall  cap i ta l  cos ts  o f  the  system compared to  fast/ thermal 
power systems based on the  Pu/U cycle.  

I f  i n  addition to  LWRs, the denatured thermal reac tors  of the power system 
were t o  include denatured advanced converters,  the  dependence of the  power 
system on a f a s t  reac tor  component ( i  . e . ,  f a s t  transmuters) could be fu r the r  
minimized due to  the improved resource u t i l i z a t i o n  of denatured advanced 
converters compared t o  denatured LWRs. Although the advanced converters 
would have higher cap i t a l  cos t s  than the LWRs, th i s  might be o f f s e t  by 
reduced requirements f o r  FBRs. 

The disadvantages of the  cycle a r e  the  following: 

The denatured 2 3 %  fuel cycle i s  more complex than the  Pu/U cyc le ,  and s ince  
2 3 %  must be produced in transmuter r eac to r s ,  the  r a t e  a t  which denatured 2 3 3 U  
reac tors  can be introduced will  be inherent ly  l imi ted .  Because the  Pu/U cycle 



7-49 

techno logy  i s  c l o s e r  t o  commerc ia l i za t i on ,  t h e r e  i s  a r e l u c t a n c e  b o t h  by 

U.S. i n d u s t r y  and by f o r e i g n  governments t o  embrace an a l t e r n a t i v e  which 

i s  l e s s  developed and which i s  cons idered p r i m a r i l y  on t h e  b a s i s  o f  i t s  

n o n p r o l i f e r a t i o n  advantages, and t h i s  would have t o  be overcome. 

0 The R,D&D c o s t s  f o r  deve lop ing  t h e  denatured 2 3 3 U  f u e l  c y c l e  a r e  s i g n i f i c a n t l y  

h i g h e r  than  those f o r  t h e  Pu/U c y c l e .  

developed, s i g n i f i c a n t  a d d i t i o n a l  c o s t s  would be i n c u r r e d .  

I f  advanced c o n v e r t e r s  must a l s o  be 

Other  i m p o r t a n t  conc lus ions  f rom t h i s  s tudy  a r e  as f o l l o w s :  

0 The once-through c y c l e  based on LWRs i s  l i k e l y  t o  dominate n u c l e a r  power 

p r o d u c t i o n  through t h e  y e a r  2000. 

t h e  denatured c y c l e  o r  t h e  Pu/U c y c l e  f o r  t h e  r e c y c l e  mode. 

T h i s  p rov ides  t i m e  t o  develop e i t h e r  

The denatured 2 3 3 U  f u e l  c y c l e  can be used i n  LWRs, SSCRs, HWRs, HTGRs, 

and FBRs w i t h o u t  ma jo r  changes f rom t h e  p r e s e n t  conceptual  r e a c t o r  des igns 

based on t h e i r  r e f e r e n c e  f u e l s .  

A f t e r  t h e  necessary R,D&D i s  completed, t h e  denatured 2 3 %  f u e l  c y c l e  

appears t o  be economica l l y  c o m p e t i t i v e  w i t h  t h e  Pu/U f u e l  c y c l e  i n  LWRs, 

advanced conver te rs ,  and i n  s y m b i o t i c  f as t - the rma l  r e c y c l e  systems. 

0 With the  f u e l  resources assumed, t h e  n u c l e a r  power demand p o s t u l a t e d  i n  t h i s  

s tudy  (350 GWe i n  the  y e a r  2000 and a n e t  i nc rease  o f  15 GWe/yr t h e r e a f t e r )  

can be met as w e l l  by the  denatured f u e l  c y c l e  as i t  can by t h e  Pu/U c y c l e .  

However, t h e  Pu/U-FBR c y c l e  has an i n h e r e n t  a b i l i t y  t o  grow a t  a f a s t e r  r a t e  

than  t h e  o t h e r  c y c l e s .  

On t h e  b a s i s  o f  t h i s  s tudy,  i t  i s  recommended t h a t :  

0 Opt imized des igns o f  a l t e r n a t e  breeders, improved LWRs, HWRs, SSCRs, and 

HTGRs be examined t o  r e f i n e  t h e  c h a r a c t e r i s t i c s  o f  t h e  denatured c y c l e  

r e l a t i v e  t o  f u e l  u t i l i z a t i o n ,  economics and energy-suppor t  r a t i o .  The 

s tudy  shou ld  a l s o  be expanded t o  i n c l u d e  LWBRs and t h e  f a s t  breeder  

des igns developed by DOE i n  t h e  P r o l i f e r a t i o n  R e s i s t a n t  Large Core 

Design Study (PRLCDS). 

r i s k s  and t h e  economics o f  t h e  denatured c y c l e s  compared t o  o t h e r  

r e c y c l e  o p t i o n s  (Pu/U and HEU/Th) shou ld  a l s o  be pursued. 

More d e t a i l e d  assessments o f  t h e  p r o l i f e r a t i o n  
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These s t u d i e s  c o u l d  p r o v i d e  guidance f o r  t h e  f o l l o w i n g  R&D programs: 

0 Thorium f u e l  c y c l e  R&D t o  i n v e s t i g a t e  the  use o f  MEU(235)/Th, MEU(233)/Th 

(denatured 233U), and Pu/Th f u e l s  i n  LWRs and HWRs ( t h e  l a t t e r  i n  c o o p e r a t i o n  

w i t h  Canada). T h i s  program m i g h t  a l s o  i n c l u d e  t h e  LWBR f u e l  c y c l e .  

S tud ies  t o  c o n s i d e r  denatured 2 3 3 U  o r  2 3 5 U  f u e l s  as cand ida tes  f o r  t h e  

HTGR r e f e r e n c e  f u e l  c y c l e .  

Thorium technology s tud ies ,  p a r t i c u l a r l y  f o r  b l a n k e t  assemblies, as an 

i n t e g r a l  p a r t  o f  t h e  FBR programs (LMFBRs and GCFBRs). 

0 E x p l o r a t o r y  work w i t h  u t i l i t i e s  and PWR and BWR vendors f o r  q u a l i f i c a t i o n  

and use o f  MEU/Th and Th f u e l  rods  i n  commercial r e a c t o r s .  An example o f  

t h e  b e n e f i c i a l  use o f  Th would be i n  c o r n e r  rods  o f  t h e  BWR f u e l  assembly. 
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Appendix A. ISOTOPE SEPARATION TECHNOLOGIES 

E .  H .  G i f t  
Oak Ridge Gaseous Diffusion Plant 

A.l. Current Separation Capabili ty 

Three enrichment technologies e x i s t  t h a t  a r e  s u f f i c i e n t l y  advanced t o  be c l a s s i -  
f i ed  as cur ren t  separation technology. 
a .  The Gaseous Diffusion process. 
b.  The Gas Centrifuge process. 
c .  

These a re :  

The Becker Separation Nozzle process (and i t s  va r i an t ,  the South African Helikon 
process).  

Both the cent r i fuge  and the  Becker processes a r e  expected t o  provide enrichment 
se rv ices  t h a t  a r e  competitive with gaseous d i f fus ion .  
cu la r ,  i s  projected t o  provide a 30%’ saving i n  separa t ive  work cos t  when f u l l y  imple- 
mented i n  a la rge  sca le  p lan t .  

The cent r i fuge  process, in p a r t i -  

A b r i e f  description of each of these processes and t h e i r  cur ren t  productive 
capacity follows. 

The Gaseous Diffusion Process2 

The gaseous d i f fus ion  process i s  based upon the physical f a c t  t ha t  i n  a gas made 
u p  of molecules of d i f f e r e n t  masses, molecules containing the  l i g h t e r  mass isotopes w i l l ,  
as a r e s u l t  of the d i s t r ibu t ion  of k ine t i c  energ ies ,  have average ve loc i t i e s  s l i g h t l y  
f a s t e r  than those which contain the  heavier isotopes.  
will  reach the walls o r  pores i n  the  walls of a containment vessel more frequently and a t  
higher ve loc i t i e s .  In the  gaseous d i f fus ion  process, the container wall i s  a porous tube 
( b a r r i e r )  through which d i f fus ion  i s  accomplished. 

As a r e s u l t ,  these l i g h t e r  isotopes 

The maximum theore t ica l  separation tha t  can be achieved i s  a function o f  the 
square root of the  r a t i o  of the  masses o f  the gas molecules. In the  d i f fus ion  process, 
u t i l i z i n g  uranium hexafluoride,  the square root of the r a t i o  is  1.00429. 
number i s  so c lose  t o  uni ty ,  the  degree of enrichment which can be achieved i n  a s ing le  
d i f fus ion  s tage  i s  very small ,  b u t  the  e f f e c t  can be multiplied by making use of a 
cascade cons is t ing  of a number of s tages .  
0.711 weight percent 2 3 5 U  mater ia l ,  as found i n  natural  o re ,  requires about 3,000 
d i f fus ion  stages in  s e r i e s .  
of u p  t o  4.0 weight percent 235U, as  m i g h t  be required f o r  typical l i g h t  water power 
reac tors ,  would contain about 1200 s tages .  

Because t h i s  

Production of 90 weight percent 2 3 5 U  from 

A p lan t  constructed f o r  the purpose of producing material 
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To t ake  advantage o f  t h e  smal l  s e p a r a t i o n  f a c t o r  d iscussed above, d i f f u s i v e  f l o w  

must be ensured, n o t  j u s t  s imp le  gas f l o w .  D i f f u s i v e  f l o w  r e q u i r e s  n o t  o n l y  smal l  pores, 

i . e . ,  l e s s  than  t w o - m i l l i o n t h s  o f  an i n c h  i n  d iameter ,  b u t  a l s o  u n i f o r m i t y  o f  pore s i z e .  

Because o f  t h e  smal l  po re  s i z e ,  l i t e r a l l y  acres o f  b a r r i e r  s u r f a c e  a r e  r e q u i r e d  i n  a l a r g e  

p r o d u c t i o n  p l a n t .  

Complex i ty  o f  p l a n t  des ign  i s  i nc reased  by t h e  d i f f i c u l t i e s  a r i s i n g  f rom t h e  

n a t u r e  o f  t h e  d i f f u s i n g  gas i t s e l f .  
t h e  h e x a f l u o r i d e  (UF,) i s  t h e  o n l y  known s u i t a b l e  compound. 

temperature; consequent ly ,  t h e  d i f f u s i o n  p l a n t s  must be operated a t  temperatures and 

pressures necessary t o  m a i n t a i n  t h e  UF6 i n  gaseous form. Al though i t  i s  a s t a b l e  com- 

pound, UF, i s  ex t reme ly  r e a c t i v e  w i t h  water ,  v e r y  c o r r o s i v e  t o  most common meta ls ,  and 

n o t  compa t ib le  w i t h  o rgan ics  such as l u b r i c a t i n g  o i l s .  T h i s  chemical a c t i v i t y  d i c t a t e s  

t h e  use o f  me ta l s  such as n i c k e l  and aluminum and means t h a t  t h e  e n t i r e  cascade must 

be l e a k - t i g h t  and c lean .  The co r ros i veness  o f  t h e  process gas a l s o  imposes added d i f f i -  
c u l t i e s  i n  t h e  f a b r i c a t i o n  of a b a r r i e r  which must m a i n t a i n  i t s  s e p a r a t i v e  q u a l i t y  Over 

l o n g  p e r i o d s  o f  t ime .  

A v o l a t i l e  compound o f  uranium must be used, and 

I t  i s  a s o l i d  a t  room 

The enr ichment  s tage i s  t h e  b a s i c  u n i t  o f  t h e  gaseous d i f f u s i o n  process. 

s tages gas i s  i n t r o d u c e d  as UF6 and made t o  f l o w  a long  t h e  i n s i d e  o f  t h e  b a r r i e r  tube.  

I n  t h e  s tandard case about one -ha l f  t h e  gas d i f f u s e s  through t h e  b a r r i e r  and i s  f e d  t o  

t h e  n e x t  h i g h e r  stage; t h e  rema in ing  u n d i f f u s e d  p o r t i o n  i s  r e c y c l e d  t o  t h e  n e x t  l ower  

stage. The d i f f u s e d  s t ream i s  s l i g h t l y  e n r i c h e d  w i t h  r e s p e c t  t o  235U,  and t h e  s t ream 

which has n o t  been d i f f u s e d  i s  d e p l e t e d  t o  t h e  same degree. 

I n  a l l  

The b a s i c  equipment components v i t a l  t o  t h e  process a r e  t h e  a x i a l  f l o w  compressors, 

t h e  c o n v e r t e r  s h e l l  and t h e  b a r r i e r  tubes.  A x i a l  f l o w  compressors a r e  used t o  compress 

t h e  UF6 gas t o  m a i n t a i n  t h e  i n t e r s t a g e  f l ow ,  and e l e c t r i c  motors a r e  used t o  d r i v e  t h e  
compressors. 

A gas c o o l e r  i s  p r o v i d e d  i n  t h e  c o n v e r t e r  s i n c e  gas compression unavo idab ly  
generates h e a t  which must be removed a t  each s tage.  The d i f f u s e r ,  o r  conve r te r ,  i s  t h e  

l a r g e  c y l i n d r i c a l  vessel  which c o n t a i n s  t h e  b a r r i e r  m a t e r i a l .  It i s  ar ranged i n  such a 
f a s h i o n  t h a t  t h e  d i f f u s e d  stream and t h e  s t ream t h a t  has n o t  d i f f u s e d  a r e  k e p t  separate.  

Groups of s tages a r e  coupled t o  make up o p e r a t i n g  u n i t s  and such groups, i n  t u r n ,  
make up t h e  cascade. 

Gaseous d i f f u s i o n  p l a n t s  a r e  i n  o p e r a t i o n  i n  t h e  U n i t e d  S ta tes ,  England, France, 

and Russia. 

. 
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The Gas C e n t r i f u g e  Process 

8 

The c o u n t e r c u r r e n t  gas c e n t r i f u g e  s e p a r a t i o n  o f  uranium i s o t o p e s  i s  based on 

processes developed more o r  l e s s  i ndependen t l y  i n  t h e  U.S. a t  t h e  U n i v e r s i t y  o f  V i r g i n i a , 3  

i n  germ an^,^ and i n  Russia5 d u r i n g  World War 11. Much o f  t h i s  work was r e p o r t e d  a t  t h e  

1958 Geneva Conference. 

V i r g i n i a  and r e p o r t e d  i n  1960.6 The machine developed i s  shown i n  F ig .  A-1.  
I n  t h e  U.S. t h i s  work was con t inued  a t  t h e  U n i v e r s i t y  o f  

The t h e o r y 4 y 7  f o r  o p e r a t i o n  o f  t h e  gas c e n t r i f u g e  shows t h a t  t h e  maximum s e p a r a t i v e  

c a p a c i t y  o f  a gas c e n t r i f u g e  i s  p r o p o r t i o n a l  t o :  

a. The f o u r t h  power o f  t h e  p e r i p h e r a l  speed, 

b. t h e  l e n g t h ,  and 

c .  t h e  square o f  t h e  d i f f e r e n c e  i n  mo lecu la r  weights .  

Thus, i t  i s  e v i d e n t  t h a t  one shou ld  make t h e  p e r i p h e r a l  speed and t h e  l e n g t h  o f  t h e  

c e n t r i f u g e  as l a r g e  as p o s s i b l e .  The p e r i p h e r a l  speed i s  l i m i t e d  by t h e  b u r s t i n g  s t r e n g t h  

o f  t h e  m a t e r i a l  o f  t h e  r o t o r  w a l l .  A l o n g  r o t o r  o f  smal l  d iameter  i s  compara t i ve l y  

f l e x i b l e  and w i l l  pass through a s e r i e s  o f  resonan t  mechanical v i b r a t i o n  f requenc ies  w h i l e  

be ing  a c c e l e r a t e d  t o  h i g h  p e r i p h e r a l  speed. Unless p r o v i d e d  w i t h  s p e c i a l  damping bear ings,  

a c e n t r i f u g e  would d e s t r o y  i t s e l f  w h i l e  pass ing  through one o f  these resonant  speeds. Much 

o f  t h e  w o r l d ' s  e f f o r t  i n  advanced c e n t r i f u g e  development has been designed t o  keep below 

t h e  f i r s t  resonan t  f requency.  

l o w  s e p a r a t i v e  c a p a c i t y .  

As a r e s u l t ,  t h e y  a r e  compara t i ve l y  s h o r t  and have r e l a t i v e l y  

Some o f  t h e  d i f f e r e n c e s  between gas c e n t r i f u g e  and gaseous d i f f u s i o n  techno log ies  

shou ld  perhaps be noted. 

w i t h  a v e r y  sma l l  po re  s i z e ;  t h e  manufacture o f  these b a r r i e r s  i s  a d i f f i c u l t  process 

and a c l o s e l y  guarded s e c r e t .  

r o t a t i n g  equipment. 
r e q u i r e s  a wel l -equipped p r e c i s i o n  machine shop t h a t  may w e l l  be w i t h i n  t h e  t e c h n i c a l  

c a p a b i l i t i e s  o f  many n a t i o n s .  The technology o f  r o t a t i n g  machinery i s  widespread and 

des igns f o r  gas c e n t r i f u g e s  a r e  i n  t h e  open l i t e r a t u r e .  

Gaseous d i f f u s i o n  r e q u i r e s  f a b r i c a t i o n  o f  permeable b a r r i e r s  

Gas c e n t r i f u g a t i o n  r e q u i r e s  manufacture o f  high-speed 

Whi le  such manufacture i s  c e r t a i n l y  n o t  t r i v i a l ,  i t  b a s i c a l l y  

The power requi rements f o r  a c e n t r i f u g e  f a c i l i t y  a r e  much l e s s  than  f o r  a 

d i f f u s i o n  f a c i l i t y  o f  t h e  same s i z e .  

s e p a r a t i v e  capac i t y ,  gas c e n t r i f u g a t i o n  r e q u i r e s  about  7% o f  t h e  power needed f o r  gaseous 

d i f f u s i o n . *  

For  U.S. p l a n t s  o f  economic s c a l e  and o f  t h e  same 

F o l l o w i n g  t h e  e a r l y  work i n  t h e  U.S., f u r t h e r  research  on t h e  c e n t r i f u g e  process 

was under taken f o r  t h e  USAEC by t h e  U n i v e r s i t y  o f  V i r g i n i a ,  Union Carb ide Corpo ra t i on  

Nuc lea r  D i v i s i o n  and G a r r e t t  Corporat ion-AiResearch Manu fac tu r ing  Co. , and D r .  Lars  

Onsager. 

d e s c r i p t i o n  o f  t h e  o p e r a t i n g  and p lanned f a c i l i t i e s :  
The c u r r e n t  s t a t u s  o f  t h e  U.S. program can b e s t  be i n d i c a t e d  by a b r i e f  
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The Equipment T e s t  Fac i  1 i t y  (ETF) was conceived t o  p r o v i d e  f o r  t h e  r e 1  i a b i  1 i ty 

T h i s  f a c i l i t y ,  which began o p e r a t i o n  i n  1971 , t e s t i n g  o f  " h i g h  c a p a c i t y "  c e n t r i f u g e s .  

has been t h e  source o f  r e l i a b i l i t y  t e s t i n g  f o r  two genera t i ons  o f  machine des igns.  

o f  t h e  f i r s t  g e n e r a t i o n  h i g h  c a p a c i t y  machines a r e  s t i l l  o p e r a t i n g  i n  t h i s  f a c i l i t y .  
Many 
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The Component Preparation Laboratories ( C P L )  i n  Oak Ridge, Tennessee and Torrance, 
Cal i forn ia ,  were b u i l t  t o  eva lua te ,  improve and demonstrate techniques amenable t o  the  
mass production f o r  manufacturing cent r i fuges .  
ea r ly  1974. 

This f a c i l i t y  became operational in 

The Component Test F a c i l i t y  (CTF)  was designed t o  demonstrate the  machine r e l i -  
a b i l i t y  and operabi l i ty  t e s t i n g  of subs tan t ia l  numbers of cent r i fuges  i n  a cascade 
operation. Construction was begun i n  1972 and the f i rs t  phase of s t a r t u p  of the  f a c i l i t y  
was completed i n  January 1977 w i t h  cascade operation of about one-half o f  the machines 
operating. The remaining machines were operable within a few weeks l a t e r .  
of the CTF i s  s i g n i f i c a n t ,  about 50,000 SWU/yr, o r  about the annual enriching requirement 
f o r  a 500 MW power r eac to r .  

The capacity 

The Advanced E q u i p m e n t  Test F a c i l i t y  ( A E T F ) ,  i n  addition t o  being a r e l i a b i l i t y  
t e s t  f a c i l i t y  will  a l so  t e s t  the p lan t  subsystems which support the  machines. 
machines t o  be i n s t a l l e d  i n  t h i s  f a c i l i t y  will  have s ign i f i can t ly  grea te r  separative 
work capab i l i t y  than those i n  the  CTF.  
of 1978. 

The 

The AETF i s  expected t o  be operable in the spring 

In Europe, t h e  URENCO organization, cons is t ing  o f  par t i c ipan t s  from England, 
Germany, and Holland, has a program t h a t  so f a r  has been d i rec ted  toward machine r e l i -  
a b i l i t y  and long l i f e t ime .  
plants a t  Almelo, Holland and Capenhurst, England. 
planned by 1982. 
MTSWUIyr a t  Almelo, and  t h e  remaining 700 MTSWU/yr a t  Capenhurst. 

URENCO i s  cu r ren t ly  producing about 200 MTSWU/yr from 
Expansion of these f a c i l i t i e s  i s  

The URENCO group expects t o  have 2000 MTSWUIyr i n  operation, 1300 

The Becker Separation Nozzle 

The Becker process,g being developed i n  Germany by Dr. E. W. Becker and h is  
a s soc ia t e s ,  u t i l i z e s  the  pressure gradient developed in  a curved expanding supersonic j e t  
t o  achieve separation i n  a gas mixture. 
in Fig. A-2. 

the ve loc i ty  of the  j e t .  
component i s  enriched i n  the v i c i n i t y  of the w a l l .  
fractions--one enriched i n  the  l i g h t  component, and the  o the r  enriched in the heavy 
component--which a re  then pumped of f  separa te ly  from the  s tage .  A1 though the  separation 
obtained per s tage  i s  r e l a t i v e l y  h i g h  (%1.025) ,  many separation nozzle s tages  a re  needed 
t o  obtain an appreciable enrichment. 
the fine-pored membrane required f o r  gaseous d i f fus ion ,  and those associated w i t h  the  
high-speed ro t a t ing  par t s  of the gas cent r i fuge .  
disadvantage o f  a r e l a t i v e l y  high power requirement, primarily because a grea t  deal of 
l i g h t  gas must be recompressed between s tages  along w i t h  the  u F 6  process gas. 

The separation nozzle s tage  i s  shown schematically 
A l i g h t  gas ,  helium o r  hydrogen, i s  added t o  the  UF6 i n  order t o  increase 

As the  expanding j e t  t raverses  the  curved path, the heavier 
A knife edge divides the j e t  i n t o  two 

This process avoids the  problems associated w i t h  

I t  does su f fe r ,  however, from the  
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DWG. NO. G-69-848 

PM 14mrn Hg PK = 14rnrn Hg Po = 48mm Hg 
No = 0.05 NM - 0.03 NK =: 0.15 

HEAVY 
F RACT IO N 

- 0.2 

DEFLECTING WALL 

LIGHT 
FRACTION 

FEED GAS 

1.5 
NOZZLE 

1 mrn - 
P = total pressure; N = mole fract ion of UF in  the U F d H e  mixture. 
Subscripts 0, M, and K refer to  feed gas, f ight  and heavy fractions, 
respectively. 

Fig. A-2. Cross Section of the Separation Nozzle System of the Becker Process 

A small 10-stage p i l o t  plant was operated in 1967 to  prove the technical f eas i -  
b i l i t y  of the process. 
in a prac t ica l  cascade was fabr ica ted .  

Following t h a t ,  a s ing le  large prototype s tage su i t ab le  f o r  use 

A prototype separation s tage contains 81 separat ing elements and i s  reported t o  
have a separat ive capacity of approximately 2000 kg U SW/yr. 
enriched t o  3% 235U and with t a i l s  a t  0.26% 2 3 5 U  i s  expected t o  require  about 450 such 
s tages .  

A plant  producing a product 

Figure A-3 shows the individual separat ing elements, each containing 10 separat ion 
nozzle s l i t s  on i t s  periphery. 
might a t  f i r s t  expect. 
pressures ,  i t  is  necessary t o  employ very small geometries. 
edge and the curved wall in the prototype separat ing uni t  should be about 0.0005 of an  
inch. 
by more than &lo% over the 6-foot length of s l i t .  

The fabr ica t ion  of these uni t s  i s  no t  as simple as one 
In order t o  obtain the desired separation performance a t  reasonable 

The spacing between the knife 

In order  t o  obtain good performance, i t  i s  necessary t h a t  t h i s  spacing n o t  deviate  

The power requirement fo r  the Becker process i s  cur ren t ly  estimated to  be about 
one and one-third times as grea t  as t h a t  required f o r  gaseous d i f fus ion .  
believes t h a t  fu r the r  process improvement i s  s t i l l  possible  and t h a t  the power require-  
ment can be subs t an t i a l ly  reduced. 

Dr. Becker 
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DWG. NO. G 69-643 

Fig. A-3. Becker Separating Element With Ten S l i t s  

The Sou th  African Helikon Process 

The South AfricanlO ( o r  U C O R )  process i s  of an aerodynamic type whose separat ing 

All process pressures throughout the system 
element i s  described by the developers as a high-performance stationary-walled cen t r i -  
fuge using UF6 in hydrogen as process f l u i d .  
will  be above atmospheric and, depending on the type of "centr i fuge" used, the maximum 
process pressure will be in a range of u p  t o  6 b a r .  The UF6 pa r t i a l  pressure w i l l ,  
however, be su f f i c i en t ly  low t o  e l iminate  the need f o r  process heating during plant  
operat ion,  and the maximum temperature a t  the compressor del ivery will n o t  exceed 75°C. 

The process i s  character ized by a high separation fac tor  over the element, namely 
from 1.025 t o  1.030, depending on ecopomic considerat ions.  
degree of asymmetry with respect  t o  the UF6 flow in  the enriched and depleted streams, 
which emerge a t  d i f f e ren t  pressures. 
typ ica l ly  1 .5 ,  whereas the  feed-to-depleted streams pressure r a t i o  i s  t yp ica l ly  only 1.12. 

Furthermore, i t  has a high 

The feed-to-enriched streams pressure r a t i o  i s  

To deal with the small UF6 cu t ,  a new cascade technique was developed--the so-called 
"helikon" technique, based on the pr inc ip le  tha t  an axial  flow compressor can simul- 
taneously transmi t several streams of d i f f e ren t  i so topic  composition without there  being 
s ign i f i can t  mixing between them. The  UCOR process must, therefore ,  be regarded as a 
combination of the separation element and t h i s  technique, which makes i t  possible t o  
achieve the desired enrichment with a r e l a t ive ly  small number of large separation uni ts  
by f u l l y  u t i l i z i n g  the high separation fac tor  ava i lab le .  A fu r the r  feature  of the helikon 
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technique i s  t h a t  a module, defined a s  a separation un i t  cons is t ing  of one s e t  of com- 
pressors and one s e t  of separation elements, does not a s  in the c l a s s i c  case,  produce only 
one separation f ac to r  of enrichment i n  one pass b u t  can produce f o r  a constant separa t ive  
work capacity various degrees of enrichment u p  t o  a maximum of several  times the  separation 
f ac to r  over the element. 

Full s ca l e  modules of t h i s  type a re  nearing the  prototype s tage .  Recent design 

improvements a r e  expected t o  r e s u l t  i n  a nominal capacity of 80 t o  90 kg SWU/yrl1 per 
separation module. 

A valuable f ea tu re  of a plant based on this process i s  i t s  very low uranium inven- 
tory ,  which r e s u l t s  i n  a sho r t  cascade equilibrium time, of the  order of 16 hours f o r  a 
commercial p lan t  enriching uranium t o  3% 235U. 

The theore t ica l  lower l i m i t  t o  the spec i f i c  energy consumption of the separation 
element can be shown t o  be about 0.30 MW.h/kg SW. 

developers with laboratory separating elements i s  about 1.80 MW.h/kg SW, based on 
ad iaba t ic  compression and ignoring a l l  system ine f f i c i enc ie s .  
measure of the improvement potential  expected by the South Africans. 

The minimum f igure  observed by the 

This d i f fe rence  i s  a 

Current and Projected Enrichment Capacity 

Most of the  known i n s t a l l e d  enrichment capacity i s  based upon gaseous d i f fus ion  
technology. 
URENCO,  Japan and U.S.), and one p lan t  u t i l i z i n g  modified nozzle technology ( the  South 
African Helikon p l an t )  may be operating. 
separation methods, a l l  planned addi t ions  t o  the  world enrichment capacity a re  based on 
e i t h e r  d i f fus ion ,  cen t r i fuge  o r  nozzle technology. 

Only small increments of cent r i fuge  technology a r e  in  operation (i . e . ,  

Ind ica t ive  of the  s t a t u s  of o ther  isotope 

The  ex i s t ing  worldwide capacity and planned addi t ions  t o  capac i ty  a r e  shown in 
Table A-1 by country and technology type. 
Eurodif and Coredif a r e  multinational organizations building gaseous d i f fus ion  p lan ts  
in France. 

In t h e  t a b l e  the  groups iden t i f i ed  as 

A . 2 .  New Separation Technologies 

In addition t o  the  more developed technologies (gaseous d i f fus ion ,  gas c e n t r i -  
fuge, and the Becker nozz le) ,  t he re  a re  several o ther  separation methods t h a t  e i t h e r  
have been u t i l i z e d  i n  the past  o r  a r e  cu r ren t ly  being developed. These technologies 
a r e  l i s t e d  i n  Table A-2. 
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Table A-1 . Approximate Schedule o f  World Enrichment Capacitya 

. 

~ 

World's 
Capaci t v  Cumul a t1  ve 

Nation Technology I ncrement Capacity 
Year o r  Group Type (MT SWU) Present Status o f  Increment (MT SWU) 

1977 

1978 

1979 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

U . L b  
UK-France 

RussiaC 

China 
URENCO 
U.S. 
S. A f r i c a  

U . L b  

URENCO 

Japan 
Russ i ac 

RussiaC 
URENCO 
Eurodi f  

U . L b  

U . S . b  
URENCO 
Eurodi f  
Japan 
RussiaC 

U.S.* 
UREWCO 
Eurodi f  
Russ i ac 

U . L b  
URENCO 
Eurodi f  
RussiaC 
8raz i  1 

URENCO 
Coredi f 

U . L b  
URENCO 
S.  A f r i c a  

Coredi f 

U.Lb 
URENCO 
S. A f r i c a  

Coredi f 
Japan 

U.S.b 
S. A f r i c a  

URENCO 

U.S.b 

U.S.b 

U . L b  

URENCO 

Coredi f  

D i f f u s i o n  
D i  f fus i on 

D i f f u s i o n  

D i f f u s i o n  
Centr i fuge 
Centr i fuge 
He1 i kon-Fixed 

wa l l  cen t r i fuge 

D i f f u s i o n  

Centr i fuge 

Centr i fuge 
D i f f u s i o n  

D i f f u s i o n  
D i f f u s i o n  
Centr i fuge 
D i f f u s i o n  

D i f f u s i o n  
Centr i fuge 
D i f f u s i o n  
Centr i  fuqe 
D i f f u s i o n  

D i f f u s i o n  
Cent r i  fuqe 
D i f f u s i o n  
D i f f u s i o n  

O i  f f u s i o n  
Centr i fuge 
O i  f fus i on  
D i f f u s i o n  
Becker nozzle 

Centr i fuge 
D i f f u s i o n  

D i f f u s i o n  
Centr i fuge 
Fixed wa l l  

D i f f u s i o n  

D i f f u s i o n  
Centr i fuge 
Fixed wa l l  

D i f fus ion  
Centr i fuge 

cent r i fuge 

cent r i fuge 

Cen tr i  f uge 
Fixed w a l l  

Centr i fuge 

Centr i fuge 
Centr i fuge 

Centr i fuge 

Centr i fuge 
D i f f u s i o n  

cent r i fuge 

15,400 
800-1000 

800 

Unknown 
200 

50 
Unknown 

3,300 

200 

20 
200 

2,200 
500 
400 

2,600 

1,600 
400 

3,700 
20 

500 

700 
400 

2,100 
500 

300 
400 

2,400 
500 
180 

1,300 
1,800 

2,000 
1,300 
1,600 

1,800 

2,000 
1,400 
1,600 

1,800 
6,000 

550 
1,800 

2,000 

2,750 
2.000 

3,300 

2,200 
5,400 

E x i s t i n g  
Exist ing,  bu t  dedicated t o  

Ex is t ing ,  actual  t o t a l  

Ex is t ing ,  most ly m i l i t a r y  
E x i s t i n g  
E x i s t i n g  
E x i s t i n g  p i l o t  p l a n t  o r  i n  

m i l i t a r y  use 

capaci ty unknown 

process o f  coming on- l ine 

From C I P / C U P  p lus added 
power purchase 

F a c i l i t i e s  a t  Almelo & Capen- 
hurs t  now i n  construct ion 

Current ly under construct ion 

From CIP/CUP 

Under construct ion 

From CIP/CUP 
P1 anned 
Under construct ion 
Under construct ion 

From C I P I C U P  
Planned 
Under construct ion 

Inc r .  Power Implementing CUP 
P1 anned 
Under construct ion 

Planned 

P1 anned 
Planned 

Inc r .  Power Implementing CUP 
Planned 
Planned 

Planned 

Inc r .  Power Implementing CUP 
P1 anned 
P1 anned 

Planned 
Planned, bu t  should be 

considered cond i t iona l  

P1 anned 
Planned 

Planned 

P1 anned 
P1 anned 

Planned 

Planned 
Planned. b u t  should be 

considered cond i t iona l  

15,400 
16,400 

17,200 

17,400 
17,450 

20,750 

20,950 

20,970 
21,170 

23,370 
23,870 
24,270 
26,870 

28,470 
28,870 
32,570 
32,600 
33,100 

33,800 
34,200 
36,300 
36,800 

37,000 
37,500 
39,900 
40,400 
40,580 

41,880 
43,680 

45,680 
46,980 
48,580 

50,380 

52,380 
53,780 
55,380 

57,180 
63,180 

63,730 
65,530 

67.530 

70,280 
72,280 

75.580 

77,780 
83,180 

'Information from references 12 and 13. 

bNot included i n  t h i s  schedule are possible add i t ions  t o  the  U.S. enrichment capaci ty by p r i v a t e  corporations, such 

=For Russia. t h i s  i s  a schedule o f  growth i n  enrichment sales a v a i l a b i l i t y  and n o t  necessar i ly  o f  capaci ty expansion. 

as Exxon Nuclear, Gar re t t  and Centar; these may amount t o  as much as 10.000 MT SWU by 1990. 
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Table A-2. Other Isotope Separation Technologies 

A .  Discarded Technologies 
Thermal Diffusion 
Electromagnetic ( the  Calutron Process) 

Photo-Exci t a t ion  Methods (Laser) 
Chemical Exchange Methods 
Aerodynamic Methods (Other Than the  Becker Nozzle 

P1 asma Based Processes 

B .  Developing Technologies 

and the  Fixed Wall Centrifuge) 

The discarded technologies l i s t e d  i n  Table A-2  have been used t o  produce 
enriched uranium. 

A large-scale,  liquid-phase, thermal-diffusion p lan t  was constructed i n  1945 

Thermal d i f fus ion  i s  impractical f o r  commercial enrichment of uranium 
by the Manhattan Project.14 
(0.86%). 
isotopes because of i t s  very h i g h  energy requirements. 
the  energy requirement i s  over 200 times g rea t e r .  

This p lan t  produced very s l i g h t l y  enriched uranium 

Compared t o  gaseous d i f fus ion ,  

The electromagnetic o r  Calutron methods were used during the  Manhattan Pro jec t  

A b r i e f  descr ip t ion  of the. 
to  produce highly enriched uranium. 1 4  The process was discarded shor t ly  a f t e r  the  
more economical gaseous d i f fus ion  p lan t  began operation. 
process fo l  1 ows . 

The Calutron Process involved the  vaporization of a s a l t  feed mater ia l ,  
t yp ica l ly  UCl,,, from an e l e c t r i c a l l y  heated charge b o t t l e  through s l o t s  i n to  an a r c  
chamber where the s a l t  was ionized by an e lec t ron  beam which t r ave l s  along the  l i n e s  
of f lux  of t he  magnet. The ionized uranium, as the  Ut ion f o r  the  most p a r t ,  passed 
through another s l o t  where i t  was acce lera ted  by o ther  s l o t t e d  e lec t rodes  in to  the  
vacuum tank which f i l l e d  the pole area of a l a rge  electromagnet. 
acce le ra t ing  e lec t rodes  diverged several degrees from the s l o t s  and a t  the  90" point 
passed by some ba f f l e s  a s  a r a the r  th ick  beam. 
s l o t s  of a rece iver  system as  curved l i n e s  by the  shimmed magnetic f i e l d .  
l a rge  u n i t s ,  96-in. beam diameter, t he re  were u p  t o  four of these beams i n  a given 
tank. 
few degrees from the  acce lera t ing  e lec t rodes  and separated as d i s t i n c t  beams, again a 
s imi l a r  d i s tance  from the  rece ivers .  There were various side beams of UCl', Ut', and 
o ther  ions which h i t  the ba f f l e s  and the  walls of the tank a t  a s e r i e s  of loca t ions .  
The uranium content of these  beams condensed as various compounds of uranium. 
product was, f o r  the most p a r t ,  converted t o  UC by in t e rac t ion  of the  very h i g h  
voltage uranium ions w i t h  the  graphi te  of t he  rece ivers .  

The ions from the  

T h i s  beam was brought t o  a focus a t  the  
In the  

The divergent t r a j e c t o r i e s  of the ions from the  four  sources in t e r sec t ed  some 

The 

Since,  i n  even the  most 

. 
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e f f i c i e n t  of the uni ts  developed, only a b o u t  22% of the feed was col lected as product 
i n  a vaporization cycle of the feed, there  were large amounts of  uranium compounds t o  
be recovered and recycled th rough  the system. 
complex, b u t  the amount of space and the number of workers required in the chemical 
function were always small compared t o  the requirements of the r e s t  of the process. 
The processing of the receivers  t o  recover the product uranium was a small sca le  
b u t  very demanding se r i e s  of chemical procedures, 

The chemical operations required were 

The developing technologies l i s t e d  in  Table A-2 o f f e r  no current  capabi l i ty  
forproducing kilogram quan t i t i e s  of enriched uranium. I f  any of them approaches 
commercial f e a s i b i l i t y ,  they may provide enhanced opportuni t ies  f o r  a c landest ine 
enrichment operat ion.  A b r ie f  descr ipt ion of each of these processes follows. 

Photoexci t a t ion  (Laser)  Methods 

The development of high in t ens i ty  narrow-frequency tunable l a se r s  has ra ised 
the p o s s i b i l i t y  of  nearly complete i so topic  separation in a s ing le  s tep .  
reactor  grade and perhaps even weapons grade uranium could be produced in one pass 
t h r o u g h  the apparatus. 
enrichment p l an t ,  saving land area ,  cap i ta l  investment and power consumption. 
These hopes have led t o  ac t ive  research and  development programs in the United S ta t e s ,  
the Soviet Union, I s r a e l ,  France and possibly other  count r ies .  

Thus, 

Such a single-stage process would allow f o r  a much more compact 

I n  the U.S. the development of l a se r  enrichment i s  being pursued along two 
d i s t i n c t  l i n e s .  
material f o r  the l a s e r  exc i ta t ion  whereas the other  l i n e  of development i s  pursuing 
exc i ta t ion  of molecular uranium hexafluoride. 
defec ts .  

One l i n e  of development uses atomic uranium vapor as the source 

Each method has i t s  v i r tues  and 

Laser Enrichment with Atoms.15 In the atomic enrichment process most of ten 
discussed,  molten uranium i s  heated i n  an oven t o  a b o u t  2500°K. The atomic vapor  
emerges in the form of a long, thin ribbon in to  a highly evacuated region where i t  
i s  illuminated by two v i s ib l e  or near -u l t rav io le t  l a se r s .  One l a s e r  i s  tuned t o  
a t r ans i t i on  from the ground s t a t e  of uranium to  an excited s t a t e  roughly halfway u p  
the ladder t o  ion iza t ion .  
t h a t  very high s e l e c t i v i t i e s  will  be achieved here. 

This i s  the i so topica l ly  se l ec t ive  s t ep ,  and i t  i s  hoped 

The purpose of the second l a se r  i s  t o  boost the exci ted 235U atoms t o  a level 
j u s t  below the ionizat ion l i m i t .  This s t ep  need not be i so topica l ly  se l ec t ive ,  and 
in pr inc ip le  the second l a s e r  could be used t o  ionize the atom d i r ec t ly .  
t ion cross  sect ions are general ly  about 1000 times smaller than resonant exc i ta t ion  
cross  sec t ions ,  and so i t  i s  f a r  more e f f i c i e n t  t o  use a resonant t r ans i t i on  t o  exc i te  
the atom t o  a s t a t e  j u s t  below the ionizat ion level and then t o  use e i t h e r  a s t a t i c  

B u t  ioniza- 
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e l e c t r i c  f i e l d  o r  an inf ra red  l a s e r  pulse t o  pull t he  e l ec t rons  of f  the  atoms. 
the  atoms a r e  ionized, they can be separated from the  neutral  atoms i n  the beam by 
the  use of e l e c t r i c  o r  magnetic f i e l d s ,  o r  both. 

Once 

The major l imi t ing  f a c t o r  in the  above process i s  t he  dens i ty  of atoms i n  the  
uranium "ribbon." 
of production of enriched uranium, because both exc i t a t ion  energy and ion ic  charge a r e  
very e a s i l y  t ransfer red  t o  o ther  atoms in c o l l i s i o n s .  Such c o l l i s i o n s  must be kept t o  
a minimum i f  a h i g h  s e l e c t i v i t y  is t o  be obtained. 

There i s  an upper l i m i t  on the  dens i ty  and therefore  on the  r a t e  

Other technical d i f f i c u l t i e s  in the  development of the  process a re :  
a .  
b .  

The corrosiveness of the uranium vapor. 
The presence of thermally excited o r  ionized atoms o f  2 3 5 U  i n  the  uranium vapor 
( a t  2500°K, %55% of Z 3 5 U  atoms a r e  not in the  ground s t a t e ) .  

c .  The poten t ia l  f o r  s e l f  l as ing  of the  uranium vapor. 
d .  Thermal ion iza t ion  of 2 3 8 U  will  se r ious ly  degrade the  s e l e c t i v i t y  and thus 

l i m i t  the enrichment. 
Lasers combining h i g h  energy dens i ty ,  rapid pulse r epe t i t i on  r a t e ,  high t u n i n g  
p rec is ion ,  and long-term s t a b i l i t y  and r e l i a b i l i t y  must be developed. 

e .  

Laser Enrichment w i t h   molecule^.'^ Gaseous UF, i s  used i n  a l l  proposed schemes 

Because the  molecule contains seven atoms 
f o r  molecular enrichment, s ince  t h i s  i s  the  only compound of uranium w i t h  a s i zab le  
vapor pressure a t  reasonable temperatures. 
and exh ib i t s  a high degree of symmetry, i t  produces a complicated spectrum of 
v ibra t iona l  and ro ta t iona l  exc i t a t ions .  The most i n t e re s t ing  v ibra t iona l  modes from 
the point of view o f  l a s e r  exc i t a t ions  a r e  those which involve motion of the  uranium 
atom and which therefore  produce an o s c i l l a t i n g  e l e c t r i c  dipole moment. Only these 
modes a re  l i k e l y  t o  produce t r a n s i t i o n s  from the  ground s t a t e  when exc i ted  by e lec-  
tromagnetic energy. 

The low energies associated with these  t r a n s i t i o n s  lead t o  two ser ious  
problems f o r  l a s e r  enrichment i n  UF6.  

in f ra red  l a s e r  with the co r rec t  frequency. 
high occupation numbers of the  low-energy v ibra t iona l  s t a t e s  a t  temperatures where 
UF6 has a h i g h  vapor pressure. Because so many low-lying s t a t e s  a r e  occupied, i t  
i s  impossible t o  f ind  a s ing le  exc i t a t ion  frequency t h a t  will be absorbed by most 
of the  molecules. 
of the process very d r a s t i c a l l y .  

The f i r s t  problem i s  the crea t ion  of an 
The second problem i s  r e l a t ed  t o  the  

The presence o f  these so-called "hot bands" reduces the e f f i c i ency  

The second problem i s  e a s i l y  solved, a t  l e a s t  i n  p r inc ip l e ,  i f  warm UF6 gas 
i s  passed through a supersonic nozzle. 
most of the k ine t i c  energy o f  random motion o f  the  gas i n  the r e se rvo i r  i n t o  k ine t i c  
energy of t r ans l a t iona l  motion of the gas i n  the  nozzle. 

The e f f e c t  of the  expansion i s  t o  convert 

As the  gas acce le ra t e s  
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through the  nozzle,  i t  becomes colder and the  energy s tored  i n  the  vibrational 
and ro ta t iona l  degrees of freedom of the molecules i s  reduced by intermolecular 
c o l l i s i o n s  i n  the  narrow region j u s t  downstream of the s l i t .  The molecules can 
now be i l luminated by a l a s e r  beam which has been tuned t o  exc i t e  s e l ec t ive ly  
molecules containing 23%. 

This technique y i e lds  the f i r s t  s t ep  i n  the  molecular isotope separation 
process; however, this s e l e c t i v e  exc i ta t ion  does not provide a way of segregating 
the exc i ted  molecules. 
by the molecules to  get them to  d i s soc ia t e  t o  235UF5  and f luo r ine .  
energy can be provided by e i t h e r  an inf ra red  o r  an u l t r a v i o l e t  l a s e r .  

To do th i s ,  considerably more l a s e r  energy must be absorbed 
In theory,  t h i s  

Since i t  i s  not necessary f o r  e i t h e r  of these secondary processes t o  be 
i so top ica l ly  se l ec t ive ,  the primary demands on the u l t r a v i o l e t  o r  in f ra red  l a se r s  a r e  
r e l a t ed  t o  t h e i r  energy output and pulse r epe t i t i on  r a t e s .  
higher powers a r e  required f o r  the molecular than f o r  the atomic processes because 
much l a rge r  numbers of molecules can be processed i n  the  same period of time. 
h i g h  power requirement follows because the dens i ty  r e s t r i c t i o n s  apparently a re  
l e s s  severe f o r  molecules than f o r  atoms. 

In both cases considerably 

This 

The d issoc ia ted  product must s t i l l  be physically separated from the undissociated 
material  and subs tan t ia l  recombination could occur i f  the  recombination p robab i l i t i e s  
f o r  UF5 and F a r e  h i g h .  

As w i t h  the  atomic process, the molecular process must a l so  overcome formidable 
technical d i f f i c u l t i e s  before i t  becomes a f eas ib l e  production process. 
of these obs tac les  a re :  
a .  The high probabi l i ty  of resonant vibrational energy exchange between the 235UF6 

and the 238UF6.  

An in f r a red  high-powered l a s e r  tunable t o  the  required wave l e n g t h  f o r  the primary 
exc i t a t ion  must be invented. 
The secondary l a s e r  must s a t i s f y  the combined demand of h i g h  pulse energy, rapid 
r epe t i t i on  r a t e  and high ef f ic iency .  
The rapid and e f f i c i e n t  separation of the  d issoc ia ted  product from the depleted 
t a i l s .  

Some 

b .  The recombination o f  dissoc ia ted  molecules. 
c .  

d .  

e. 

Chemical Exchange Methods 

The use of a chemical exchange system t o  separa te  metal isotopes has been under 
inves t iga t ion  i n  the U.S. f o r  several years.  In addition t o  work i n  the  U.S., the 
French recently have made a l lu s ions  t o  s imi l a r  research. I t  has been shown t h a t  calcium 
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isotope enrichment can be accomplished u s i n g  a simple ex t rac t ion  process involving 
the  r e l a t i v e l y  new c l a s s  of compounds known as  polyethers.  
determine whether a s imi l a r  process could be used f o r  uranium isotope enrichment. 

Work i s  underway t o  

The e lec t ron  exchange equilibrium between U ( 1 V )  and U ( V 1 )  may result in  a 
s i g n i f i c a n t  isotope enrichment. The ex t rac t ion  of a s ing le  uranium ca t ion  without a 
valence change y i e lds  a small isotope e f f e c t  which by i t s e l f  would have no prac t ica l  
use. 
isotope enr i  chment . 

Combining the  two processes leads t o  a po ten t i a l ly  economic process f o r  u r a n i u m  

The e lec t ron  exchange reaction which occurs i n  the  aqueous phase can be 
described by Equation 1 :  

This reaction was reported t o  have an ~1 = 1.0014 w i t h  238U concentrating on the U ( I V )  

ion. 
Equation 2 :  

The solvent ex t rac t ion  exchange reaction of the  U ( V 1 )  ion can be described by 

Although the cx f o r  Equation 2 i s  unknown, theory and experience predic t  t h a t  238U 

wil l  concentrate i n  the aqueous phase. 
might, therefore ,  be expected t o  r e s u l t  i n  an a su i t ab ly  la rge  t o  be the  bas i s  of a 
uranium isotope enrichment process. 

The cons t ruc t ive  nature of the two processes 

From a chemical s tandpoin t ,  several problems immediately appear a s  c r i t i c a l  
ones. Obviously, one needs an ex t r ac t an t  which wi l l  separa te  U ( 1 V )  and U ( V 1 ) .  I t  
must operate under some very spec i f i c  conditions s e t  by o ther  portions of the system. 
In order t o  form the bas is  of a useful process, the e lec t ron  exchange reaction i n  
Equation 1 must have a half-t ime, tk, on the  order  of a few seconds. 
reaction shown i n  Equation 2 must be rap id .  
well understood. 
under these  conditions.  

Also, the  exchange 
Both these  reac t ions  must, therefore ,  be 

F ina l ly ,  i t  must be demonstrated t h a t  a s u f f i c i e n t l y  l a rge  a e x i s t s  

Based on these  exchange reac t ions  and based on a reasonable value o f  a (between 
1.0014 and 1.002),  countercurrent l i qu id  ex t r ac to r s  can be s e t  up i n t o  a cascade 
arrangement. 
of the  r e l a t i v e  concentrations of 235U and 238U, estimates of the equilibrium time t o  
achieve 3% enrichment range from approximately th ree  months t o  one year .  
90% enrichment, the equilibrium time may range from 3 t o  30 years .  

Further assuming t h a t  the exchange reac t ions  and the  cx a r e  independent 

To achieve 
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Aerodynamic Methods 

Both t h e  s e p a r a t i o n  nozz le  and t h e  s t a t i o n a r y - w a l l e d  c e n t r i f u g e  can be 

c lassed  as aerodynamic processes. 

by t h e i r  proponents and p lans  f o r  t h e i r  imp lemen ta t i on  a r e  w e l l  advanced. 

e f f o r t s  have been d i r e c t e d  a t  seve ra l  o t h e r  aerodynamic methods such as t h e  v o r t e x  

tube,  t h e  s e p a r a t i o n  probe, crossed beams, v e l o c i t y  s l i p  and t h e  j e t  membrane. None 

o f  these appear a t  t h e  p r e s e n t  t i m e  t o  o f f e r  t h e  promise o f  t h e  two aforement ioned 

aerodynamic processes, a l t hough  an expanded e f f o r t  i s  p roceed ing  on t h e  j e t  membrane 

process.  Commonly known as t h e  Muntz-Hamel process, i t  i n v o l v e s  t h e  p e n e t r a t i o n  o f  

a s t ream o f  UF6 gas i n t o  an expanding j e t  of e a s i l y  condens ib le  c a r r i e r  gas. 

l i g h t e r  235UF6 molecules p e n e t r a t e  t h e  j e t  more e a s i l y  t han  t h e  h e a v i e r  238UF, 

molecules.  

d e p l e t e d  UF, f l o w s  o u t  o f  t h e  o t h e r  end o f  t h e  s c a t t e r i n g  chamber, a f t e r  t h e  c a r r i e r  

gas i s  separa ted  f r o m  i t  by condensat ion.  

These a r e  cons ide red  t o  be c o m p e t i t i v e  processes 

Research 

The 

A tube  p l a c e d  on t h e  a x i s  o f  t h e  j e t  c o l l e c t s  t h e  e n r i c h e d  UF6. The 

Plasma-Based Processes 

S ince  a plasma can be made t o  r o t a t e  a t  speeds g r e a t e r  t han  t h a t  o f  an u l t r a -  

c e n t r i f u g e ,  i t  occu r red  t o  v a r i o u s  i n v e s t i g a t o r s  t h a t  such h i g h  speed gas r o t a t i o n  

w i t h o u t  t h e  use o f  r e v o l v i n g  equipment m i g h t  p o s s i b l y  be developed i n t o  a more 
e f f i c i e n t  i s o t o p e  s e p a r a t i o n  process than  t h a t  based on a mechanical c e n t r i f u g e .  

F i v e  papers on t h i s  t o p i c  were presented a t  t h e  I n t e r n a t i o n a l  Conference on Uranium 

I s o t o p e  Separa t i on  i n  London i n  March 1975. The a u t h o r s '  assessment o f  t h e  p rospec ts  

f o r  such a process r a n  t h e  gamut f rom h i g h l y  o p t i m i s t i c - - t e c h n o l o g y  i s  s imp le  and w e l l  

known so t h a t  min imal  development w i l l  be r e q u i r e d - - t o  p e s s i m i s t i c - - a  r o t a t i n g  plasma 

process cannot  p o s s i b l y  be economica l l y  c o m p e t i t i v e .  

separated uranium i s o t o p e s  by means o f  t h e  plasma c e n t r i f u g e .  

To o u r  knowledge, no one has 

Since t h a t  t ime ,  seve ra l  o t h e r  plasma-based processes have been proposed. 

a l l  t hese  processes, t h e  c u r r e n t l y  most f e a s i b l e  seems t o  be t h e  Plasma I o n  Enrichment 

process ( t h e  Dawson s e p a r a t i o n  process) .  I n  t h i s  process a plasma o f  UF6 ( o r  o f  

uranium atoms) w i t h i n  a s t r o n g  u n i f o r m  magnetic f i e l d  i s  exposed t o  a l ow  energy 

rad io - f requency  wave resonant  w i t h  t h e  c y c l o t r o n  f requency o f  t h e  235UF6 i o n s .  
r o t a t i o n  the reby  impar ted  p r e f e r e n t i a l l y  t o  t h e  235UF6 i o n s  enables t h e  2 3 5 U  t o  be 

separated f rom t h e  2 3 8 U  by p r o p e r l y  p laced  c o l l e c t i o n  p l a t e s .  

Of  

The 

T h i s  method has been used s u c c e s s f u l l y  t o  e n r i c h  macroscopic samples o f  po- 

tassium. 

c o l l e c t  s e l e c t i v e l y  t h e  e x c i t e d  i o n s .  

t h e  en t rance  t o  t h e  mass spect rometer .  

c o l l e c t e d  under t h r e e  c o n d i t i o n s  o f  rf e x c i t a t i o n :  ( 1 )  no rf; (2)  e x c i t a t i o n  a t  t h e  

39K c y c l o t r o n  frequency; and ( 3 )  e x c i t a t i o n  a t  t h e  4 1 K  c y c l o t r o n  frequency. 

The c o l l e c t o r  was a coo led  tungs ten  r i b b o n  hav ing  a v o l t a g e  b i a s  t o  

The potass ium vapor was c o n t a c t  i o n i z e d  a t  

To e l i m i n a t e  spu r ious  e f f e c t s ,  samples were 

The 
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resu l t ing  r a t i o s  of 41K/39K abundance as measured by the  mass spectrometer were, 
respec t ive ly ,  0.07 ( t h e  natural  abundance), 0.02 and 4 .  The abundance r a t i o  of 4 
corresponds to a more than tenfold enrichment of 41K. 

In addition t o  potassium ions ,  work has been done on neon, argon, xenon and 
uranium toward resolving the ion cyclotron resonances f o r  individual pos i t ive  ions.  
The work w i t h  uranium i s  proceeding toward estimates of r e a l i s t i c  operating parameters 
(ion d e n s i t i e s ,  magnetic f i e l d  s t r eng th ,  i so top ic  exc i t a t ion  energ ies ,  device length,  
ion temperatures, and co l l  ec to r  types) .  

A second process involves the achievement of a UF6 plasma by chemi-ionization. 
UF6 molecules a r e  acce lera ted  by expansion with an inert c a r r i e r  gas through a 
supersonic j e t .  A c ross  beam of a l k a l i  metal molecules r e s u l t s  i n  the  formation of 
NA' o r  Cs' and UF,-. 
out of the plasma beam, permitt ing the separation of the two isotopes by co l l ec t ion  
of the  two beams on separa te  ba f f l e s  cooled by l i qu id  nitrogen. This process seems 
t o  have l e s s  po ten t ia l  than the  f i r s t .  

A radio-frequency quadrupole mass f i l t e r  de f l ec t s  the  238UF6 

Comparison of Advanced Separation Processes 

The estimated cos ts  of the  processes mentioned a r e  compared i n  Table A-3 
w i t h  t h a t  of gaseous d i f fus ion .  W i t h  two exceptions,  the  t a b l e  i s  based on process 
evaluations made by the Nuclear Division of the Union Carbide C ~ r p o r a t i o n ' ~  f o r  
E R D A .  For the  exceptions, which a r e  the FRG's separation nozzle and South Af r i ca ' s  
stationary-walled cent r i fuge ,  the  comparison i s  based on published statements by the 
developers of the  process. 
cen t r i fuge ,  and possibly f o r  the separation nozzle, a r e  known w i t h  any degree 
of ce r t a in ty .  

Of a l l  the processes l i s t e d ,  only the  cos ts  f o r  the 
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Tab1 e A-3. Comparison o f  Process Economics 

O p e r a t i n g  

C a p i t a l  Power Other  Than 
S p e c i f i c  c o s t s  

Investment  c o s t  Power 

C e n t r i f u g e  > < j .  

Separa t i on  Nozzle* < > - - 
Stat ionary-Wal  l e d  C e n t r i f u g e *  

LIS-Atomic 

LIS-Molecular  

Ch. Exchange: UIV(aq)-Uv1(org) 

.. Other  Aerodynamic Processes > > - 

Plasma: Chemi - i on i za t i on  > < > 

Plasma I o n  Enrichment (Dawson Process) < < > 

*Based on es t ima tes  made by t h e  process developers.  

______ 

DEFINITION OF SYMBOLS: 

- - Approx imate ly  equal t o  t h e  d i f f u s i o n  process.  

' Y <  Grea te r  than  o r  l e s s  than  t h e  d i f f u s i o n  process, r e s p e c t i v e l y .  

? Unknown. 
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Appendix B. ECONOMIC DATA BASE USED FOR EVALUATIONS OF 
NUCLEAR POWER SYSTEMS 

M. R. Shay, D. R. Ha f fne r ,  W. E. B lack,  T. M. Helm, 
W. G. J o l l y ,  R. W. Hard ie,  and R. P. Omberg 
Hanford Eng ineer ing  Development Labora to ry  

The economic da ta  base used i n  t h e  assessment o f  t h e  impact  of denatured f u e l  c y c l e s  i n  

t h e  v a r i o u s  n u c l e a r  systems o p t i o n s  desc r ibed  i n  Chapter 6 was j o i n t l y  developed by Combustion 

Engineer ing,  Oak Ridge N a t i o n a l  Laboratory ,  U n i t e d  Engineers and Cons t ruc to rs  , Argonne 

N a t i o n a l  Labora to ry ,  Resource P lann ing  Associates,  Hanford Eng ineer ing  Development Labora to ry ,  

DOE D i v i s i o n  of Uranium Resources and Enrichment, and DOE D i v i s i o n  o f  Nuclear  Research and 

A p p l i c a t i o n s .  The da ta  base i n c l u d e s  c a p i t a l  cos ts ,  o p e r a t i o n  and maintenance cos ts ,  f u e l  

f a b r i c a t i o n  and rep rocess ing  cos ts ,  c a p a c i t y  f a c t o r s ,  money costs ,  and u n c e r t a i n t i e s .  

The d e f l a t e d  and p resen t -va lued  c a p i t a l  c o s t s  f o r  LWRs, SSCRs, HTGRs, CANDUs, and FBRs, 

e x c l u d i n g  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 ,  a r e  shown i n  Table B - 1 .  
i n c l u d i n g  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  a r e  shown i n  Table 6-2.  

expenses i n c u r r e d  d u r i n g  t h e  c o n s t r u c t i o n  o f  t h e  p l a n t  i s  d i scoun ted  t o  t h e  d a t e  o f  s t a r t u p  

and i s  measured i n  d o l l a r s  o f  c o n s t a n t  pu rchas ing  power. The u n c e r t a i n t y  ranges i n c l u d e d  i n  

Table 8 - 2  r e p r e s e n t  c u r r e n t  b e s t  e s t i m a t e s  o f  t h e  most p robab le  v a r i a t i o n s  i n  c a p i t a l  cos ts .  

For  f l e x i b i l i t y ,  t h e  u n c e r t a i n t i e s  a r e  expressed r e l a t i v e  t o  t h e  re fe rence  LWR c a p i t a l  cos t .  

The same c a p i t a l  c o s t s  

I n  e i t h e r  case, t h e  s t ream o f  

Table B-1. C a p i t a l  Costs o f  Power P l a n t s  
Exc lud ing  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  

The o p e r a t i o n  and maintenance c o s t s  

f o r  t h e  same power p l a n t s  a r e  shown i n  

and t h e  CANDU o v e r  t h e  s tandard  LWR a r e  due 

t o  t h e  heavy wa te r  rep1 acement requi rement  

and t h e  n e c e s s i t y  f o r  p e r f o r m i n g  some 

maintenance i n  atmospheres c o n t a i n i n g  

t r i t i u m .  A d d i t i o n a l  m i n o r  r e a c t o r  c o s t s  
a r e  g i ven  i n  Table 8 -4 .  

Power P l a n t  Type Costs ($/kWe)* Table B -3 .  The h i g h e r  cos ts  f o r  t h e  SSCR 

LWR 500 

SSCR 520 + 39 ( f o r  D20) = 558 
HWR 605 + 156 ( f o r  D20) = 761 

HTGR 560 t o  580 

FBR 625 t o  875 

* 
Based on 7/1/76 d o l l a r s .  

Tab le  8-2. C a p t i a l  Costs o f  Power P l a n t s  I n c l u d i n g  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  

Power P l a n t  
Type 

c o s t  
($/kWe)* 

Cost R e l a t i v e  c o s t  
t o  LWR Cost U n c e r t a i n t y  

LWR 625 95% t o  105% r e f e r e n c e  c o s t  

SSCR 650 + 4 0 '  (heavy w a t e r )  = 690 + l o %  105% t o  120% o f  LWR c o s t  

HWR 755 + 160 (heavy w a t e r )  = 915 +46% 120% t o  150% o f  LWR c o s t  

HTGR 71 5 +14% 105% t o  125% o f  LWR c o s t  

FBR 800 +28% 125% t o  175% o f  LWR c o s t  

*Based on 1/1/77 d o l l a r s .  
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The fuel f ab r i ca t ion  cos t s  f o r  the  various r eac to r  types a r e  shown i n  Table 6-5 a s  a 
function of time b e g i n n i n g  w i t h  t he  expected introduction da te  f o r  a pa r t i cu la r  r eac to r  and 
fuel design. 
cos t s  should decrease a s  l a rge r  p lan ts  w i t h  higher throughput r a t e s  a r e  constructed.  
decrease i n  f ab r i ca t ion  cos t s  over the f i r s t  decade a f t e r  introduction i s  simply ind ica t ive  
of a t r ans i t i on  from small f ab r i ca t ion  plants with high u n i t  cos t s  t o  l a rge r  f ab r i ca t ion  
p lan ts  w i t h  lower u n i t  cos t s .  These cos t s  a r e  a strong function of the f i s s i l e  isotope and 
a weak function of the  fe r t i l e  isotope. 
e i t h e r  by the  spontaneous f i s s ion  associated with high-exposure f i s s i l e  plutonium o r  by the  
gamma a c t i v i t y  associated with high-exposure 233U. 

t h a t  fue l s  containing 235U a r e  fabr ica ted  on a l i n e  with contac t  operation and contact 
maintenance, fue l s  containing f i s s i l e  plutonium a r e  fabr ica ted  on a l i n e  w i t h  remote 
operation and contact maintenance, and f u e l s  containing 233U a r e  fabr ica ted  on a l i n e  with 
both remote operation and remote maintenance. The expected va r i a t ions  i n  fuel f ab r i ca t ion  
cos t s  ( cos t  uncer ta in t ies  given in footnote b of Table B-5) represent  the upper and lower 
cos t  boundaries an t ic ipa ted  f o r  fabr ica t ion  cos t s  and a r e  expressed a s  percentages. For 
example, the expected f ab r i ca t ion  cos t  f o r  plutonium-bearing LWR fuel w i t h  uncer ta in t ies  
applied ranges from $306 per kg HM (-10% of reference) t o  $510 per kg H M  (+50% of re ference)  
f o r  year 2001 and beyond. 

I f  a pa r t i cu la r  reac tor  and fuel design should prove successfu l ,  f ab r i ca t ion  
The 

The s e n s i t i v i t y  t o  the  f i s s i l e  isotope i s  caused 

The cos ts  a r e  based on the  assumption 

Table B-3. Power Plant Operation 
and Maintenance Costs 

{=[Fixed +(Variable x Capacity Factora)]xPower} 

Fixed Cost 
Power Plant Type ($/kWe-yr)* Var i ab 1 e 

LWR 3.6 1.9 

SSCR 4.8 1.9 

HWR 8.4 1.9 

HTGR 3.6 1 .9  

FB R 4.1 2 . 3  

'See Table B-9 f o r  capacity f ac to r s .  
*Based on 1 /1 /77  do l l a r s .  

Table B-4. Minor Reactor Costs 

Property Insurance Rate 0.0025 

Capital Replacement Rate 0.0035 

Nuclear L i a b i l i t y  58 x lo4  $/yr 

The expected reprocessing cos t s  a r e  
shown i n  Table B-6. These cos t s  were obtained 
by estimating the cap i t a l  and operating cos ts  
associated w i t h  each of f i v e  s tages  of the 
reprocessing process. The stages were: 
headend, sol vent ex t r ac t ion ,  product conver- 
s ion ,  off-gas treatment,  and waste treatment.  
The cos ts  a r e  shown as  a function of time 
r e f l ec t ing  the t r ans i t i on  from a new indus t ry  
cons is t ing  of small p lan ts  with high u n i t  
cos ts  to a mature industry cons is t ing  of 
l a rge r  p lan ts  w i t h  lower u n i t  cos t s .  The 
expected cos ts  f o r  spent fuel shipping, waste 
shipping, and waste s torage  a re  a l so  included 
i n  Table B-6, as well a s  the t o t a l  cos t s  f o r  
a l l  these processes. The t o t a l  cos t  uncer- 
t a i n t y  f a c t o r  f o r  a l l  fuel types i s  estimated 
t o  be a 50% increase f o r  the reference values. 
Thus, the t o t a l  reprocessing cos t  f o r  LWR fuel 
w i t h  the uncer ta in ty  included ranges from $220 
to  $330 per kg HM f o r  year 2001 and beyond. 
I t  should be noted t h a t  i t  i s  assumed here 
t h a t  a policy decision wi l l  have been made in  
time f o r  the f i r s t  reprocessing p lan t  t o  be 
i n  operation by 1991. All fuel discharged 
from the r eac to r  p r io r  t o  t h i s  da te  i s  
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T a b l e  6 - 5 .  R e a c t o r  Fue l  F a b r i c a t i o n  Costs' 

R e a c t o r  Type 

LWR-U5(LE)/U 

LWR-U5(DE)/U/Th 

LWR-U3( DE)/U/Th 

LWR-Pu/U 

LWR-PU/Th 

SSCR-US( LE)/U 

SSCR-U3(DE)/U/Th 

SSCR-PU/Th 

HWR-U5( NAT)/U 

HWR-U5(SEU)/U 

HWR-U5( DE)/U/Th 

HWR-U3( DE)/U/Th 

HWR-PU/U 

HWR-PU/Th 

HTGR- U5 (LE ) /U 
HTGR-U5( DE)/U/Th 
HTGR-U5(HE)/Th 

C/Th + U = 150 
C/Th + U = 238 
C/Th + U = 335 
C/Th + U = 400 
C/Th + U = 650 

HTGR-U3( DE)/U/Th 
HTGR-U3/Th 

C/Th + U = 150 
C/Th + U = 238 
C/Th + U = 335 
C/Th + U = 400 
C/Th + U = 650 

HTGR- PU/Th 

C/Th = 238 

FBR-Pu-U c o r e  

FBR-Pu-Th c o r e  

FBR-U3-U c o r e  

FBR-U a x i a l  b l a n k e t  

FBR-U r a d i a l  b l a n k e t  

FBR-Th a x i a l  b l a n k e t  

C o s t  ( $ / k g  HM)* Over  F i r s t  
Decade A f t e r  I n t r o d u c t i o n  

100 (1969 -t 2089)c  

230 (1987)  -t 140 (1997)  

880 (1991)  + 550 (2001)  

550 (1991)  -f 340 (2001)  

550 (1991)  -t 340 (2001)  

100 (1991 -f 2089)c  

880 (1991)  -t 550 (2001)  

550 (1991)  -f 340 (7001)  

60 (1995 -t 2089)c  

60 (1995 -+ 7089)c  

140 (1995)  + 85 (2005)  

560 (1995)  -f 350 (2005)  

320 (1995)  + 200 (2005)  

320 (1995)  + 200 (2005)  

340 (1995)  + 210 (2005)  
500 (1995)  -f 300 (2005)  
660 (1995)  + 400 (2005)  
760 (1995)  + 470 (2005)  

1220 (1995)  + 770 (2005)  

860 (1995)  + 470 (2005)  
1220 (1995)  + 670 (2005)  
1640 (1995)  + 900 (2005)  
2000 (1995)  -f 1100 (2005)  
3200 (1995)  + 1750 (2005)  

1720 (1995)  + 670 (2005)  

1750 (2001)  + 950 (2011)  

1750 (2001)  -+ 950 (2011)  

3000 (2001)  + 1650 (2011)  

35 (2001)  + 25 (2011)  

250 (2001)  + 150 (2011)  

35 (2001)  + 25 (2011)  

FBR-Th r a d i a l  b l a n k e t  250 (2001)  + 150 (2011)  

' F a b r i c a t i o n  c o s t s  based on  t h e  f o l l o w i n g :  f o r  LWR 
and SSCR, a 17 x  17 p i n  a s s e m b l y  (374-mi l -OD p i n ) ;  
f o r  t h e  HWR, a  3 7 - p i n  CANDU a s s e m b l y  a20 i n .  l o n g  
(531-mi l -OD p i n ) ;  f o r  t h e  HTGR, s t a n d a r d  ca rbon-  
c o a t e d  u r a n i u m  c a r b i d e  f i s s i l e  m i c r o s p h e r e s  fo rmed  
i n t o  c y l i n d r i c a l  r o d s  l o c a t e d  i n  a hexagona l  g r a -  
p h i t e  b l o c k ;  and f o r  t h e  FBR, a 2 1 7 - p i n  assembly  
i n  a  hexagona l  d u c t  (310-mi l -OD p i n ) .  

' U n c e r t a i n i t i e s  on  f a b r i c a t i o n  c o s t s :  2 3 5 U - b e a r i n g  
f u e l s ,  no  u n c e r t a i n t y ;  P u - b e a r i n g  f u e l s ,  -10% t o  
50% i n c r e a s e ;  2 3 3 U - b e a r i n g  f u e l s ,  -10% t o  50% 
i n c r e a s e .  

'Costs assumed t o  r e m a i n  c o n s t a n t .  

assumed t o  have been s to red ,  w i t h  the  
spent  f u e l  s t o c k p i l e  b e i n g  reduced i n  an 

o r d e r l y  manner a f t e r  t h e  advent o f  rep ro -  

cess ing.  A f t e r  t h e  spent  f u e l  s t o c k p i l e  

has been reduced t o  zero, t h e  o u t - o f - r e a c t o r  

t ime  r e q u i r e d  f o r  rep rocess ing  and r e f a b -  

r i c a t i o n  i s  assumed t o  be two yea rs .  

The long - run  marg ina l  cos ts  es t ima ted  
f o r  U308 o r e  as a f u n c t i o n  o f  t h e  cumu la t i ve  

supply  a r e  shown i n  Table 6-7. As no ted  i n  

Chapter 6, t h e  U308 es t ima tes  have been 

p r o v i d e d  by  DOE'S  D i v i s i o n  o f  Uranium 

Resources and Enrichment (URE), t h e  h igh -  

c o s t  supp ly  be ing  based on t h e  assumption 

t h a t  app rox ima te l y  2.5 m i l l i o n  tons o f  U308 

w i l l  be a v a i l a b l e  from conven t iona l  uranium 

o r e  resources and t h e  i n t e r m e d i a t e - c o s t  

supp ly  be ing  based on t h e  assumption t h a t  

app rox ima te l y  4.5 m i l l i o n  tons o f  U308 

w i l l  be a v a i l a b l e .  I n  e i t h e r  case, i t  i s  

assumed t h a t  shales can be mined a f t e r  t h e  

conven t iona l  resources a r e  depleted.  The 

c o s t  o f  e x t r a c t i n g  t h e  shales i nc reases  

from $1 25/1 b t o  $240/1 b f o r  t h e  h i g h - c o s t  

supply  case and f rom $100 / lb  t o  $180 / lb  

f o r  t h e  i n t e r m e d i a t e - c o s t  supp ly  case. 

i s  i m p o r t a n t  t o  no te  t h a t  t h e  l ong - run  

marg ina l  c o s t s  shown i n  Table B-7 a r e  l a r g e r  

than t h e  fo rward  cos ts  shown i n  Table 6.1-1 
o f  Chapter 6 because t h e  l ong - run  marg ina l  
cos ts  c o n t a i n  the  c a p i t a l  c o s t  o f  f a c i l i t i e s  

c u r r e n t l y  i n  o p e r a t i o n ,  p l u s  a normal p r o f i t  

f o r  t h e  i n d u s t r y .  

c o s t s  a r e  m o r e  a p p r o p r i a t e  f o r  use i n  a 
n u c l e a r  s t r a t e g y  a n a l y s i s .  

It 

The long - run  marg ina l  

The enr ichment  cos ts  and t a i l s  
composi t ions assuming e i t h e r  a c o n t i n u a t i o n  

of t h e  gaseous d i f f u s i o n  technology o r  t h e  

deployment o f  an advanced enr ichment  tech -  

no logy a r e  shown i n  Table 6 - 8 .  

assumed t h a t  if t h e  gaseous d i f f u s i o n  

technology i s  con t inued  t h e  t a i l s  composi- 

t i o n  w i l l  be s t a b i l i z e d  a t  0.0020 and t h a t  

t h e  c o s t  o f  enr ichment  w i l l  i nc rease  t o  

$8O/SWU i n  1987 and remain cons tan t  t he re -  
a f t e r .  

It was 

I f  an advanced enr ichment  technology 
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Table B-6. Reprocessing, Shipping, and Waste Storage Costs f o r  Various Reactor Types 

Costs  ($/kg HM) 

Reactor Reprocessing Cos ts  Spent Fuel Waste Shipping Waste S to rage  Tota l  Cos ts  
Shipping c o s t s  Cos ts  Over F i r s t  Decade Type Over F i r s t  Decadea 

Costsh A f t e r  In t roduc t i  onr 

LWR 225 (1991) + 150 (2001) 15 10  45 295 (1991) + 220 (2001) 
SSCR 225 (1991) + 150 (2001) 15 10 45 295 (1991 ) + 220 (2001 ) 
HWR 225 (1995) + 150 (2005) 10 5 15 255 (1995) -f 180 (2005) 

HTGR 800 (1995) -f 400 (2005) 85 35 65 985 (1995) -f 585 (2005) 

FBR 500 (2001) -f 200 (2011) 80 50 115 745 (2001) -+ 445 (2011) 

a F i s s i l e  s t o r a g e  c o s t s  a f t e r  r ep rocess ing  = $2/g-yr f o r  2 3 3 U  and f i s s i l e  plutonium. 
'Total c o s t s  f o r  throwaway c y c l e  a r e  spen t  fue l  sh ipp ing  c o s t s  OlUS $100/kg HM. 

c50% unce r t a in ty  on t o t a l  c o s t s  f o r  a l l  r e a c t o r  t ypes .  

i s  deployed, the t a i l s  composition would decrease continuously from 0.0020 t o  0.0010 between 
the years  1980 and 2000 as the i n s t a l l e d  capacity of the advanced technology increased, and 
the cost  of a un i t  of separat ive work would decrease t o  approximately 60% of t h a t  of the 
gaseous diffusion process. I t  was a l s o  assumed t h a t  the t a i l s  composition would f u r t h e r  
decrease from 0.0010 t o  0.0005 between the years 2001 and 2030 due to  improvements in 
technology, while the cost  of a u n i t  of enrichment would remain constant during this period. 
The t a i l s  composition and enrichment cost  were assumed t o  remain constant t h e r e a f t e r .  

The capacity f ac to r s  of a plant  throughout i t s  30-yr l i f e t ime  a r e  shown i n  Table B-9. 
The capacity f a c t o r  increases from 60% t o  72% d u r i n g  the f i r s t  3 y r  of operation and remains 
a t  72% d u r i n g  the subsequent 14 y r .  
r a t e  increases and a s  the plant  i s  sh i f t ed  from a base-load u n i t  t o  an intermediate-load u n i t .  

I t  then decreases continuously as  the forced outage 

The long-term real  cos t  of money t o  the e l e c t r i c  u t i l i t y  industry is  shown in Table 8-10. 
These cos ts  were developed by analyzing the def la ted cos t  of d e b t  and equity t o  the industry 
over the past  30 y r .  The long-term deflated cos t  of d e b t  has been 2.5%/yr and the long-term 
deflated c o s t  of equity has been 7.0%/yr. 
55% debt and 45% equi ty ,  the long-term real  money cos t  i s  approximately 4.5%/yr. 

Assuming the industry t o  be funded a t  approximately 

The combined e f f e c t s  of cap i ta l  , fuel f ab r i ca t ion ,  and reprocessing ( o r  permanent 
disposal)  cost  uncertaint ies  on the level ized t o t a l  power cos ts  f o r  individual r eac to r  and 
fuel cycle options a r e  shown i n  F i g .  B - 1 .  These cos ts  represent  typical  nonfuel components 
whose unce r t a in t i e s  a r e  e a s i l y  quant i f ied.  Figures B-2a and B-2b show the r e l a t ionsh ip  of 
t o t a l  power cos ts  t o  the U308 price f o r  four  r eac to r s  on the throwaway fuel cycle .  
s e n s i t i v i t y  of the t o t a l  power costs  t o  the U308 price was analyzed f i r s t  by assuming t h a t  
the pr ice  remained constant over the 30-yr l i f e  o f  the  reac tor ,  and second by assuming t h a t  
the pr ice  increases i n  r e l a t ion  t o  the r a t e  of consumption (see F i g .  6-3). T h u s ,  the t o t a l  
power cos ts  i n  Fig. B-2b a r e  g iven  f o r  a r eac to r  s t a r t i n g  u p  w i t h  the  U308 price shown on 

The 
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Table B-7.  Marg ina l  Costs o f  U308 as 
a Func t i on  o f  Cumulat ive Supplyatb 

~ 

Long-Run 
Q u a n t i t y  o f  U308 Marg ina l  Cost 

(106 tons )  ( $ / l b )  

I n te rmed ia te -Cos t  U308 supp ly  

0.0 - 0.25 14 

0.25 - 0.75 23 

0.75 - 1.25 33 

1.25 - 1.75 44 

1.75 - 2.5 53 

2.5 - 3.5 61 

3.5 - 4.25 80 

4.25 - 4.75 107 

4.75 - 5.25 128 

5.25 - 5.75 143 

5.75 - 6.0 165 

6.00 - 8.5 

above 8.5 

165 

180 

High-Cost U308 Supply 

0.0 - 0.25 14 

0.25 - 0.75 24 

0.75 - 1.25 35 

1.25 - 1.75 54 

1.75 - 2.25 84 

2.25 - 2.75 128 

2.75 - 3.00 158 

3.00 - 3.25 

3.25 - 3.75 

3.75 - 4.25 

4.25 - 4.75 

4.75 - 6.5 

above 6.5 

158 

173 

180 

180 

210 

240 

Table B -8 .  T a i l s  Composit ion and 
Enrichment Costs 

Compos i t i o n  
T a i l s  

Time ( 2 3 5 U  F r a c t i o n )  Cost($/SWU) 

Gaseous D i f f u s i o n  Technology 

1969 t o  1976 0.0020 50 

1977 t o  1986 0.0020 75 

1987 t o  2089 0.0020 80 

Advanced Technology 

1969 t o  1976 0.0020 50 

1977 t o  1980 0.0020 75 

1981 t o  2000 0.0020 t o  0.0010 75 t o  55 

2001 t o  2030 0.0010 t o  0.0005 55 
2031 t o  2089 0.0005 55 

Table B-9. P l a n t  Capac i t y  Fac to rs  

Year CF( %) Year CF( %)  

1 

2 

3 

4 

15 
16 

17 

18 

19 

60.0 

66.0 

72.0 

72.0 

72.0 

72.0 

70.4 

68.9 

67.3 

20 

21 

22 

23 

24 

25 

26 

27 

28 
29 

30 

65.7 

64.1 

62.6 

61 .O 
59.4 

57.9 

56.3 

54.7 
53.1 

51.6 

50.0 

Table B-10. Long-Term Real Costs o f  Money 

aFor those  cases i n  wh ich  p l a n t  s e l e c t i o n  
was determined by  uranium u t i l i z a t i o n  a l i m i t  
o f  3 m i l l i o n  tons  o f  o r e  a r e  assumed a t  
below $150/ lb  U308 f o r  t h e  h i g h - c o s t  U,08 
supp ly  and 6 m i l l i o n  tons  f o r  t h e  i n t e r -  
med ia te -cos t  supply .  

o f  u. 
bCost o f  c o n v e r t i n g  U308 t o  UF, = $3.50/kg 

Debt I n t e r e s t  2.5% 

E q u i t y  I n t e r e s t  7.0% 

F r a c t i o n  Debt 0.55 

F r a c t i o n  E q u i t y  0.45 

E f f e c t i v e  I n t e r e s t  Rate 4,525% 
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I I I I I I I 
( a )  U308 p r i c e  c o n s t a n t  o v e r  30-yr r e a c t o r  l i f e .  

120 140 160 

HTGR-U5(LE)/U 

I I I 

40 60 80 100 
U308 PRICE, $/lb 

HEDL 7805-05'0.16 

I I I I I I I 

'I h 
100 1 20 140 160 

- Y  
40 60 80 0 

U308 PRICE AT STARTUP, $/lb 
HEDL 780540.17 

F i g .  8-2. Effect of U308 Price on Total Power Cost f o r  Reactors Operating on 
Throwaway Cycl e. 
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YEAR 

F i g .  B-3. Time-Dependent Behavior of U308 Price. 
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Appendix C. DETAILED RESULTS FROM EVALUATIONS OF VARIOUS NUCLEAR 
POWER SYSTEMS UTILIZING DENATURED FUEL 

M. R. Shay, D. R. Haffner, W. E. Black, T. M. Helm, 
W. G. J o l l y ,  R. W. Hardie, and R. P. Omberg 
Hanford Eng ineer ing  Development Labora to ry  

T h i s  appendix p resen ts  d e t a i l e d  r e s u l t s  f rom t h e  c a l c u l a t i o n s  performed f o r  t h e  
economic l resource e v a l u a t i o n  of denatured n u c l e a r  r e a c t o r s  operated i n  c o n c e r t  w i t h  o t h e r  
r e a c t o r s  t o  f o r m  nuclear-based power g e n e r a t i o n  systems. 

a l s o  p resen ts  r e s u l t s  f o r  s i m i l a r  systems t h a t  do n o t  u t i l i z e  denatured f u e l .  

Fo r  purposes o f  comparison, i t  

As p o i n t e d  o u t  i n  Chapter 6, n i n e  d i f f e r e n t  n u c l e a r  p o l i c y  o p t i o n s  were examined w i t h  

fou r  cases under each op t i on .  

where t h e  l e t t e r s  L, S, G, and H i n d i c a t e  t h e  thermal  c o n v e r t e r  o p t i o n  employed i n  each case. 

Fo r  a l l  cases i d e n t i f i e d  w i t h  an L, t h e  o n l y  c o n v e r t e r s  used a r e  LWRs. 

w i t h  an S, SSCR c o n v e r t e r s  a r e  used i n  add i t ion  t o  LWRs. S i m i l a r l y ,  f o r  cases i d e n t i f i e d  

w i t h  H and G, t h e  conver te rs  used a r e  HWRs and HTGRs r e s p e c t i v e l y ,  b o t h  aga in  i n  combinat ion 

w i t h  LWRs. 

I n  a d d i t i o n  t o  these  36 cases, Case 1L was r e c a l c u l a t e d  f o r  a s tandard LWR alone; t h a t  i s ,  

t h e  LWR w i t h  an extended d i scha rge  exposure, which i s  i n c l u d e d  i n  Case l L ,  was e l i m i n a t e d  

f rom t h e  system. T h i s  case i s  i d e n t i f i e d  i n  t h i s  appendix as Case 1E. 

The r e s u l t i n g  cases can be c l a s s i f i e d  as shown i n  Tab le  C-1, 

F o r  cases i d e n t i f i e d  

Under Opt ions 3, 6, 7, and 8, FBRs a r e  a l s o  i n c l u d e d  i n  t h e  n u c l e a r  systems. 

Table C-1. Nuc lea r  P o l i c y  Opt ions*  

Opt i o n s  LWR SSCR HTGR HWR 

Throwaway Op t ion  (1 ) 1L 1s 1G 1H 

Pu/U Opt ions 

Wi th  Conver ters  Only (2)  2L 2s 2G 2H 
With Conver ters  and Breeders (3)  3L 3s  36 3H 

Denatured Uranium Opt ions w i t h  
Conver ters  Only 

P lu ton ium Throwaway (4 )  4L 4s 46 4H 
P lu ton ium M i m i n i z a t i o n  (5U) 5UL 5us 5UG 5UH 
P1 utonium "Transmutat ion"  (5T) 5TL 5TS 5TG 5TH 

Denatured Uranium Opt ions w i t h  
Conver ters  and Breeders 

L i g h t  "Transmutat ion"  Rate (6 )  6L 6s 66 6H 
L i g h t  "Transmutat ion"  Rate, Denatured 

Heavy "Transmutat ion"  Rate, Denatured 
Breeder ( 7 )  7L 7s 76 7H 

Breeder (8) 8L 8s 86 8H 

*See Table 6.1-5 i n  Chapter 6 and Tab les  C-2 and C-4 i n  t h i s  appendix f o r  i d e n t i f i c a t i o n  
of s p e c i f i c  r e a c t o r  types i n  each case. 
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In a l l  cases the  reac tors  operating on plutonium o r  on highly enriched uranium were 
assumed t o  be r e s t r i c t e d  to  secure energy cen te r s ,  while those operating on low-enriched, 
s l i g h t l y  enriched, na tu ra l ,  o r  denatured uranium were permitted t o  operate outs ide  the  
centers .  
Table 6.1-5 of Chapter 6 .  

The spec i f i c  reac tors  used f o r  each case,  and t h e i r  l oca t ions ,  a r e  given i n  

All cases were r u n  assuming 350 GWe of i n s t a l l e d  nuclear capacity in the year  2000 
and a net increase in i n s t a l l e d  capacity of 15 GWe per year t he rea f t e r .  Each new plan t  was 
assumed t o  have a 30-yr l i f e t ime .  For Option 1 ,  some additional cases were r u n  f o r  a lower 
energy demand -- 200 GWe i n  the year 2000 a n d  a ne t  increase of 10 GWe per year t he rea f t e r .  
These l a t t e r  cases a r e  iden t i f i ed  with a C following the case number ( i . e . ,  cases lLEC, 1LC. 
e t c . )  . 

In the  r e s u l t s  presented here,  pa r t i cu la r  emphasis i s  given t o  uranium u t i l i z a t i o n ,  
separa t ive  work u t i l i z a t i o n ,  and energy-support r a t i o s .  Two important c r i t e r i a  a r e  t o  be 
considered when analyzing uranium u t i l i z a t i o n  of reac tor  systems. 
of the system t o  meet the  spec i f ied  nuclear energy demand with the ava i l ab le  U308 supply. 
For these ca lcu la t ions  two d i f f e r e n t  supplies were assumed: 
$160/1 b U308, corresponding to  a high-cost and an intermediate-cost  supply, respec t ive ly .  
(As shown in Appendix D ,  nuclear power plants do not compete well a t  higher U308 c o s t s . )  
The second c r i t e r i o n  i s  the capab i l i t y  of the  uranium industry t o  discover,  mine and mill I ' 
ore a t  a r a t e  adequate to  s a t i s f y  the  demand f o r  uranium. 
maximum production r a t e  i s  d i f f i c u l t  t o  pos tu la te  because of the p o s s i b i l i t y  of importing 
U308 and because of the  d i f f i c u l t i e s  t h a t  might be encountered i n  developing uncertain 
resources.  
Division has estimated t h a t  by developing known and poten t ia l  reserves domestic mining and 
mill ing could sus t a in  60,000 ST o f  U308 per year.  

The f i r s t  i s  t he  a b i l i t y  

3 mi l l ion  and 6 mi l l ion  ST below 

The spec i f i ca t ion  of t he  overa l l  

As pointed out i n  Section 7.4.4 of Chapter 7 ,  the  DOE Uranium and Enrichment 

When analyzing enrichment u t i l i z a t i o n ,  the  same two c r i t e r i a  - t o t a l  amount and e n r i i i  
ment capacity - were a l s o  used, the  more meaningful being the  capacity s ince  enrichment i s  
not a l imited natural  resource l i k e  uranium. 

For the cases i n  which 3 million ST of uranium below $160/lb U308 was assumed, the  
lack of low-cost U308 dominates the p lan t  s e l ec t ion  because the  amount of ore ava i l ab le  i s  
inadequate f o r  meeting the projected nuclear energy demand. 
reac tors  a r e  constructed regardless of t h e i r  cos t .  
l a rge  a s  6 mi l l ion  ST, however, most systems a r e  no longer dominated by the  lack of U308, 
and the r e l a t i v e  t o t a l  power cos ts  of t he  individual reac tors  play a more important ro l e .  
In f a c t ,  i f  the  system is not l imited in  any way by the  supply o f  U,08, then the so lu t ion  i s  
determined so le ly  by economics. The r e s u l t s  in this case become more tenuous because of the  
uncertainty i n  cap i t a l  cos t s ,  f ab r i ca t ion  cos t s ,  reprocessing cos t s ,  e t c .  

As a r e s u l t ,  resource-ef f ic ien t  
W i t h  a U308 supply below $160/lb a s  

The cumulative nuclear capac i t i e s  t h a t  could be constructed through the year 2050 
f o r  the various cases a r e  shown i n  Table C-2. Only those cases to t a l ing  1959 GWe wi l l  have 
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Table c-2, Cumulative Nuclear Capacity Bui l t  Through Year 2050 w i t h  
Various Nuclear Policy Options 
(Adequate Capacity = 1959 GWe) 

- 
Advanced Option Capacity (GWe) 
Converter 
Option 

1 E *  1 2 3 4 5u 5T 6 7 8 

Hlgh-Cost U30r S u p p l y  -~ _--- . 

LWR's 572 594 953 1959 945 1205 1027 1959 1959 1 C J '  
( L )  

S S C R ' s  607 1043 1959 1071 1423 1275 1959 1919 1043 
( S )  

HWR's 667 987 1959 1334 1747 1505 1959 1959 1959 
( H )  

HTGR' s 603 1417 1959 855 1064 1004 1950 1959 1791 
(G) 

__ In t e  rmed i a te - Co s t U 0 ri S u pp 1 y 

LWR's 1135 1193 1783 1959 1852 1921 1864 1959 1959 1 0 5 6  
( L )  

55CR's 1271 1937 1959 1943 1959 1959 1959 1959 1559 
( S )  

HWR's 1497 1921 1959 1943 1959 1959 1959 19;9 1953 
(H) 

HTGR's 1320 1959 1959 1794 1924 1844 1959 1052 1559 
( G )  

*System w i t h  standard LWR only. 

met the projected nuclear demand under the c r i t e r i a  of a n  i n s t a l l e d  capacity of 350 GWe in  
year 2000 and an increase of 15 GWe per year t he rea f t e r .*  With the  high-cost U308 supply 

some o f  the systems f a l l  f a r  sho r t  of s a t i s fy ing  the demand; i n  f a c t ,  the only nuclear systems 
t h a t  f u l l y  meet the demand a re  those including FBRs (Options 3 ,  6 ,  7 ,  and 8 ) .  
option, in pa r t i cu la r ,  builds l e s s  than a t h i r d  of the desired nuclear p lan ts .  
t h a t  do not include FBRs, those employing HWRs come c loses t  t o  meeting the demand. 

case (26) i s  a l so  c l ea r ly  super ior  t o  most o f  the o ther  cases.  
Case 26 includes t r ad i t i ona l  HTGRs t h a t  a r e  fueled w i t h  highly enriched 235U and a l so  with 

The throwaway 
O f  the cases 

One HTGR 
This i s  t o  be expected since 

3 U / T h .  

A doubling of the economic U308 supply t o  6 mill ion tons allows many morenuclear 
In f a c t ,  only the  throwaway system options t o  meet the projected nuclear energy demand. 

option has cases t h a t  d o n ' t  even come c lose  t o  sa t i s fy ing  the  demand. 
cases meet the  demand e i t h e r ;  however, Cases 4s and 4H a r e  w i t h i n  16 GWe of the demand. 
All o ther  systems have a t  l e a s t  one advanced converter option t h a t  builds the  desired 
1959 GWe of energy. 
with the high-cost U308 ( i . e . ,  t he  systems w i t h  F B R s ) ,  a doubling of the  ore supply means 
t h a t  the  ore supply i s  no longer the  so l e  cons t ra in t  and plant se lec t ion  i s  based on economics 

None o f  the  Option 4 

I t  should be emphasized t h a t  f o r  t he  systems where the  demand was met 

*NOTE: 
will  have been decommissioned a f t e r  having operated 30 years.  

Since this  i s  a 50-year span, some o f  the  reac tors  b u i l t  in the  f i r s t  few years  
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Table C-3, U t i l i za t ion  of U308 Ore and Enrichment Through Year 2050 with 
Various Nuclear Policy Options 

Advanced 
Converter 
Opt i on 

U 0 U t i l i z a t i o n  (tons U 0 /GWe)/Em-ichment i ' t i l i zn t ion  ( n i l l i o n  SWG/Ck!e!e, 
3 8  3 8  

1 E* 

5236 
3.08 

5236 
2.95 

1 2 3 4 5u 5T 6 7 8 

5042 
3.08 

4931 
2.83 

4489 
2.18 

4963 
3.10 

4973 
2.92 

4657 
2.43 

3916 
1.40 

4478 
2.89 

__ 

3138 
2.03 

2864 
1.76 

3027 
1.37 

2105 
1.71 

3188 
1.75 

2820 
1 . 3 6  

2894 
1.22 

2683 
1.61  

___ 

High-Cos t  IJ?O, Supply ~- ._ 

1497 3165 2480 2908 
0.92 2.70 2.12 2.06 

1492 2793 2098 2340 
0.87 2.38 1.79 1.59 

1391 2243 1707 1983 
0.99 1 .78  1 .33  0.90 

1505 3497 2807 2974 
1 .15  2.75 2.22 2.10 

Intermediate-Cost U30q  Supply 

2758 3103 2957 3037 
1.45 2.46 1 .86  1.77 

_ _ _ _ _ _ ~ . _ _ _ _  

2711 2844 2511 2511 
1.27  2.03 1.34 1 .34  

1398 3030 2431 2475 
1.00 2.10 1.56 1.58 

2680 3172 2865 3055 
1.60 2.21 1.77 1.77 

1512 
1.03  

1487 
0.95 

1345 
0.96 

1503 
1.02 

2733 
1.58 

2511 
1.34 

219s 
1.32 

2683 
1.58 

1514 
1.03  

1487 
0.95 

1314 
0.94 

1496 
1.01 

2733 
1.58 

2511 
1.34 

1392 
0.99 

2682 
1.58  

1525 
1.17 

1528 
1.01  

1520 
1.00 

1666 
1.20 

2798 
1.61 

2511 
1.34 

1924 
1.23 

2698 
1.62  

*System w i t h  standard LWR o n l y .  

Uranium and enrichment u t i l i z a t i o n  f o r  the  various cases a r e  shown in Table C-3. The 

uranium u t i l i z a t i o n  values a r e  the t o t a l  amount of uranium consumed plus the forward commit- 
ment per GWe of nuclear power constructed through the yea r  2050. The enrichment u t i l i z a t i o n  
values a r e  the  to t a l  amount of separa t ive  work uni t s  required through the year  2050. 

As pointed out above, f o r  t he  cases f o r  which only 3 mil l ion  ST U3O8 was assumed t o  
be ava i l ab le  below $160/lb, t he  ore is the  l imi t ing  f ac to r .  
gives the  savings i n  o re  on the  throwaway cyc le  as a result of introducing the  extended 
exposure LWR - -  l e s s  than 4% in  ore and none i n  enrichment. 
compare the  r e l a t i v e  ore  and enrichment u t i l i z a t i o n  of the  various advanced converter options 
on the throwaway cyc le .  The HWRs c lea r ly  o f f e r  the  g rea t e s t  savings i n  both ore and 
enrichment. 
requirements by almost 30%. 
enrichment savings.  
enrichment requirements. 
converters on the throwaway cycle i s  l e s s  than m i g h t  be expected. 
e f f e c t  i s  because most of the 3 mill ion ST of U308 has already been committed t o  LWRs 
before enough advanced converters can be b u i l t  t o  have much influence.  

Comparing Case 1LE w i t h  Case 1L 

Cases lL, lS ,  lH, and 1 G  

Compared with LWRs, the  HWRs reduce ore requirements by over 10% and SWU 
In con t r a s t ,  the SSCRs only o f f e r  a 2% ore savings and an 8% 

The HTGRs reduce the  ore  usage by l e s s  than 2%, with about the  same 
The impact on ore u t i l i z a t i o n  of the  SSCR, HWR, and HTGR advanced 

The reason f o r  t he  minimal 

Allowing the recycle of fuel in thermal reac tors  (Option 2 )  r e s u l t s  in s i g n i f i c a n t  
savings i n  ore compared to  the throwaway cyc le  -- almost 60% f o r  the HTGRs and from 30 t o  

40% f o r  the  o ther  converters.  
the  HTGR c l e a r l y  has the  bes t  ore u t i l i z a t i o n ,  although the  HWRs have b e t t e r  enrichment 
u t i1  iza t ion .  

For this nuclear policy option and the high-cost U308 supply, 
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The i n t r o d u c t i o n  of t h e  c l a s s i c a l  Pu-U/U FBR i n  Op t ion  3 r e s u l t s  i n  an a d d i t i o n a l  o r e  
and enr ichment  sav ings o f  about  a f a c t o r  o f  two f rom t h a t  i n  Op t ion  2 excep t  f o r  t h e  HTGRs. 

Note, however, t h a t  i n  Op t ion  2 the  HTGRs a l r e a d y  had a l ow  o r e  and enr ichment  usage. 

Op t ion  3 a l l  t he  advanced c o n v e r t e r  cases have abou t  t h e  same usage. 
I n  

Recyc l i ng  uranium i n  denatured r e a c t o r s  and th row ing  t h e  p lu ton ium away (Op t ion  4 )  

r e q u i r e s  enr ichment  about  ha l fway between Opt ions 1 and 2. Compared w i t h  t h e  c l a s s i c a l  
r e c y c l e  o f  p l u t o n i u m  i n  thermal  r e a c t o r s  (Op t ion  21, Opt ion  4 consumes r o u g h l y  t h e  same 

q u a n t i t y  o f  uranium w i t h  LWRs and SSCRs. 

SSCRs i s  n e a r l y  ba lanced by t h r o w i n g  away t h e  p lu ton ium.  

a r e  c o n s i d e r a b l y  reduced ove r  those  of Op t ion  2 when 2 3 3 U  i s  r e c y c l e d  compared t o  r e c y c l i n g  p l u -  

tonium. 

more f a v o r a b l e  U308 u t i l i z a t i o n  i n  Op t ion  4 compared t o  Op t ion  2. 

Op t ion  4 l o o k  much worse than  i n  Op t ion  2. 

on t h e  233U,6Th c y c l e  i n  Op t ion  2. 

h i g h l y  e n r i c h e d  f u e l  w h i l e  i n  Op t ion  4 t h e y  use denatured f u e l .  

Tha t  i s ,  t h e  i nc reased  wor th  o f  2 3 3 U  i n  LWRs and 

The requi rements f o r  HWRs, however, 

The ve ry  low f i s s i l e  requi rements f o r  t h e  denatured 2 3 3 U  HWRs i s  r e s p o n s i b l e  f o r  t h e  

I n  c o n t r a s t ,  t h e  HTGRs i n  

Th is  i s  because t h e  HTGRs were a l r e a d y  o p e r a t i n g  
However, i n  Op t ion  2 t h e  uranium-fueled r e a c t o r s  a l l  use 

Op t ions  5U and 5T a l l o w  t h e  r e c y c l e  of p l u t o n i u m  i n  p lu ton ium/ tho r ium t ransmuters,  
t h e  d i f f e r e n c e  between t h e  two b e i n g  t h a t  denatured 2 3 5 U  r e a c t o r s  a r e  a v a i l a b l e  i n  5U whereas 

t h e y  a r e  n o t  i n  5T. T h i s  forces t h e  5T system t o  i n i t i a l l y  r e l y  on t h e  Pu/Th-fueled r e a c t o r s  
f o r  233U.  
Op t ion  5T i n  10 t o  15% savings. 

uranium and enr ichment  u t i l i z a t i o n  f o r  Op t ions  5U and 5T. 

Compared t o  Op t ion  4, Op t ion  5U r e s u l t s  i n  20 t o  25% savings i n  o r e  usage and 
The HWRs a r e  t h e  most e f f i c i e n t  advanced c o n v e r t e r s  f o r  

O p t i o n  6 i n t r o d u c e s  FBRs w i t h  t h o r i u m  b l a n k e t s ,  a1 though these FBRs have uranium as 

f e r t i l e  m a t e r i a l  i n  t h e  co re .  

have approx ima te l y  t h e  same resource  u t i l i z a t i o n .  

t h e  denatured 2 3 3 U  FBR i s  i nc luded .  

these cases i s  sma l l .  

Comparing Op t ion  6 w i t h  Op t ion  3 r e v e a l s  t h a t  b o t h  systems 

Op t ion  7 i s  i d e n t i c a l  t o  Op t ion  6 excep t  

The impact  o f  t h i s  r e a c t o r  on resource u t i l i z a t i o n  f o r  

I n  Op t ion  8 t h e  Pu-U-fueled FBRs o f  Op t ion  7 a r e  r e p l a c e d  w i t h  Pu-Th- fue led FBRs. 

l o n g e r  d o u b l i n g  t ime  o f  t h i s  r e a c t o r  t ype  r e s u l t s  i n  somewhat i nc reased  uranium and enr ichment  

requi rements.  
i s  t h a t  t h e  o r e  and enr ichment  usage i s  r e l a t i v e l y  independent o f  t h e  advancea c o n v e r t e r  

o p t i o n .  T h i s  i s  i n  c o n t r a s t  t o  t h e  nonbreeder systems where t h e  t y p e  o f  advanced c o n v e r t e r  

a v a i l a b l e  (LWR, SSCR, HWR, o r  HTGR) much more s t r o n g l y  a f f e c t s  t h e  resource u t i l i z a t i o n .  

The 

A key p o i n t  f o r  a l l  o f  t h e  systems c o n t a i n i n g  FBRs (Op t ions  3, 6, 7, and 8) 

Another ve ry  i m p o r t a n t  p o i n t  t h a t  needs emphasis i s  t h a t  t h e  s u p e r i o r  o r e  u t i l i z a t i o n  

o f  t h e  HWRs r e l a t i v e  t o  t h e  o t h e r  advanced c o n v e r t e r s  f o r  t h e  a l t e r n a t e  f u e l e d  systems 

(Opt ions 4 - 8) i s  d i r e c t l y  dependent on t h e  denatured 2 3 3 U - f u e l e d  HWR. 

designs, t h e  des ign  o f  a l t e r n a t e  f u e l e d  HWRs have p robab ly  r e c e i v e d  t h e  l e a s t  amount o f  ana ly -  

s i s  and t h e r e f o r e  have t h e  l a r g e s t  u n c e r t a i n t y .  Thus, b e f o r e  i t  can be concluded t h a t  t h e  
HWRs o f f e r  s i g n i f i c a n t  resource  savings, more work needs t o  be performed t o  v e r i f y  t h e  . 
o p t i m i s t i c  performance c h a r a c t e r i s t i c s  o f  t h e  denatured 233U- fue led  HWR. 

O f  a l l  t h e  r e a c t o r  
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Since 6 mill ion ST of U308 below $160/lb i s  adequate, o r  nearly adequate, t o  s a t i s f y  
the projected nuclear energy demand f o r  most cases in  the various nuclear op t ions ,  t he  
power growth pa t te rns  f o r  these  cases a r e  s t rongly  influenced by economics a s  well a s  
resource u t i l i z a t i o n .  
cases based on the intermediate-cost  U308 supply a r e  subjec t  t o  much l a rge r  e r r o r s  because 
of l a rge  cos t  unce r t a in t i e s .  
away cyc le  r e f l e c t  a l a rge r  U308 savings when 6 mi l l ion  ST i s  used a s  a base r a the r  than 
3 mill ion ST. T h i s  i s  because many more nuclear p lan ts  a r e  b u i l t  with the  l a rge r  supply 
and therefore  more advanced converters can be b u i l t ,  r e su l t i ng  i n  a l a rge r  impact. 
the  high-cost U308 case ,  most of the  economic U308 was already committed t o  the LWR before 
the advanced converters could have an e f f e c t .  

T h u s ,  a s  mentioned e a r l i e r  i n  t h i s  appendix, the  results f o r  t he  

Table C-3 shows t h a t  the  advanced converters f o r  the  throw- 

For 

For O p t i o n  2 ,  the r e s u l t s  a r e  about the  same f o r  both U308 supplies except f o r  the  

This i s  because 6 mi l l ion  ST of economic 
case w i t h  HTGRs (Case 2G) .  
intermediate-cost  U308 assumed t o  be ava i lab le .  
U308 i s  an adequate amount o f  ore f o r  t he  system of reac tors  i n  Case 2G t o  s a t i s f y  the  
nuclear energy demand and  economic considerations a r e  a l so  a f f ec t ing  the mix of reac tors  
t h a t  a r e  b u i l t .  T h u s ,  the  f r ac t ion  of low-enriched LWRs constructed i s  l a rge r  because 
this reac tor  i s  l e s s  expensive than the  HTGRs, even though the HTGRs use l e s s  uranium. 

Ore requirements per GWe a r e  27% higher f o r  t h i s  case w i t h  t he  

The plant s e l ec t ion  f o r  the  cases t h a t  include FBRs (Options 3, 6 ,  
determined by economics when 6 mill ion ST of U308 below $160/lb i s  assumed 
Therefore, the  uranium u t i l i z a t i o n  f o r  these  cases has l e s s  meaning. Simi 
the  advanced converter options f o r  the  denatured cases (Options 4 ,  5U, and 
limited and some a r e  not,  so i t  i s  d i f f i c u l t  t o  draw conclusions regarding 
and enrichment u t i l i z a t i o n .  

, and 8) i s  a l so  
t o  be ava i l ab le .  
a r l y ,  some o f  

5T) a r e  resource 
r e l a t i v e  uranium 

To summarize, t he re  a r e  two important and competing e f f e c t s  when comparing the cases 
f o r  t he  two uranium supplies:  
with the high-cost U308 supply, the  l a rge r  supply allows the  advanced converters t o  have a 
grea te r  impact and therefore  better ore  u t i l i z a t i o n ;  and  ( 2 )  systems t h a t  have almost 
enough ore  w i t h  t he  high-cost U308 supply have plenty o f  ore  w i t h  the  intermediate-cost  
supply, and therefore  plant se lec t ion  with the  l a rge r  supply i s  based on cos t  and ore  
u t i l i z a t i o n  i s  lower. 

(1)  For systems t h a t  f a l l  f a r  shor t  of meeting the  demand 

The maximum annual U308 requirements and the  maximum annual enrichment requirements 
through the  year 2050 a re  shown i n  Table C-4. 

ind ica tes  the year the  maximum occurs. As was mentioned above, i t  has been estimated t h a t  
the maximum domestic mining and mill ing r a t e  may be approximately 60,000 ST/yr. Table C-4 

ind ica tes  t h a t  i f  the high-cost U308 supply is  assumed, the annual U308 requirements vary 
from 50,000 ST/yr (Case 7 s )  t o  80,000 ST/yr (Case 4L). 
occurs during the  f i r s t  decade of tile next century. 
ore usage within the next 25 - 30 years t h a t  exceeds the 60,00O/yr c r i t e r i o n .  

The number i n  parentheses next t o  each maximum 

For most of the cases,  the maximum 
T h u s ,  most of the cases require annual 



c-7 

Table C-4. Maximum Annual U3O8 and Enrichment Requirements o f  Var ious 
Nuclear  P o l i c y  Opt ions Through Year 2050 

U30, Requirements, thousands o f  tons (yr)/Enrichment Requirements, rilrions o f  SWU 1yr1 

ACR LEU PU/U Denatured wi th  A C R s  Denatured wi th  ACRsjFBRs 
1 E* 1 2 3 4 5u 5T 6 7 8 

High-Cost U30a Supply 
60(2009) 80(2005) 75(2009) 65(2011) 
41120091 69120091 65120111 4512011/  

52(2009) 79(2009) 69(2011) 56(2017) 
34120091 68/20091 601?011) ~ R I B O I O ~  

66(2009) 71 (2009) 55(2003) 53(2019) 
46120091 58120111 46120231 351.2002) 

53(2003) 65(2009) 57(2011) 64(2011) 
39(20051 52120131 4912017) 451?0lil 

Intermediate-Cost U3Os Supply 

73( 2007) 
44120071 

72( 2007) 
45120071 

72( 2007) 
4212007) 

68( 2009) 
3612005)  

72 (2007) 
45120091 

67(2009) 
48120(791 

62(2011) 
4012011) 

58 (201 1 ) 
36120031 

57 (201 9 )  
51 120ic1 

62 (2009) 
441zcc91 

50( 2005) 
3i12005j  

60( 2009) 
42120091 

50( 2005) 
35120051 

68(2005) 
St12C051 

55( 2009) 
3 8 1 2 0 0 1  

63( 2009) 
44120091 

65 (2009) 
4612009) 

61(2009) 
44170091 

60( 2009) 
4212009)  

65 (2009) 
561 20093 

124(2025) 
74(20251 

120( 2025) 
77120251 

11 O(2039) 
7212039) 

109(2039) 
77120351 

86(2033) 
61 120231 

86 (2033) 
€1 120331 

92(2043) 
E5120431 

A3(2047) 82(2049) 63(2049) 83(2049) 
53120471 73(20391 ~ ~ ( 2 0 4 9 1  3512049~ 

66(2009) 117(2031) 69(2029) 90(2029) 
47120091 9612033) 64120291 64120311 

86(2049) 96(2039) 94(2043) 108(2041) 
70f20491 9012039) 86120471 76120411 

1 i4(2027) 
63120291 

9&(2031) 
42 f 20091 

1 lO(2029) 
84120291 

96(2043! 
57120451 

81 (2023)  
53 1201 11 

83(2049) 
5 5 1 2 0 4 3 :  

66( 2009) 
47120091 

87 (2047) 
74120471 

83 (2049) 
55f20491 

66(2D09) 
471200-01 

87(2047) 
74120471 

83(2049) 
5512049)  

66(  2009) 
46 120091 

87(2047) 
75120471 

86 (2049) 
70120491 

~~~ 

*System w i th  standard LWR only.  

The maximum annual s e p a r a t i v e  work requi rements based on t h e  h i g h - c o s t  U,O, supp ly  

v a r i e s  f rom 34 m i l l i o n  SWU/yr t o  69 m i l l i o n  SWUlyr. 

t i o n s  c a p a c i t y  would have t o  be doubled o r  quadrupled t o  meet t h e  demand. As expected, 
t h e  y e a r  i n  which t h e  maximum s e p a r a t i v e  work c a p a c i t y  occurs i s  n e a r l y  t h e  same as t h e  

yea r  when t h e  U308 demand i s  g r e a t e s t .  

T h i s  means t h a t  t h e  c u r r e n t  separa- 

Assuming t h e  i n t e r m e d i a t e - c o s t  U308 supply ,  t h e  maximum annual o r e  requi rements a r e  

g r e a t e r  t han  60,000 ST f o r  a l l  cases. 

i s  40 yr  l a t e r  t han  f o r  t h e  h i g h - c o s t  cases. 

U308, t h e  n u c l e a r  i n d u s t r y  con t inues  t o  expand. 
HWRs (Cases 3H, 6H, 7H, and 8H) a r e  t h e  o n l y  cases t h a t  have o r e  requi rements t h a t  a r e  

c l o s e  t o  b e i n g  as l ow  as 60,000 ST/yr. 

v e r y  h i g h  f o r  t h i s  uranium supp ly  --  f rom 42 t o  100 m i l l i o n  SWUlyr. 

Fo r  most o f  t h e  op t i ons ,  t h e  y e a r  t h e  maximum occurs 

Th is  i s  because, w i t h  6 m i l l i o n  ST o f  economic 
The breeder  r e a c t o r  systems t h a t  i n c l u d e  

The maximum s e p a r a t i v e  work requi rements a r e  a l s o  

Table C-5 shows t h e  energy suppor t  r a t i o s  c a l c u l a t e d  i n  t h i s  s tudy  f o r  t h e  y e a r  2025, 
t h e  energy suppor t  r a t i o  b e i n g  t h e  r a t i o  o f  i n s t a l l e d  n u c l e a r  c a p a c i t y  o u t s i d e  t h e  energy 

c e n t e r s  t o  t h e  i n s t a l l e d  n u c l e a r  c a p a c i t y  i n s i d e  t h e  cen te rs .  All t h e  r e a c t o r  t ypes  t h a t  

a r e  a v a i l a b l e  i n  Op t ions  1 and 4 c o u l d  be c o n s t r u c t e d  o u t s i d e  t h e  centers ;  t h e r e f o r e ,  t h e  
energy suppor t  r a t i o  f o r  each case i n  these o p t i o n s  i s  a. 
shown t h a t  t hese  systems o f f e r  t h e  l o w e s t  uranium u t i l i z a t i o n  and t h e r e f o r e  t h e  l o w e s t  

n u c l e a r  growth p o t e n t i a l ,  even i f  i t  i s  assumed t h a t  6 m i l l i o n  ST o f  U308 i s  a v a i l a b l e  a t  

below $160/ lb .  

However, i t  has a l r e a d y  been 
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Table C-5. Energy Support Ratios in Year 2050 f o r  Various Nuclear Policy Options 
( S u p p o r t  Ratio = Ins ta l  led Kuclear Capacity Outside Energy Center / Ins ta l led  

Nuclear Capacity Inside Energy Center) 

Suppor t  R a t i o  

Denatured  w i t h  ACRs Denatured  w i t h  ACRs/FBRs ACR L E U  Pu/U 
lE* 1 2 3 4 5u 5T 6 7 8 

High-Cost  U 3 0 ~  Supply 

LWR ( L )  1 . 5 4  0 .72  oc 5.69 3 .74  1.27 1.46 3.09 

SSCR ( S )  ~ x 1 .47  0.76 m 6 .33  3.86 2 .13  2.13 3.27 

HWR (H) - s 0 .49  0.92 X 5.79 3.07 1 . 0 7  1 . 0 6  2.89 

HTGR ( 6 )  X 0 . 2 4  0 . 2 4  m 4.02 2 .50  1 .26  1 . 2 8  3.11 

I n t e r m e d i  a t e - C o s t  U 308  s u p p l y  

LWR ( L )  z 2.42 1 . 6 5  m 5.06 5 .05  5.37 5 . 3 7  5.49 

SSCR (S) - = 2 .10  1.65 00 4 . 7 8  4 .78  4.78 4.78 4 . 7 8  

HWR ( K )  - z 1 .85  0 . 9 4  m 4.03 3 .84  1 .03  1 . 0 4  3.07 

HTGR ( G )  - 3t 1 .77  1 . 8 2  Tr 3.30 3.20 2 .74  2 .74  3 .62  

*System w i t h  s t a n d a r d  LWR only, 

As pointed out previously, w i t h  only 3 mi l l ion  ST of U308 ava i l ab le  below $160/lb, 
the  only systems t h a t  s a t i s f y  the  energy demand of 350 GWe in  the  year 2000 and 15 GWe/yr 
the rea f t e r  a r e  those with breeders. The disadvantage of the c l a s s i ca l  Pu-U breeder cyc le  
(Option 3 ) ,  of course, i s  the low energy support r a t i o  s ince  the  plutonium t h a t  i s  produced 
m u s t  be used i n  the  energy centers .  One technique f o r  increasing the energy support r a t i o  
i s  t o  load thorium in  the  blanket of these breeders, while re ta in ing  plutonium and uranium 
in the cores .  
located outs ide  the  centers  (Option 6 ) .  
vary from 1 t o  2 ,  depend ing  upon the  advanced converter option. Option 7 introduces a 
denatured FBR which would provide 2 3 3 U  t o  the  system and therefore  should increase i t s  
nuclear growth po ten t i a l .  
demand i t s e l f ,  t he  addition of the  denatured breeder i n  Option 7 ac tua l ly  had a minimal 
i mpac t . 

The 233U t h a t  i s  produced i n  t he  blankets i s  then burned in denatured LWRs 
The r e su l t i ng  energy support r a t i o s  f o r  Option 6 

However, s ince  Option 6 can meet the projected nuclear growth 

The energy support r a t i o s  of Options 6 and 7 could be f u r t h e r  increased by replacing 
the  u r a n i u m  i n  t he  core of t he  Pu-U breeder w i t h  thorium (Option 8 ) .  W i t h  the  high-cost 
U308 supply, energy support r a t i o s  of about 3 a r e  obtained f o r  this system. 
duction o f  thorium in the  core of a breeder lowers the breeding. r a t i o  t o  the point t h a t ,  
in con t r a s t  t o  Option 7 ,  s ign i f i can t  quan t i t i e s  o f  FBRs operating on denatured fue l  must be 
b u i l t  t o  meet the  projected nuclear growth demand. 

The in t ro -  
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In genera l ,  the energy support r a t i o  trends f o r  the  various options a r e  the  same i f  
6 mi l l ion  tons of U308 i s  ava i l ab le  below $160/lb; however, they a r e  s ign i f i can t ly  higher, 
l a rge ly  because more low-enriched LWRs can be b u i l t .  

Selected de ta i led  r e s u l t s  f o r  a l l  the cases calculated a re  presented i n  Table C-6, 
While many of the  numbers i n  these t ab le s  appear elsewhere i n  this repor t ,  C-7, and C-8. 

many numbers a r e  a l s o  shown f o r  t he  f i r s t  time. For example, t he  p lan t  mix i n  year 2025 
and the  leve l ized  power cos t  f o r  each plant s t a r t i n g  u p  i n  the year 2025 a r e  shown. 
of these t ab le s  i s  t o  group a l l  the  data together and a l so  t o  provide s u f f i c i e n t  data t o  
help explain the  behavior of t he  various reac tor  systems. Cases 1LT and 1LTM i n  
Table C-6 a r e  f o r  changing enrichment compositions; see Section 6.2-1 i n  Chapter 6.) 

The purpose 

(Note: 
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Table C-6. Summary o f  Results for  Cases Assuming High-Cost U308 Supply, 350 GWe 
Ins t a l l ed  Capacity i n  Year 2000, and 15 GWe Ins t a l l ed  Capacity Each Subsequent Year 

Cunilative k l e a r  Capacity kilt 
(I%) through 

2025 
2049 

- ILE' 11- & & U_n 5% & E 

559 579 884 1029 853 1005 916 1029 1029 1029 
572 594 953 1959 945 1205 1027 1%9 1959 1947 

System Costs ( $ 8 )  1977 thmueh 
2050 d i s c o u i t d  at  

11)s 
119 119 

4.5% 
7. 5% 

10.0% 

3!9 362 440 507 473 400 439 510 509 534 
106 209 220 221 220 207 222 221 229 

129 132 135 133 128 132 132 135 

Levelired System Power GJS~S 
(Xills/Khhr) i n  

2000 
2015 
2025 
2035 

18.2 18.0 16.1 15.5 18.2 16.2 15.7 15.7 15.7 16.0 
20.1 19.6 17.7 16.1 20.0 18.0 17.3 16.0 16.2 17.0 
20.9 20.3 18.4 17.2 20.6 19.0 18.5 16.6 16.8 18.3 
21.8 21.1 18.8 17.8 21.0 19.6 19.0 18.0 17.9 20.0 

(Inulative U 0 Conwnptim 
(Villion Ton:)8through 

2025 
2049 

Total U 0 m i t t e d  (Million 
Tons) t i r i r g h  

2025 
2049 

bbximun .hum1 FnrichPnt Require- 
ment through 2050 (MilllOn Sr/Yr)  

Cunllative f n r i c k n t  (Bill ion SWI) 
thrwgh 

2025 
2049 

2.57 2.55 2.38 2.14 2.63 2.50 2.30 2.18 2.14 2.29 
2.97 2.96 2.95 2.73 2.98 2.97 2.94 2.82 2.83 2.86 

2.9'1 2.92 2.85 2.49 2.90 2.86 2.83 2.49 2.54 2.59 
2.99 2.99 2.99 2.93 2.99 2.93 2.99 2.96 2.97 2.97 

1.53 1,58 1.60 1.47 2.20 2.08 1.61 1.53 1.51 1.82 
1.76 1.83 1.93 1.79 2.55 2.55 2.11 2.01 2.02 2.29 

5236 SM5 3228 2420 3394 2847 3JM 2423 2469 2513 
5236 5042 3138 1497 3165 2400 2908 1512 1514 1525 

u308 Uti l iza t ion  ( T ~ S  u,o,/cw~) in") 
2025 
2049 

t n r i c k n t  Ut i l iza t ion  (Million 

2.74 2.72 1.81 1 .43  2.58 2.07 1.75 1.49 1.46 1.76 
3.08 3.08 2.03 .92 2.70 2.12 2.06 1.03 1.03 1.17 

in 
2025 
2049 

( i u l a t i v e  k l e a r  Capacity h i l t  
(Cwe) t h m @  

2025 
2049 

System Costs ($6) 1977 through 
2050 d i v o m t d  a t  

4.51 
7.5% 

10.0% 

L e v e l i d  S y s t n  rnw  Costs 
(L!ills/Khlw) ill 

?OOU 
201 5 
2025 
2035 

- I S  - 2s - 3s 5 WU "5 - 7s e 

591 94h 1029 944 1029 1029 10?9 1029 1029 
607 1043 1959 1071 1423 1275 1959 1959 1943 

498 470 500 500 513 
L I X  222 ZL> 213 218 

133 129 131 131 132 

502 495 451 
219 221. 

369 
18H 211 
120 129 I31 136 

18.1 16.0 15.4 18.0 15.9 15.5 15.4 15.4 15.6 
19.7 17.1 15.9 19.5 17.2 16.6 15.9 15.9 16.3 
20.4 17.6 lh .6  20.1 18.1 17.4 15.9 15.9 17.0 
21 .o  17.9 17.0 20.5 19.0 18.2 14.4 14.4 17.8 

2.54 2.27 1.99 2.62 2.35 2.14 1.93 1.93 2.07 
2.96 2.92 2.70 2.90 2.96 2.91 2.69 2.69 2.83 

Total I 1  0 r m i t t d  (Million 

Tons) d r 8 t S h  2.43 2.89 2.92 2.81 
2.92 2.99 

2ozs 
2049 2.'W 2.99 

Ctrmlal ivc Phrichrwnt (Bill  ion SWI) 
tIwuq!h 

1.48 1.47 1.32 2.19 
1.70 2.54 

202s 
2019 1.72 1 . R 4  

2362 Johb 
1492 2793 

u p R  Ut i l iza t ion  (rons u308/ta*) in( ')  
4939 297 5 

204'1 4931 2864 
? o s  

1.28 2.32 
2.83 1.76 .87 2.38 

in 
2 50 1.55 2025 

20.19 

2.81 2.77 2.3h 2.36 2.50 
2.199 2 . 9 8  2.91 2.91 2.97 

60 39 35 35 38 
(2011) (2010) (201)s) (LIHIS) (ZNI!I) 

1.94 1 . 4 5  1.33 1.33 1.42 
2 . 5 4  2.02 1.86 1.86 1.97 

2730 2687 2297 2297 2506 
20911 2340 1187 1487 1528 

i.88 1.41 1.29 1.29 1.38 
1.79 1.59 .95 .95 1.01 

' S y s t e m  w i t h  s t a n d a r d  LWR o n l y .  
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T a b l e  C-6 ( c o n t , )  
~~ 

Cunulative Nuclear Capacity h i l t  
(We) through 

2025 
2049 

System Costs ($8)  1977 through 
2050 d i r o m t e d  at 

4.51 
7.51 

10.08 

Levelired System Power Costs 
(rlills/Kwhr) in 

2000 
2015 
2025 
2035 

Cmilative II 0 Consumption 
(Yill ion Tonz)8tlirough 

2025 
2049 

Total I1 0 Cmnittai (Million 
Ions) tir&lgh 

2025 
2049 

bxinun Rnllllal Fnricluncnt Require- 
ncnt through 2050 (Million SW/yr) 

Cunilat ivc Btriclwnt (Rillion SW) 
through 

202s 
2049 

u3o8 Utilization ( ~ m s  u,o,/w) in(’) 
2025 
2049 

111 - 

641 
667 

387 
192 
121 

17.9 
20.3 
21.3 
21.8 

2.47 
2.95 

2.90 
2.99 

(200:?3) 

1.30 
1.4s 

4524 
4489 

2.02 
2.18 

2H - 

908 
987 

494 
222 
134 

17.6 
20.0 
20.8 
21.1 

2.24 
2.91 

2.81 
2.99 

36 
(2003) 

1.24 
1.35 

301)s 
3027 

1.37 
1.37 

YI - 

1029 
1959 

524 
225 
134 

17.4 
18.0 
17.2 
15.7 

2.29 
2.70 

2.63 
2.72 

46 
(2009) 

1.61 
1.94 

2558 
1391 

1.57 
.99 

4H 

1033 
1334 

551 
234 
137 

17.9 
20.8 
22.4 
23.1 

2.44 
2.97 

2.90 
2.99 

58 
(2011) 

1.90 
2.37 

2890 
2243 

1.90 
1.78 

SUI 

1029 
1747 

568 
236 
138 

16.1 
19.1 
20.7 
21.7 

2.16 
2.92 

2.70 
2.98 

46 
(2023) 

1.63 
2.33 

1020 
1707 

1.B 
1.33 

- sni 

1029 
1505 

54 9 
232 
136 

15.6 
18.9 
20.7 
22.4 

2.14 
2.90 

2.79 
2.98 

35 
(2003) 

1.23 
1.35 

2701 
1983 

1.19 
.90 

w - 

1029 
1959 

529 
226 
154 

16.9 
17.6 
17.6 
17.3 

2.25 
2.61 

2.55 
2.63 

46 
(2009) 

1.54 
1.88 

2482 
1345 

1.54 
.96 

7n - 

1029 
1959 

523 
225 
133 

16.7 
17.1 
17.1 
17.6 

2.21 
2.55 

2.50 
2.57 

44 
(2009) 

1.55 
1.84 

2426 
1314 

1.51 
.91 

8H - 

1029 
1959 

535 
227 
134 

15.8 
17.1 
18.5 
20.6 

2.29 
2.87 

2.69 
2.98 

46 
(2009) 

1.61 
1.95 

2608 
1520 

1.57 
1.00 

k l a t i v e  Nrlcnr rapacity hilt 
(We) thmigh 

2025 
2049 

System Costs (IS) 1977 through 
2050 discomted at  

4.5: 
7.5: 

1o.u; 

Levelized System Power Costs 
F(ills/Kwhr) in 

2000 
201 5 
2025 
2035 

Cmtlativc U 0 Conwq,tion 
Will ion Toli5?)8throl!gh 

2025 
2049 

Total I# 0 C m i t t e d  (Hillion 
Tons) th&h 

2025 
2049 

Fbximmi Annual Enrichlit kqiire- 
miit through 2050 (Million SNU/yr) 

Cimilative rnrichmni (Billion W )  
through 

2025 
204Y 

u308 Utilization (Ions II,O~/(W) in(’) 
2025 
2049 

bnr irtmnt Utili zdt ion plill ion SU/GWC)(~) 
in 

2025 
2049 

588 1029 
603 1417 

484 
188 217 
120 131 

18.2 16.0 
19.9 16.4 
20.5 16.8 
21.1 17.3 

2.55 2.19 
2.96 2.92 

2.92 2.71) 
2.99 5.98 

45 51 
(2OO9f3) (2019) 

1.59 1.71 
1.87 2.42 

4973 2700 
4963 2105 

2.70 1.66 
3.10 1.71 

x - 

1029 
1959 

502 
219 
131 

15.7 
16.0 
15.8 
14.2 

1.97 
2.75 

2.41 
2.95 

59 
(200.5) 

1.49 
2.35 

2342 
1505 

1.45 
1.15 

I C  - 

803 
855 

439 
209 
129 

17.7 
18.6 
18.9 
18.9 

2.35 
2.94 

2.85 
2.99 

52 
(2011) 

i . 8 n  
2.35 

3557 
3497 

2.24 
2.75 

w; - 

958 
1064 

451 
210 
129 

15.9 
17.1 
17.7 
18.1 

2.21 
2.92 

2.80 
2.99 

49 
(201 7) 

1.69 
2.36 

2920 
2807 

1.76 
2.22 

sri; - 

91 7 
1004 

442 
209 
129 

15.8 
17.3 
18.1 
18.6 

2.51 
2.94 

2.83 
2.99 

4 5  
(2011) 

1.62 
2.11 

3082 
2974 

1.77 
2.10 

6G - 

1029 
1950 

506 
221 
132 

15.8 
16.0 
16.1 
16.4 

2.15 
2.70 

2.42 
2.93 

44 
(2009) 

1.53 
2.00 

2352 
1503 

1.48 
1.02 

7C - 

1029 
1959 

505 
220 
132 

15.8 
16.0 
16.1 
16.4 

2.12. 
2.68 

2 . B  
2.93 

42 
(2009) 

1.50 
1.98 

2316 
14% 

1.45 
1.01 

E 

1029 
1791 

518 
224 
134 

15.3 
16.8 
18.8 
20.8 

2.32 
2.91 

2.77 
2.98 

46 
(20091 

1.64 
2.15 

2692 
1666 

1-60 
1.20 

1 LT - 

678 
703 

387 
1Y7 
124 

17.4 
19.1 
19.7 
20.3 

2.43 
2.95 

2.89 
2.99 

92 
(2011) 

2.69 
3.42 

4268 
4 2 s  

3.97 
4.86 

i L m  - 

705 
734 

417 
208 
132 

17.6 
19.0 
19.6 
20.2 

2.35 
2.94 

2.87 
2.99 

95 
(2011) 

3.25 
4.M 

4078 
4074 

4.60 
5.53 

- 
(i) 
(2) Cumulative eir?chent requirements through 2050 per cumulative nuclear capaclty built through 2050. 
(3) 

Cumulative U 0 consumed through year 2050 (including forward commitments) per cumulative nuclear capacity built through 2G50. 

Year in which maximum enrichment requirements occur. 
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T a b l e  C-6 ( c o n t o )  

Installed Capacity (GWe)/Levelized Power Cost (Mills/Kwhr) in year 2025 
SUL 8L - 7L - 6L - 5TL - - 4L - 3L - 2L - lLEX Reactor - 

LwR-US(LE)/Uu- EE 
LWR-US (DE)/U/Th 
LWR-U3 CDE)/U/'Ih 

LWR-u 5 (LE) /u 269/22.3 30/22.3 360/19.6 310/18.0 52/21.5 49/19.7 412/19.8 327/17.5 342118.0 118/17.9 

LwR-PUiu 
LwR-Pu/Th 
FBR-Pu-U/II 
FBR- Pu -U/'Ih 
FBR-Pu-Th/Th 
FBR-U3-U/Th 

LJVP.-US/LE)/U 
LWR-US (DE)/U/Th 
LNR-U3@E)/U/Th 
I.wR - Pu/u 
LhQ-Pu/Th 

rSCR-US (LE)/U 
SscR-U3 (DE)/U/Th 
SSCR - h / T h  

FBR-Pu-U/Il 
FBR- h -U/Th 
FER-Pu-Th/Th 
FBR-US-U/Th 

LW-US (LE)/U 

I~\W-II~(NAT)/U 
tnm-us(smu)/U 
tMW-US(DE)/U/Th 
MWU3 (DE)/U/Th 
IMVR-Pu/U 
tIwR-Pu/Th 

FBR- Pu-U/Il 
FBR- Pu -U/Th 
PBR - Pu -Th/Th 
FBR-U3 -U/Th 

LWR-05 (LEI /U 

m - u s  (LE)/u 

Hrm-US(DE)/U/Th 
m - u s  (HE)/Th 

t t E R - P u / T h  

FBR-Pu-U/II 
FBR-Pu-U/Th 
FBR-Pu-Th/Th 
FBR-U3-U/Th 

WGR-US (LE)/U-T 

tll'CR-U 3 (DE) /U/Th 
tmR-U3/Th 

259/21.4 .- 

- 292/23.0 296/21.4 
- 220/20.4 264/20.0 

234/19.0 72/19.3 - 
- 107/18.7 

0/19.0 0/19.5 187/18.8 
82/20.7 87/17.6 60/18.4 9/20.7 

132/19.6 9/28.9 21/24.1 9/26.0 
- 357/20.6 - 

5us - 4s - 3s - 2s - 1s - 
101/22.2 83/19.7 83/18.0 49/21.5 45/19.2 

- 289/22.3 287D9.6 

- 266/17.8 123/17.3 - 

200/21.0 307/18.6 237/17.2 8/20.7 4/17.9 
- 308/20.5 303D9.7 

- 101/19.0 

- 297/17.8 - 

STS 

80/18 
- 

.8 

316/19.8 280/18.0 - 
- 172/21.7 

38119.5 2 4 ~ n . 7  

8S - 7s - 6s - 
80/17.4 80/17.4 79/17.9 
0/18.2 0/18.2 1/18.8 

372/17.6 257/16.4 257/16.4 318/16.6 
135/19.9 166/15.5 166/15.5 42117.2 
i52/ig.i 48114.9 48114.9 25122.9 

- 188/11.7 188/11.7 - 
- 150/19.8 
0/17.2 126h9.3 

129/22.1 158/21.1 355/19.9 1S1/21.3 157/18.8 158/18.4 337/19.0 323h8.7 329/18.3 

0/24.9 0/26.8 0/25.6 0/27.0 0/22.0 217/21.4 0/23.9 0/23.3 0/20.0 
222/22.0 45/22.9 0/22.0 0/23.1 0/20.3 20/20.0 0/21.1 0/20.7 32/19.7 

- 222/24.2 178/22.0 - 0/28.9 0/26.5 12/21.6 
- 339/24.0 296/22.4 163/24.3 45/17.3 Oh9.4 0/22.9 

- 384/14.6 - 
- 356/17.4 348/17.4 - - 190/22.3 

57117.2 176121.1 

8G - 7G - 6G - 511C STG - - 4G - 3G - 2G - 1G 
_. 

172/22.3 142/19.4 142/17.5 172/21.2 142h9.1 404h9.2 294/16.9 295/17.2 347117.8 

0119.8 o/ie.s 0120.4 o/i9.8 0119.9 0118.4 0118.4 0119.4 
125/20.7 - 

- 284/19.0 305/18.5 - 14/17.4 1/17.4 50/18.1 
- 305/17.2 195/15.8 - 

56118.5 87/18.1 43/19.0 104/15.4 91/16.0 0/20.2 
- 175/17.9 127/14.2 - 

117/15.8 79/16.5 - 133/18.3 179r18.5 15/22.3 30/21.0 0/27.5 

195/11.4 - - 313/17.8 294117.3 - 
- 180/25.7 

29/15.9 162123.8 

LWR-us (LE) /u 
W-US(LE)/U-EE_ 

1LT lLlM 

30/21.5 30/21.5 
358120.7 385/20.7 

*System w i th  standard LWR only.  
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0/24.2 
30S/21.5 

lfKX-U5 (LE)/u 

tffGR-U5 (LE)/U-T 304/20.1 

(1) Cumulative U,O, consumed through year 2050 (including forward commitments) per cumulative nuclear capacity built through 2050. 
( 2 )  Cumulative enrichment requirements through 2050 per cumulative nuclear capacity built through 2050. 
(3) Year in which maximum enrichment requirements occur. 

*System with standard L W R  only. 
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Table C-8. Summary of  Results for Cases Assuming Intermediate-Cost U308 Supply, 350 GWe 
Installed Capacity in Year 2000, and 15 GWe Installed Capacity Each Subsequent Year 

m i l a t i v e  N r l e a r  Capacity hilt 
(me) through 

2025 
2049 

System Cosrs ($6) 1977 through 
2050 d i v a m t d  a t  

4 . 5 8  
1.51 

1 O . O I  

C m l a t i v e  U 0 C o n m t i m  
Pl i l l ion  Ton3)‘through 

2025 
2049 

Total U 0 Collrpitted (Hill ion 
Tons) d r & h  

2025 
2049 

k x i m m  Annual F n r i c k n t  w i r e -  
mt thrwgh 2050 (Million M/yr) 

Qmulative F n r i c k n t  (Bill ion Sru) 
through 

2025 
2049 

u308 Uti l iza t ion  ( T ~ S  u ~ o ~ / R * )  in(’) 
2025 
2049 

knr i c l m n t  U t i  I i z a t  ion ~i l l i o n  s ~ / ~ r e )  (2) 
in 

2025 
2049 

1U” - 

994 
1135 

413 
212 
128 

16.6 
18.5 
19.5 
20.1 

3.53 
5.63 

5.20 
5.94 

- 1 L  & & E X L  7L % 

1015 1029 1029 1029 1029 1029 1029 1029 1029 
1193 1183 1959 1852 1921 1064 1959 1959 1956 

470 485 485 542 489 485 485 485 486 
211 214 213 231 214 213 213 213 213 
121 129 129 137 129 129 129 129 129 

16.4 15.0 14.8 16.6 14.8 14.7 14.7 14.7 14.1 
11.9 15.5 15.0 17.6 15.5 15.3 15.2 15.2 15.2 
18.1 16.1 15.3 18.0 16.0 15.7 15.4 15.4 15.5 
19.3 16.5 14.9 18.2 16.3 15.8 14.1 14.1 15.0 

3.41 2.39 2.28 2.81 2.36 2.36 2.37 2.37 2.31 
5 . 5 6  4.16 4.40 5.11 4.81 4.10 4.38 4 . 3 8  4.48 

5.06 3.50 3.28 3.66 3.31 3.37 3.39 3.39 3.40 
5.93 5.68 5.10 5.74 5.68 5.66 5.35 5.35 5.41 

61 61 65 74 71 72 64 100 90 17 
(20251’) (2025) (2039) (2037) (2037) (2039) (2039) (2033) (2033) (2043) 

2.09 2.12 1.56 1.47 2.41 1.64 1.64 1.64 1.64 1.64 
3.35 3.49 3.12 2.84 4.55 3.58 3.31 3.09 3.09 3.16 

5236 4985 33% 3182 3552 3272 3270 32% 32% 3303 
52% 4913 3188 2158 3103 2951 3037 2133 2133 2198 

2 .11  2.09 1.51 1.43 2.34 1.59 1.59 1.59 1.59 1.59 
2.95 2.92 1.15 1.45 2.46 1.86 1.17 1.58 1.58 1.61 

Cmulative H r l e a r  Capacity h i l t  
(ok) thraigh 

2025 
2049 

Systcm Costs (SB) 1917 through 
2050 d i r u n t e d  a t  

4.51 
7.5% 

10.01 

Levelized System b n c r  Costs 
(L(ills/Kwhr) i n  

2000 
2015 
2025 
2035 

Cusulntive U 0 C o n w t i o n  
(Uill ion Tm$)8through 

2025 
2049 

Total II 0 Ccmitted (Million 
Tons) tfirkugh 

2025 
204 9 

!&xi- Aruual Fnr ichcnt  Require- 
m t  th rwgh 2050 (Million M/yr) 

C w l a t i v e  Fnrichurnt (Bill ion W) 
through 

2025 
2049 

u3o8 Ut i l iza t ion  (TWS u308/*) in‘’) 
2025 
2049 

F n r i c h r n t  Ut i l iza t ion  (Hill ion %J/tW)(2) 
in 

2025 
2049 

*System w i t h  s t anda rd  L W R  o n l y .  

1029 1029 1029 1029 1029 1029 1029 1029 1029 
1271 1937 1959 1943 1959 1959 1959 1959 1959 

483 484 401 536 405 485 405 485 485 
213 213 212 230 214 214 214 214 214 
128 129 128 136 129 129 129 I29 129 

16.4 14.9 1 4 . 1  1 6 , s  14.1 14.7 1 4 . 1  1 4 . 1  14.7 
17.9 15.2 14.1 17.0 14.9 14.9 14.9 14.9 14.9 
18.7 15.5 14.9 17.3 15.2 15.2 15.2 15.2 15.2 
19.2 15.6 14.6 17.0 15.3 15.5 15.3 15.3 15.3 

3.26 2.23 2.20 2.10 2.14 2.14 2.14 2.14 2.14 
5.46 4.30 4.14 4.61 3.86 3.86 3.86 3.M 3.86 

1.85 3.18 3.10 3.36 2.94 2.94 2.94 2.94 2.94 
5.92 5.46 5.31 5.52 4.92 4.92 4.92 4.92 4.92 

(20291” (2045) (2047) (2039) (2049) (2049) (2049) (2049) (2049) 
63 57 53 73 55 55 55 55 55 

1.86 1.40 1.38 2.26 1.46 1.46 1.46 1.46 1.46 
3.09 2.63 2.49 3.94 2.62 2.62 2.62 2.62 2.62 

4714 3006 3010 3262 2058 2858 2858 2858 2850 
4651 2820 2711 2844 2511 2511 ZSH 2511 2511 

1.81 1.36 1.34 2.19 1.42 1.42 1.42 1.42 1.42 
2.43 1.36 1.27 2.03 1.34 1.34 1.34 1.34 1.34 
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. 

T a b l e  C-8 (cont . )  

Curulative N r l e a r  Capacity kil t  
(We) t h m g h  

2025 
2049 

System Casts ($8) 1977 thrwgh 
2050 d i s c a n t e d  a t  

4.51 
7.31 

10.0: 

- 1 H  211 

1029 1029 
1497 1921 

319 544 
221 226 
130 134 

16.3 16.3 
18.3 17.4 
19.6 18.3 
20.1 18.8 

C u u l a t i v e  U 0 C a n s q t i m  
@ i l l i o n  Tonz)8through 

2025 3.10 2.72 
2049 3.20 4.35 

Total  U 0 C m i t t e d  (Million 
Tons) tar%llgh 

2025 4.35 3.67 
2049 3.86 3.56 

h x i u  Annual F n r i c k n t  Require- 42 53 
P n t  thrwgh 2050 (Million 9*J/yr) 

Cumilative F n r i b n t  (Bill ion W )  
through 

(2009$3) (2011) 

2023 1.37 1.80 
2049 2.10 2.34 

2025 4225 3562 
2049 3916 2894 

u308 Ut i l iza t ion  nons U,O,/IW) in(') 

tn r ic tnent  u t i l i z a t i o n  (Million WJ/*)(~) 
111 

2025 1.52 1.73 
2049 1.40 1.22 

?+I - 

1029 
1959 

512 
222 
132 

15.8 
16.1 
13.8 
14.9 

2.31 
2.71 

2.65 
2.74 

47 
( 2 W )  

1.62 
1.95 

2572 
1398 

1.58 
1.00 

411 - 

1029 
1943 

532 
229 
134 

16.7 
18.0 
18.8 
19.3 

2.94 
5.36 

4.21 
5.89 

96 
(2033) 

2.03 
4.08 

4093 
3030 

1.99 
2.10 

YI I - 

1029 
1959 

523 
224 
133 

16.0 
16.7 
17.0 
17.1 

2.52 
4.32 

3.59 
4.76 

64 
(2029) 

1.75 
3.06 

3490 
2431 

1.70 
1.56 

SM - 

1029 
1959 

523 
224 
133 

16.0 
16.7 
17.0 
17.2 

2.31 
4.37 

3.57 
4.85 

64 
(2031) 

1.74 
3.09 

3470 
2473 

1.6Y 
1.58 

z 

1029 
1959 

514 
222 
132 

15.7 
16.0 
16.0 
15.9 

2.32 
3.66 

2.71 
4.30 

47 
(2009) 

1.63 
2.59 

2636 
2195 

1.38 
1.32 

m - 

1029 
1959 

512 
222 
132 

15.7 
16.0 
1.5.8 
15.3 

2.50 
2.70 

2.64 
2.73 

47 
(2009) 

1.62 
1.94 

2562 
1392 

1.37 
.99 

w 

1029 
1959 

514 
222 
132 

13.7 
15.9 
15.9 
13.5 

2.30 
3.37 

2.83 
3.77 

46 
(2009) 

1.67 
2.40 

2773 
1924 

1.62 
1.23 

k l a t i v e  N r l e a r  Capacity h i l t  
(nUe) through 

2025 
2049 

Systm Casts ($8)  1977 through 
2050 d i s c a n t e d  a t  

4.3: 
7.51 

10.0: 

Levelired Systen Power Casts 
l?lills/Kwhr) in  

2Ono 
2015 
2023 
2035 

m l a t i v e  U 0 Can-tion 
Wil l ion  Ton$)8thmgh 

2025 
2049 

Total  U 0 b i t t e d  (Million 
Tons) t i l r%qh 

2023 
2049 

k i u  kvual Enr ickent  h i r e -  
Pnt through 2050 (Million W/yr) 

I l a h t i v e  b r i c h e n t  (Bill ion SMJ) 
thmugh 

2025 
2049 

U ~ O ~  Ut i l iza t ion  ( T ~ S  u,o,/w) in(') 
2025 
2049 

16 - 

1029 
1320 

487 
214 
128 

16.4 
17.g 
18.6 
19.0 

3.23 
5.41 

4.73 
5.91 

2G - 

1029 
1959 

406 
214 
129 

15.0 
14.9 
14.8 
14.2 

2.32 
4.27 

5.20 
3.26 

84 3) 70 
(2029f (2049) 

2.11 1.62 
3.81 1.16 

4597 3105 
4478 2683 

Fnrictwcnt Ut i l iza t  i n i  piiI1 ion S U / C W ~ ) ( ~ )  
in  

2025 2.05 1.58 
2049 2.89 1.61 

y: - 

1029 
1959 

486 
214 
129 

15.0 
15.0 
15.0 
14.8 

2.30 
4.22 

3.17 
5.25 

70 
12049) 

1.60 
3.11 

.W81 
2680 

1.56 
1.60 

E 

1029 
1794 

513 
223 
133 

16.2 
16.6 
16.7 
16.5 

2.38 
4.711 

3.57 
5.69 

90 
(2lIT'l) 

1.99 
3.97 

3472 
3172 

1.93 
2.21 

w 

1029 
1924 

487 
214 
129 

15.1 
13.2 
15.6 
15.8 

2.32 
4 . 3 5  

3.20 
5.51 

86 
(2114 7) 

1.64 
3.41 

3108 
2865 

1.59 
1.77 

s r c  - 

1029 
1644 

486 
214 
129 

15.0 
15.3 
15.7 
16.0 

2.34 
4.65 

3.29 
3.64 

76 
(2041 I 

1.63 
3.27 

3198 
3055 

1.58 
1.77 

K - 

1029 
1959 

486 
214 
129 

13.0 
14.9 
14.9 
14.7 

2.23 
4 , l Y  

3.09 
3.26 

74 
(2047) 

1.55 
3.10 

3003 
268s 

1.31 
1.58 

76 - 

1029 
1939 

406 
214 
129 

15.0 
14.9 
14.9 
14.7 

2.23 
4.11) 

3.09 
5.26 

74 
(2047) 

1.33 
3.10 

so04 
2602 

1.51 
1.38 

8(: - 

1029 
1959 

486 
214 
129 

13.0 
14.9 
13.0 
14.7 

2.26 
4.24 

3.15 
5.29 

73 
(2047) 

1.37 
3.16 

3037 
2690 

1.53 
1.62 

( l !  
(2) 
( 3 )  

Cumulative U 0 
Cumulative eirychment requirements through 2050 per cumulative nuclear capacity b u i l t  through 2050. 
Year i n  which maximum enrichment requirements occur. 

consumed through year 2050 (including forward conmitments) per cumulative nuclear capacity b u i l t  through 2050. 
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T a b l e  C-8 (cont.) 

I n s t a l l e d  Capacity (GWe)/Levelized Power C’st (Mills/Kwhr) i n  y e a r  2025 

Reactor 

LWR-US (LE)/U 
LWR-US (LE)/U- EE 
LWR-US @E)/U/Th 
LWR-U3 (DE)/U/Th 
LWR-wu 
LWR-h/Th 

FBR-Pu-U/lJ 
FBR-Pu-U/Th 
FBR- h-Th/Th 
FBR-U3-U/Th 

LWR-US (LE) /U 
LWR-US (DE)/U/Th 
LWR-U3 (DE) /Urn 
LWR-pu/U 
LWR-h/Th 

FBR-h-U/lJ 
FBR- -U/Th 

FBR-U3-U/Th 
FBR-h-Th/Th 

LNR-U5 (LE)/U 
I nm-us (MT) /U 
HWR-US (Sl3JJ/U 
tMt-U5 (DE)/U/’Ih 
M m 4 3  (DE) /IJ/Th 
ffhR-PU/U 
1nm-r41/~h 

FBR-h-U/lJ 
FBR-Pu-U/Th 
FBR-Pu-Th/Th 
FBR-US-U/Th 

LWR-U5 (LE) /U 

t rn-US(LE)/U 
tfl’GR-U5 (LE)/U-T 
tKGR-US (DE)/U/Th 
lM;R-U5(HE)/Th 
tlTGR-UJ(DE)/U/Th 
llKR-U3/Th 
tKR-Pu/Th 

FBR- h - U / I J  
FBR-Pu-U/Th 
FBR-h-Th/Th 
FBR -U3 -U/Th 

81 - - - 7L - 6L 
_. 

5TL 4L 5UL 

703/20.6 30/20.5 523/17.0 460/15.8 57/18.8 541/16.9 544/16.3 551/15.8 551/15.8 553/16.0 

- 439/19.0 3/17.8 - 0/16.3 0/16.3 0/16.8 

- 3L - - - 2L - 1LE* 1 L  

- 695/19.8 - 

- 243/17.8 73/17.0 72/16.4 72/13.2 72/13.2 73/14.2 
216/16.8 254/14.9 - 

- 122/16.2 122/15.8 103f12.5 103D2.5  103/14.1 

25/12.5 - 
13/10.7 13/10.7 - 

11/12.8 
0/14.5 OD6.2 

8.5 - 7 s  - 6 5  5TS __ - 5us 

109/20.3 83/16.4 115/15.4 57/17.9 184/15.6 184/15.6 184/15.6 184/15.6 184/15.6 
- 380/17.6 0/17.3 - 0/17.3 0/17.3 0/17.3 

- 4 s  - 3 s  - 2s - 1s - 

239/15.7 279/14.4 - 

630/19.5 418/16.0 346/15.0 0/17.8 300/15.5 300/15.5 300/15.5 300/15.5 300/15.5 
- 302/17.1 128D5.5 128/15.5 128/15.5 128/15.5 128/15.5 - 128/15.5 128/15.5 128/15.5 128/15.5 128/15.5 

0/14.1 - 
0/16.3 0/16.3 - 

0/16.3 
0118.4 0/19.8 

si - 2H - 1H - 
232/19.5 480/17.8 359/16.1 

0/22.9 0/23.9 0/22.2 
507/20.4 0/20.6 0/19.3 

- 259/19.6 0/18.8 

4tl SWI 6H m 8H 

666/19.5 
0/25.4 

63/21.7 
10/20.4 

0/21.8 

592h7.4  
0/23.0 

0/26.2 
0/17.5 

147/17.2 

0/20.1 

587D7.4 
0/23.0 
0/20.1 

0/17.5 

153D7.3  

375/16.1 
0/21.7 

0/25.1 
0/17.3 

0/19.1 

0/18.8 

357/15.8 
0/21.7 

0/24.4 
0/17.4 

0/17.0 

0/19.0 

410/15.7 

0/21.5 
0/18.9 
0/24.1 
0/17.6 

0/17.3 

- 380/14.6 - 
- 364/15.9 363/15.2 - 

- 182/15.8 
19/15.1 148/15.4 

2G - 1 G  - 
201/20.3 472/14.6 

0/16.1 
539/19.2 - 

28/14.5 

63/13.4 
- 176/15.3 

3G 46 

477/14.9 

0/16.3 

14/15.1 

63/14.5 
175/15.7 

10/11.1 

193/17,9 

0/17.7 

47V16.7 

76/15.9 

5UG 5TG - - 
405/16.1 518/16.2 

0/17.1 0/17.2 

109/16.2 - 

54/15.7 45/15.6 

172/16.0 176/16.2 

6G 

466D5.1 

0/16.3 

5/15.3 

71/15 .O 

148/16.5 

50/12.8 

7G 8G - - 
4 6 4 h 5 . 1  471/15.1 

0/16.3 0/16.3 

7/15.3 14/15.4 

71/15.0 94/15.0 

148/16.5 132/16.6 

50/12.7 - 
28/12.6 

0/16.1 0/16.6 

*System w i t h  s t anda rd  LWR o n l y .  



Appendix D. CALCULATIONS OF NUCLEAR AND FOSSIL PLANT COMPETITION 
BASED ON ECONOMICS 

M. R. Shay, D.  R .  Haf fne r ,  W .  E .  Black,  T.  M. Helm, 
W .  G. J o l l y ,  R. W. Ha rd ie ,  and R. P. Omberg 
Hanford Eng ineer ing  Development Labora to ry  

I n  a s e r i e s  o f  c a l c u l a t i o n s  t h a t  preceded those r e p o r t e d  i n  Chapter 6 f o r  n u c l e a r  

power systems, t h e  same a n a l y t i c a l  model was used t o  eva lua te  power systems t h a t  i n c l u d e  

b o t h  n u c l e a r  power p l a n t s  and c o a l - f i r e d  power p l a n t s ,  w i t h  t h e  two t ypes  o f  p l a n t s  be ing  

i n  economic compe t i t i on .  

i n d i c a t e d  t h a t  a t  U308 p r i c e s  above $160/ lb ,  n u c l e a r  power p l a n t s  do n o t  compete w e l l  f o r  

t h e  assumptions used i n  t h i s  study. There fo re ,  f o r  t h e  a l l - n u c l e a r  systems i t  was dec ided 
t o  l i m i t  t h e  uranium resources t o  those a v a i l a b l e  a t  p r i c e s  below $160/lb. 

As was s t a t e d  i n  Chapter 6, t h e  r e s u l t s  o f  t hese  c a l c u l a t i o n s  

T h i s  appendix desc r ibes  t h e  i n i t i a l  s e t  o f  c a l c u l a t i o n s .  The n u c l e a r  p l a n t s  used 

were LWRs , w i t h  and w i t h o u t  r e c y c l e ,  and they  correspond t o  Cases l L ,  ZL,. . . .8L i n  Chap- 

t e r  6.  

Appendix C)  and t h e  c a l c u l a t i o n s  desc r ibed  here a r e  as f o l l o w s :  

The p r i m a r y  d i f f e r e n c e s  between t h e  c a l c u l a t i o n s  presented i n  Chapter 6 (and i n  

( 1 )  I n s t e a d  o f  a n u c l e a r  energy growth p r o j e c t i o n ,  a t o t a l  e l e c t r i c a l  energy growth 

p r o j e c t i o n  was used. 

( 2 )  I n  a d d i t i o n  t o  n u c l e a r  p l a n t s ,  coa l  p l a n t s  were a v a i l a b l e  t o  s a t i s f y  t h e  t o t a l  
e l e c t r i c a l  energy demand. 

( 3 )  No p r i c e  c o n s t r a i n t  on o r e  e x i s t e d .  I n s t e a d  i t  was assumed t h a t  a d d i t i o n a l  

As w i t h  t h e  a l l - n u c l e a r  uranium o r e  was always a v a i l a b l e  a t  i n c r e a s i n g l y  h i g h e r  c o s t s .  

systems, two d i f f e r e n t  U308 p r i c e  s t r u c t u r e s  were used. 

( 4 )  Power p l a n t  s e l e c t i o n  was based on economics i n s t e a d  o f  U30, u t i l i z a t i o n .  

The e l e c t r i c a l  energy demand t h a t  was used f o r  these c a l c u l a t i o n s  i s  shown i n  

Table D-1. 

5.1% p e r  y e a r  growth r a t e  f rom 1980 t o  1990. 

y e a r  2030, a f t e r  which a cons tan t  2.5% p e r  y e a r  growth r a t e  i s  assumed. 

T h i s  p r o j e c t e d  demand assumes a 5.6% p e r  y e a r  growth r a t e  u n t i l  1980, and a 

The growth r a t e  decreases each decade u n t i l  

The marg ina l  c o s t  o f  uranium as a f u n c t i o n  o f  t h e  cumu la t i ve  q u a n t i t y  mined was 

shown i n  Table 8-7 o f  Appendix B. 

supply  a r e  denoted as cases l L ,  ZL, ..., w h i l e  cases t h a t  use t h e  i n t e r m e d i a t e - c o s t  uranium 

supply  a r e  denoted as cases lLU, ZLU, .... 
f o r  these c a l c u l a t i o n s  t h a t  t h e  q u a n t i t y  o f  a v a i l a b l e  uranium was u n l i m i t e d .  

I n  t h i s  appendix cases t h a t  use t h e  h i g h - c o s t  uranium 

As has a l r e a d y  been emphasized, i t  was assumed 
The o n l y  
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Table D - 1 .  Projected Total 
E lec t r ica l  Generati on 

Elec t r ica l  
Energy Growth 

Year ( 1OI2 kWh) ( %  per yea r )  

E 1 e c t r i  ca 1 
Energy Rate 

~ ~~~ ~~~ 

1975 
1980 
1990 
2000 
2010 
2020 
2030 14.9 

5.6 
5 .1  
4 .1  
3.5 
3.0 
2.5 

r e s t r i c t i o n  on uranium consumption was 
based on economics - t h a t  i s ,  the 
marginal cos t  of an additional pound 
of U308 increases as more uranium i s  
consumed. 

Fossil-fueled power p lan ts  were re- 
presented by nine d i f f e r e n t  coal p lan t  
types which a r e  ind ica t ive  of d i f f e r e n t  
coal regions. The principal d i f fe rences  
between coal p lan t  types a r e  the coal p r i ce ,  
the  coal energy content,  and the s i z e  of 
the  demand t h a t  can be s a t i s f i e d  by each 
coal p lan t  type. The maximum f rac t ion  of 
the  t o t a l  e l e c t r i c a l  energy demand t h a t  can 
be s a t i s f i e d  by each regional coal p lan t  
type i s  shown in Table D - 2 .  This t ab le  

a l so  gives the  heat content of the  coal f o r  each region. 

The capi ta l  cos t  associated with building a coal p lan t  was assumed t o  be 12% lower 
than the  capi ta l  cos t  of a LWR, o r  $550/kWe ( i n  1/1/77 d o l l a r s ) .  
plants t o  be b u i l t  instead of coal p lan ts ,  t he  fuel cos t s  of the nuclear p lan ts  must be 
enough lower than the  fuel cos t  of f o s s i l  p lan ts  t o  override this cap i t a l  cos t  d i f f e r e n t i a l .  
If  nuclear p lan ts  a r e  l e s s  expensive than coal p lan ts  f o r  a l l  regions,  then a l l  of the  new 
plan ts  b u i l t  will  be nuclear.  Figure D-1 shows how the nuclear market f r ac t ion  decreases 
as nuclear p lan ts  become more expensive. I f  nuclear p lan ts  increase i n  p r ice  by 20% over 
the  pr ice  where a l l  of the  market would be nuclear,  t he  nuclear market f r ac t ion  decreases 
t o  0.75. 
market f r ac t ion  t o  about 0.34, while a 57% increase r e s u l t s  in a l l  of the new plan ts  b u i l t  
being fos s i l - fue l ed  p lan ts .  

Therefore, f o r  nuclear 

An  increase of about 35% in the pr ice  of a nuclear u n i t  reduces the  nuclear 

Nuclear power growth projections f o r  the  LWR on the  throwaway cyc le  a r e  shown f o r  
bo th  uranium suppl ies  i n  Fig. D-2a. 
peaks a t  500 GWe of in s t a l l ed  capacity around the  year 2005 and then phases out t o  about 
100 GWe i n  2040. On the other hand, i f  t he  intermediate-cost  uranium supply i s  assumed, 
nuclear power continues t o  grow u n t i l  about 2015 t o  almost 900 GWe, and then decreases t o  
about 300 GWe i n  2040. As a r e s u l t ,  nuclear i s  more competitive w i t h  coal and captures a 
l a rge r  share of t he  market. 

For the  high-cost uranium supply case,  nuclear power 

Figure D-2b shows t h a t  recycling plutonium i n  LWRs (Case 2L) increases the  nuclear 
power market even more than the assumption of a l a rge r  uranium supply, and introducing 
the Pu/U-fueled FBR with recycle (Case 3L) f u r t h e r  increases the  nuclear market t o  1300 
GWe of i n s t a l l e d  nuclear capacity in the  year 2040. The U308 u t i l i z a t i o n ,  defined a s  the 
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Table D - 2 .  Maximum Elec t r ica l  Energy 
Demand Sa t i s f i ed  by Regional Coal Plants 

Maximum % of Total Heat Content 
Elec t r ica l  Sales (Btu / lb)  

New England 

Middle At lan t ic  

East North 

West North 

( N E )  3.9 

( M A )  13.1 

Central ( E N C )  19.5 

Central (WNC) 6.6 

13,500 

11,783 

10,711 

9,408 
South At lan t ic  

East South 
( S A )  16.6 11,855 

Central (ESC) 9.6 11,006 
West South 

Central (WSC) 1 2 . 2  6,583 
Moutain (MT) 4.9 9,637 
Pac i f ic  ( P A )  13.5 8,101 

center .  I t  can be seen tha t  a f t e r  about 2020, 

t o t a l  U308 consumed plus committed per 
GWe of nuclear power constructed through 
the  year 2050, i s  a l so  given f o r  these 
cases.  As noted, recycling plutonium in 
LWRs reduces U308 usage by 38% per GWe, 
while introducing the  FBR r e s u l t s  in a 62% 
reduction. 

With the  intermediate-cost  U308 

supply, 1300 GWe f o r  the  FBR case becomes 
almost 1800 GWe i n  2040 (see  Case 3LU i n  
F i g .  D-2c).  

each of the  ore supplies occurs around 
the  year 2040, although the  in s t a l l ed  
nuclear capacity i s  very f l a t  a t  th is  
poin t .  

The nuclear power peak f o r  

The disadvantage of c l a s s i ca l  
plutonium recycle in FBRs i s  demonstrated 
in Fig. D -2d  f o r  Case 3L. Here the  two 
Pu-fueled reac tors  a r e  ins ide  the energy 
center  and the  LEU-LWR i s  outside the 

the  r a t i o  of reac tors  t h a t  can be located 
outs ide  the  center  t o  those ins ide  i s  l e s s  than unity and rap id ly  decreasing. In f a c t ,  a s  
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the system becomes l e s s  and l e s s  dependent upon uranium ore and more and more upon 
plutonium, the energy support r a t i o  will  approach zero. 

* 
The dena tured  fuel cycle Cases 4L, 5L, and 6L a r e  compared w i t h  the  throwaway cycle 

in Fig. D-2e. 
s t a n t i a l l y  grea te r  than f o r  the  throwaway cycle (Case 1 L ) .  
630 GWe of in s t a l l ed  nuclear capacity versus 500 GWe f o r  the  throwaway cycle.  
i f  the plutonium i s  u t i l i z e d  in an LWR P u / T h  converter (Case 5L), the maximum nuclear 
penetration i s  1000 GWe, which i s  a f ac to r  of two grea te r  than f o r  
and, furthermore, the peak does not occur un t i l  more than 10 years a t e r .  Introduction 
of the  FBR with a Pu-U core and thorium blankets (Case 6L) r e s u l t s  
o f  1250 GWe in about 2025. After 2025, the  nuclear market f r ac t ion  i s  constant because 
the  system i s  e s sen t i a l ly  independent of uranium, which i s  becoming increasingly more 
expensive. 

Nuclear market penetration f o r  plutonium throwaway (Case 4L) i s  not sub- 

However, 
The peak penetration i s  about 

he throwaway cycle 

n a peak penetration 

With respect t o  U308 u t i l i z a t i o n ,  F i g .  D-2e shows t h a t  the P u / T h  converter case has 
s l i g h t l y  b e t t e r  ore u t i l i z a t i o n  (by 7 % )  than c l a s s i ca l  plutonium recycle i n  LWRs (Case 2L 

i n  Fig. D - Z b ) .  Furthermore, plutonium "transmutation" in  Pu-U FBRs a l so  has b e t t e r  U308 
u t i l i z a t i o n  (by 1 2 % )  than c l a s s i ca l  plutonium recycle in  FBRs (compare Cases 3L and 6L).  
The reason f o r  these trends i s  t h a t  the 233U fuel t h a t  i s  being bred i s  worth more as a fuel 
i n  thermal reac tors  than the plutonium t h a t  i s  being destroyed. 

The e f f e c t  of a l a rge r  uranium supply on the market penetration f o r  converters and 
FRBs t h a t  produce 2 3 3 U  i s  shown in Figs. D-2f and D-29. 
l a rge  uranium supply increased the  maximum nuclear penetration by about 450 GWe. Case 7 L  
introduced a denatured 233U-fueled FBR t o  the  6L case,  and Case 8L i s  ident ica l  t o  Case 
7L except t h a t  the  FBR with a Pu-U core i s  replaced with an FBR w i t h  a Pu-Th core.  The 
maximum nuclear penetration f o r  Cases 7L and 8L a r e  compared with 6L i n  Fig. 0-2h. The 
denatured 
l e s s  expensive 
f o r  Case 8L i s  seen t o  decrease a f t e r  about 2020. T h i s  i s  because the  neutronics 
proper t ies  of FBRs fueled with Pu-Th a r e  degraded s ign i f i can t ly  from those fueled w i t h  
Pu-U.  
The degraded neutronics of the  Pu-Th FBRs a r e  r e f l ec t ed  in the U308 u t i l i z a t i o n  o f  Case 
8L where the  ore usage per GWe i s  almost 50% higher than f o r  Case 6L. 

For both cases ( 5  and 6 ) ,  the  

3%-fueled FBR doesn ' t  have any impact because t h i s  reac tor  i s  competing w i t h  
33U-fueled LWRs and therefore  i s n ' t  b u i l t .  The nuclear market penetration 

As a r e s u l t ,  the  doubling time of these reac tors  i s  longer and the  cos t  i s  higher. 

The objec t ive  i n  b u i l d i n g  FRBs w i t h  Pu-Th cores i s  t o  increase the 2 3 %  production 
and therefore  the  r a t i o  of reac tors  located outs ide  the  energy center  t o  those in s ide  the 

* 
The nuclear reac tors  t h a t  a r e  ava i lab le  in  Case 5L with nuc lear - foss i l  competition a r e  
s imi l a r  t o  Case 5UL described in the o ther  sec t ions  of this  repor t .  However, i n  5L the  
denatured %-fueled LWR i s n ' t  b u i l t  because of economics. Therefore, the  so lu t ion  
more c lose ly  resembles Case 5TL. 
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energy center .  I t  can be seen from the  nuclear power g rowth  pa t te rns  f o r  Cases 6L and 
8L, shown in Figs. D-2 i  and D - Z j ,  t h a t  the  energy support r a t i o  f o r  Case 8L i s  higher. 
The degraded neutronics of the FBRs fueled w i t h  Pu-Th a r e  re f lec ted  i n  the U308 u t i l i z a t i o n  

of Case 8L where the ore usage per GWe i s  almost 50% higher than f o r  Case 6L ( see  F i g .  
D . 2 h ) .  
in the  energy centers  i s  about the same f o r  Case 8L as i t  i s  f o r  Case 6L because the  
t o t a l  amount of nuclear energy i s  lower. 

However, f o r  most years  the  to t a l  amount of energy t h a t  i s  ava i lab le  t o  be b u i l t  

Key se lec ted  r e s u l t s  from the  nuc lear - foss i l  competition ca lcu la t ions  a r e  presented 
in  Tables D-3 and D-4 f o r  high-cost and intermediate-cost  U308 supplies respec t ive ly .  
Each t a b l e  presents the  cumulative capacity of nuclear and f o s s i l  plants b u i l t  through 
year 2050, the  t o t a l  system cos t s ,  the  annual coal consumption in 2025, data on uranium 
and enrichment u t i l i z a t i o n ,  t he  in s t a l l ed  capacity of each reac tor  type in year 2026, and 
the  leve l ized  power cos t  of each r eac to r  type f o r  a reac tor  s t a r t i n g  up i n  year 2025. The 
most s t r i k i n g  conclusion t h a t  can be drawn from the  comparison of leve l ized  power cos t s  of 
each reac tor  type i s  t h a t  t he re  i s n ' t  a la rge  d i f fe rence .  
the  t o t a l  amount of uranium consumed doesn ' t  vary much from case t o  case because when 
uranium becomes expensive, f o s s i l  p lan ts  a r e  constructed i n  place of nuclear p lan ts .  This 
point i s  demonstrated in Table D-5, which shows the  time behavior of the U308 pr ice .  
can be seen from this  t a b l e  t h a t  t he  d i f fe rences  in the pr ice  of U308 f o r  the  d i f f e r e n t  
nuclear systems a r e  not 1 arge. 

The reason, of course, i s  t h a t  

I t  
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Table D-3. Summary o f  Results f o r  Cases Assuming High-Cost U308 Supply, an Elec t r ica l  
Energy Growth Projection, and Power Systems Including Both Nuclear and Coal Power Plants 

C u n u l a t i v e  C a p a c i t y  B u i l t  
(We) t h r o u g h  2050 

N u c l e a r  
F o s s i l  

System C o s t s  ($B) 1977 
th rough  2050 Discoun ted  @ 

4 112% 
7 1 / 2 1  
1 0 %  

Annual Coal  Consumption 
i n  2025 (10' t o n s )  

C m u l a t i v e  U 0 C o n s q t i o n  
( l o 6  t o n s )  t h o u g h  

2026 
2050 

T o t a l  Co i t t e d  U308 t h r o u g h  
2050 (10 Y tons) 

Maximum Annual Enrichment  
Requirements  t h r o u g h  2050 
(106 g W / y r )  

C m u l a t i  e Enrichment  t h r o u g h  
2050 (105 W) 
u308 U t i l i z a t i o n ' ' )  

E n r  ' b e n t  U t i l i z a t i o n  
(10' s w / a v e )  

1L 2L - -  

70 5 1585 
4611 3731 

1804 1733 
787 764 
479 470 

5.22 3.72 

2.92 3.50 
3.42 4.75 

3 .55  4 .92  

54 65 
(2005) (3) (2011) 

2.12 3 .11  

5.04 3.10 

3 . 0 1  1 .96  

3L - 

2663 
2653 

1701  
758 
468 

3 .15  

3.56 
4.60 

5.06 

73 
(2009) 

2.89 

1 .90  

1 .09  

4L - 

933 
4383 

1806 
791 
483 

4.79 

2 .88  
3.13 

3 .18  

72 
(ZOOS) 

2.53 

3.41 

2 .71  

5L - 

1684 
3632 

1724 
761 
468 

3.59 

3.62 
4.75 

4 .85  

75 
(2015) 

3.40 

2.88 

2.02 

6L 

2597 
2719 

1703  
760 
469 

2.91 

3.68 
4.33 

4 .37  

80 
(2011) 

3 .11 

1 . 6 8  

1 . 2 0  

7L 
~ 

2595 
2721 

1703 
760 
469 

2.91 

3 .68  
4.33 

4.37 

80 
(2011) 

3 .11  

1 . 6 8  

1 .20  

8L __ 

1909 
3407 

1718 
761 
469 

3.25 

3.69 
4.70 

4.77 

79 
(2015) 

3 .37  

2.50 

1 .77  

I n s t a l l ed  Capacity (GWe) in Year 2026/Levelized Power Costs (Mill/Kwhr) i n  Year 2025 

R e a c t o r  

LWR-US (LE)/U 

us (LE) /u-EE 
U5 (DE) /U/Th 
U3 (DE) /U/Th 
PU/U 
W T h  

FBR-FU-U/U 

PU-U/Th 

pu-Th/Th 
u3-u/Th 

F o s s i l  

T o t a l  Nuclear 

1L - 
36/23.2 

225/22. 3 

1934 

261 

5L 6L 7L 8L __ - - - 4L 2L 3L 

579/21.1 513/20.8 i i 3 / 2 1 . 6  661/21.2 594/20.7 594/20.7 66a/20.8 

189/22.5 0/23.5 0/23.2 0 / 2 3 . i  0 /23 .1  

157 /20 .0  120/20.6 190/19.6 190/19.6 230/20.8 

336/22.3 196/19.5 - 
181/20.1 SZ/ZZ.l 52 /22 . l  102/23.0 

444/18.4 - 
408/19.4 408/19.4 - 

104/22.6 

0/23.0 0/25.0 

1280 1042 1736  1233  9 5 1  951  1 0 9 1  

915 1153  459 962 1244 1244  1104 

( 1  ) 

( 2 )  

( 3 )  

Cumulative U308 comsumed through 2050 (including forward commitments) per cumulative 
nuclear capacity b u i l t  through 2050. 
Cumulative enrichment requirements through 2C50 per cumulative nuclear capacity b u i l t  
through 2050. 
Year i n  which maximum enrichment requirements occur. 



D- 9 

. 
. 

Table D-4. Summary o f  Results f o r  Cases Assuming Intermediate-Cost U 3 0 8  Supply, 
an E l e c t r i c a l  Energy Growth Pro jec t ion ,  and Power Systems Including 

Both Nuclear and Coal Power P lan ts  

Cmulative Capacity Buil t  
(Gwe) through 2050 

Nuclear 
Fossil 

System Costs ($B) 1977 
through 2050 Discounted @ 

4 1 1 2 %  
7 112% 
10% 

Annual Coal Consmption 
i n  2025 (lo9 tons) 
Cunulative U 0 Cnswnption 
(lo6 tons) though 

2026 
2050 

Total C a p t t e d  U308 through 
2050 (10 tons) 
Maximm Annual Enrichment 
Requirements through 2050 
(106 swlKl/yr) 
Cunulati e Enrichment through 
2050 (loJ SW) 

u308 Utilization(') 
Enr'dunent Utilization(z) 
(10' w / a v e )  

I n s t a l  l ed  Capacity (GWe) 

R e a c t o r  

L\R-U5(LE)/U 

u5 (LE)/U-EE 

u3 (DE) /u/m 
WU 
W T h  

US (DE)/U/Th 

FBR-Pu-U/U 
PU-U/Th 
Pu-Th/Th 
u3-u/Th 

F o s s i l  

T o t a l  Nuclear 

1LU 

61/22.4 

675/21.6 

1458 

736 

1257 
4059 

2523 
2793 

3415 
1901 

1815 
3501 

2701 
2615 

3296 
2020 

3338 
1978 

1732 1652 1622 1743 1643 1624 1624 
759 738 734 770 735 735 735 
466 459 458 474 458 459 459 

4.13 2.28 1.92 3.41 2.22 1.82 1.77 

4.75 4.60 4.43 4.41 4.63 4.48 4.50 
6.10 7.44 6.29 5.15 7.40 5.75 5.75 

6.28 7.88 6.90 5.94 7.99 5.87 5.89 

93 103 93 119 111 101 102 
(2013) (3) (2025) (2011) (2011) (2023) (2011) (2011) 

3.80 4.81 3.96 4.78 5.26 4.12 4.12 
5.00 3.12 2.02 3.27 2.96 1.78 1.76 

3.02 1.93 1.16 2.63 1.95 1.25 1.23 

i n  Year 2026/Level i zed Power Costs (Mi 11 s/Kwhr) i n  

8 LU - 

2727 
2589 

1638 
736 
458 

2.01 

4.60 
6.62 

6.84 

103 
(2017) 

4.13 
2.51 

1.73 

Year 2050 

2LU - 3LU - 4LU, - 5LU - 6LU - 7LU - 8LU 

1028/19.8 827/19.4 235/20.6 1108/19.9 874/19.2 872/19.2 1028/19.7 

489/21.6 0/21.9 0/21.3 0/21.3 0/21.7 

336/20.4 143/19.5 219/19.6 221/19.6 280/19.7 

441/19.2 269/18.7 

235/18.9 63/20.8 56/20.8 119/21.3 

516/17.3 - 
486/19.2 509/19.2 - 

136/20.6 

0/23.7 0/23.5 

725 583 1135 710 553 537 632 

1470 1612 1060 1485 1642 1658 1563  

( 1 )  

( 2 )  

( 3 )  

Cumulative U 3 0 B  consumed through 2050 ( inc luding  forward commitments) per cumulative 
nuclear capac i ty  b u i l t  through 2050. 
Cumulative enrichment requirements through 2050 per cumulative nuclear capac i ty  b u i l t  
through 2050. 
Year i n  which maximum enrichment requirements occur. 
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Table D-5. V a r i a t i o n  o f  U308 P r i c e  w i t h  Time f o r  Var ious Nuclear  Cases 

U308 P r i c e  ( $ / l b )  

4L 8L 'tear 

1987 76 8 1  83 73 82 83 83 82 

1997 104 112 114 99 113 114 114 113 

2007 136 150 153 130 150 153 153 151 

2017 157 177 175 151 177 175 175 175 

2027 167 185 179 158 184 180 180 180 

2037 172 189 180 158 186 180 180 180 

2047 173 195 180 158 189 180 180 180 

__ - 7L - 6L - 5L - - 3L - 2L - 1L - 

. 

. 
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