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ABSTRACT OF ORNL-5388 

A fuel  cycle  t h a t  employs 2 3 3 U  denatured w i t h  238U and mixed with thorium f e r t i l e  
mater ia l  i s  examined with respect  t o  i t s  p r o l i f e r a t i o n - r e s i s t a n c e  c h a r a c t e r i s t i c s  and 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 of t he  denatured fuel  on the performance of Light-Water 
Reactors, Spectral-Shif t -Control led Reactors, Gas-Cooled Reactors, Heavy-Water Reactors, 
and Fast  Breeder Reactors i s  discussed. The scope o f  the  R,D&D programs to  commercialize 
these reac tors  and t h e i r  associated fuel  cycles i s  a l so  summarized and the resource require- 
ments and economics of denatured 233U cycles  a re  compared t o  those of the  conventional Pu/U 
cyc le .  In addi t ion ,  several  nuclear power systems t h a t  employ denatured 2 3 3 U  fue l  and are  
based on the  energy center  concept a r e  evaluated. Under t h i s  concept,  dispersed power 
reac tors  fueled with denatured o r  low-enriched uranium fuel  a r e  supported by secure energy 
centers  i n  which sens i t i ve  a c t i v i t i e s  of the  nuclear cycle  a re  performed. 
include 2 3 3 U  production by Pu-fueled "transmuters" (thermal o r  f a s t  r eac to r s )  and repro- 
cessing.  A summary chapter presents  the  most s i g n i f i c a n t  conclusions from the  study and 
recommends areas  f o r  fu ture  work. 

These a c t i v i t i e s  
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PROLOGUE 

I n  a 1976 a r t i c l e  p u b l i s h e d  i n  t h e  BuZZetin of the Atomic Sc ien t i s t s1  Feiveson and 

T a y l o r  o f  P r i n c e t o n  U n i v e r s i t y  proposed t h a t  a thorium-based n u c l e a r  f u e l  c y c l e  i n  wh ich  

t h e  2 3 3 U  f i s s i l e  component i s  denatured w i t h  2 3 8 U  be cons ide red  as an a l t e r n a t i v e  t o  t h e  

uranium-based p l u t o n i u m  c y c l e .  

made more 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  p l u t o n i u m  c y c l e ,  and, moreover, t h a t  i t  migh t  

even e l i m i n a t e  t h e  n x e s s i t y  f o r  f a s t  r e a c t o r s  o p e r a t i n g  on and b reed ing  p lu ton ium.  Soon 

t h e r e a f t e r  a m u l t i - i n s t i t u t i o n a l  f e a s i b i l i t y  s tudy  o f  t h e  denatured 2 3 3 U  c y c l e  was i n i t i -  

a t e d  by t h e  Department o f  Energy, w i t h  Argonne N a t i o n a l  Labora to ry ,  Brookhaven N a t i o n a l  

Labora to ry ,  Combusiicn Engineer ing,  Inc. ,  Hanford Eng ineer ing  Development Labora to ry ,  t h e  

Oak Ridge Gaseous D i f f u s i o n  P l a n t ,  and Oak Ridge N a t i o n a l  Labora to ry  as t h e  p a r t i c i p a n t s .  
ORNL was ass igned t h e  r e s p o n s i b i l i t y  f o r  c o m p i l i n g  and e d i t i n g  t h e  c o n t r i b u t i o n s  t o  t h e  

s tudy  and p u b l i s h i n g  t h e  f i n a l  r e p o r t ,  which was i ssued  i n  December, 1978, as ORNL-5388 

(Interim Assessment of  the Denatured 2 3  3U Fuel Cycle: Feasibi l i ty  and Nonproliferation 

Characterist ics).  

T h e i r  t h e s i s  was t h a t  t h e  denatured 2 3 3 U  c y c l e  c o u l d  be 

An extended summary o f  t h e  r e p o r t  i s  p resen ted  here.  

1.0. INTRODUCTION 

U l t i m a t e l y  t h e  e x t e n t  t o  which n u c l e a r  power can be used th roughou t  t h e  w o r l d  w i l l  
depend on t h e  a v a i l a b i l i t y  and c o s t  o f  t h e  f i s s i l e  f u e l  supply .  
o f  power r e a c t o r s  have remained c o m p e t i t i v e ,  even w i t h  t h e  r e c e n t  sharp i nc reases  i n  uranium 
o r e  p r i c e s ,  i t  i s  t o  be recogn ized  t h a t  these r e a c t o r s  a r e  e s s e n t i a l l y  a l l  2 3 5 U  bu rne rs ,  

and 235U, t h e  o n l y  f i s s i l e  i s o t o p e  t h a t  occurs n a t u r a l l y ,  comprises l e s s  than  1% o f  n a t u r a l  

uranium. 
r a t i o n ,  m in ing  and p rocess ing  w i l l  i nc rease .  

t e rm dependence on n u c l e a r  energy i s  t o  be r e a l i z e d ,  a t  some p o i n t  i t  w i l l  be more econom- 

i c a l  t o  g r e a t l y  reduce t h e  use o f  235U and i n s t e a d  t o  produce and r e c y c l e  an a r t i f i c i a l  

f i s s i l e  i so tope .  

t h r e e  can be c l a s s i f i e d  as f i s s i l e  i so topes :  
neu t ron  bombardment o f  t h e  f e r t i l e  i s o t o p e  238U; and 233U, which i s  produced by t h e  n e u t r o n  
bombardment o f  t h e  f e r t i l e  i s o t o p e  232Th. 

Whi le  t o d a y ' s  g e n e r a t i o n  

As t h e  known s u p p l i e s  o f  h igh-grade ores d i m i n i s h ,  t h e  c o s t s  f o r  uranium exp lo -  
It i s  c l e a r  t h a t  i f  a widespread and long-  

O f  t h e  many a r t i f i c i a l  i so topes  t h a t  can be produced i n  q u a n t i t y ,  o n l y  
239Pu and 241Pu, which a r e  produced by t h e  

As t h e  n u c l e a r  power i n d u s t r y  has matured, t h e  ma jo r  t r e n d  has been toward t h e  pro-  

d u c t i o n  and r e c y c l i n g  o f  239Pu and 241Pu, c o l l e c t i v e l y  r e f e r r e d  t o  as Puf. T h i s  has 
been a n a t u r a l  development s i n c e  i n  most power r e a c t o r s  t h e  235U f u e l  i s  d i s t r i b u t e d  i n  a 

m a t r i x  of f e r t i l e  238U.  F o r  example, t h e  heavy-water r e a c t o r s  (HWRs) developed by Canada 
( c a l l e d  CANDUs) a r e  f u e l e d  w i t h  n a t u r a l  uranium, which i s  >99% 238U, and the  l i g h t - w a t e r  

r e a c t o r s  (LWRs)* developed by  t h e  U n i t e d  S ta tes  a r e  f u e l e d  w i t h  uranium en r i ched  t o  o n l y  a 

o p e r a t i o n s  by v i r t u e  of t h e  cons tan t  bombardment o f  t h e  238U w i t h  r e a c t o r  neutrons.  Under 

s l i g h t l y  h i g h e r  c o n c e n t r a t i o n  of 235U (3-4%). Thus Pu f i s  a byp roduc t  o f  a l l  these r e a c t o r  

t h e  c u r r e n t  U.S. p o l i c y  of a "once-through" cyc le ,  t h e  Pu f remains l o c k e d  i n  t h e  s t o r e d  spent 

*Commercialized as P ressu r i zed  Water Reactors (PWRs) and B o i l i n g  Water Reactors (BWRs). 
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fuel  elements, b u t  i f  t he  elements were reprocessed, i t  could be chemically separated and 
recycled, together  w i t h  t h e  unburned 2 3 5 U ,  i n  replacement elements. 
however, t h a t  the CANDUs and the LWRs could sus t a in  themselves, s ince  both a r e  thermai! 

reac tors  which f o r  reasons discussed l a t e r  cannot p r a c t i c a l l y  be developed in to  "breeders" 
( r eac to r s  t h a t  produce more fuel  than they use ) .  
plement t he  supply of 2 3 5 U  f o r  thermal r eac to r s .  
f a s t  reactors* whose f i s s i l e  cores a re  surrounded with 2 3 8 U  "blankets"  can over a period 

f o f  time breed enough Pu 
fuel  supply of thermal reac tors .  
t h a t  prompted the  U.S. i ndus t ry ' s  i n t e r e s t  i n  the  construct ion of commercial plants  f o r  re -  
processing the  LWR low-enriched uranium fue l s  ( L E U  f u e l )  and provided the  incent ive for 
the development of f a s t  breeder r eac to r s ,  p a r t i c u l a r l y  t h e  Liquid-Metal Fast Breeder Reac- 
t o r  ( L M F B R ) .  
of plutonium in  the  recycle elements, has been re fer red  t o  a s  moving toward a "plutonium 
economy. 'I 

This does not mean, 

B u t  recycled fuel  could be used t o  sup- 
Moreover, i t  has been demonstrated t h a t  

t o  replace t h e i r  own fuel  a n d  a t  the  same time supplement the  
I t  was, of course,  the expectat ion t h a t  t h i s  would occur 

The evolut ion of an LMFBR-type fuel  cycle ,  with an increasing concentration 

While the  primary emphasis in  the  U.S. has been on t h e  uranium-based plutonium cycle  
( a l so  re fer red  t o  as  t h e  Pu/U cyc le ) ,  t he  development of a thorium-based cycle  has a l so  
been pursued - t o  t he  extent  t h a t  a prototype thermal High-Temperature Gas-Cooled Reactor 
( H T G R )  t h a t  contains  thorium i n  i t s  core i s  a l ready operat ing ( t h e  Fort  S t .  Vrain plant  
located a t  P l a t t e v i l l e ,  Colorado). 
of highly enriched uranium (%93% 2 3 5 U  i n  U )  intermixed with 232Th  ( r e fe r r ed  t o  as  an HEU/Th 
c y c l e ) ,  b u t  i f  the  cycle  were closed so t h a t  the spent  fuel  elements could be reprocessed, 
t he  2 3 3 U  bred i n  the  232Th could be ex t rac ted  and used in  new HTGR elements. 
evolution of the  closed HTGR cycle  could r e s u l t  i n  an increasing concentrat ion o f  2 3 3 U  
i n  the recycle  elements, al though, again,  t h e  HTGR could not p r a c t i c a l l y  be developed in to  
a completely s e l f - s u s t a i n i n g  reac tor .  

Currently the  reac tor  fuel  i n  t h e  H T G R  cycle cons is t s  

T h u s ,  the  

While our f i s s i l e  fuel  supply could be enhanced by deploying e i t h e r  the Pu/U cycle  o r  
the  HEU/Th cycle ,  i t  has been argued by some groups  t h a t  n e i t h e r  i s  as  " p r o l i f e r a t i o n  
r e s i s t a n t "  a s  the cur ren t ly  used once-through L E U  cycle .  Their  concern centers  on the  f a c t  
t h a t  i n  these  fuel  cycles  weapons-usable f i s s i l e  mater ia l  i s  chemically e x t r a c t a b l e  from the  
f resh  fuel  elements. The f e a r  is  t h a t  t e r r o r i s t  o r  n a t i o n a l i s t  groups might s e i ze  the  f resh  
fuel  elements a s  they a re  being t ransported t o  r eac to r s ,  o r  even s t e a l  them from the  r e a c t o r  
s i t e s  themselves, i n  order t o  ex t r ac t  f i s s i l e  mater ia l  from the  elements and f a b r i c a t e  
nuclear  weapons, however crude. Fresh LEU fuel  in  the  once-through cyc le  i s  not  considered 
to  be a t t r a c t i v e  f o r  divers ion because any 2 3 5 U  chemically ex t rac ted  from the  fuel  would be 
so d i l u t e d  w i t h  2 3 8 U  t h a t  i t  would not be usable i n  weapons fabr ica t ion .  The uranium would 
f i r s t  have t o  undergo i so topic  enrichment, which i s  technological ly  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  the world cur ren t ly  e x i s t .  These arguments were obviously a major f a c t o r  
i n  the  U.S. Adminis t ra t ion 's  decis ion i n  April 1977 t o  defer commercialization of the  Pu/U-  
fueled LMFBR i n  the United S ta tes .  

*Contrary t o  popular misconception, the  word " f a s t "  i s  not meant t o  imply a f a s t  breeding 
r a t e .  
moving w i t h i n  the  r e a c t o r  cores.  

Instead "thermal" and " fa s t "  descr ibe the  r e l a t i v e  energies  (speeds) o f  the neutrons 
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Another  p r o l i f e r a t i o n  concern t h a t  has been expressed i s  t h a t  t h e  f i s s i l e  m a t e r i a l  

e x t r a c t e d  when spent  r e a c t o r  f u e l  elements a r e  reprocessed c o u l d  be d i v e r t e d  t o  c l s n d e s t i n e  

weapons - fab r i ca t i on  opera t i ons .  Th is ,  a long  w i t h  o t h e r  concerns, l e d  t h e  A d m i n i s t r a t i o n  

t o  p l a c e  a morator ium on reprocess ing.  

U.S. commercial power r e a c t o r s  and when p l u t o n i u m - c o n t a i n i n g  spent  elements a r e  removed 

f rom t h e  r e a c t o r s  t h e y  a r e  s t o r e d  on s i t e ,  where they  a r e  p r o t e c t e d  f rom d i v e r s i o n  b o t h  by  
i n s t i t u t i o n a l  safeguards and by t h e i r  h i g h  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 .  However, as t h e  

number o f  spent  f u e l  elements i nc reases  and t h e i r  r a d i o a c t i v i t y  decreases, more permanent 

s to rage  arrangements w i l l  have t o  be made. 

As a r e s u l t ,  o n l y  once-through c y c l e s  a r e  used i n  

I n  c o n t r a s t  t o  t h e  once-through LEU cyc le ,  b o t h  t h e  Pu/U c y c l e  and t h e  HEU(233)/Th 

c y c l e  mandate rep rocess ing .  Thus t h e r e  i s  a p o i n t  i n  b o t h  c y c l e s  a t  which f i s s i l e  m a t e r i a l  

would be c h e m i c a l l y  i s o l a t e d  from a l l  o t h e r  m a t e r i a l s  i n  t h e  spent  f u e l  elements." A lso,  

t h e  f r e s h  f u e l  elements i n  b o t h  c y c l e s  would c o n t a i n  c h e m i c a l l y  separable f i s s i l e  f u e l  (see 
Table 1.1) .  I n  the Pu/U c y c l e  t h e  f r e s h  fue l  would c o n s i s t  o f  a m i x t u r e  of p l u t o n i u m  and 

t r a c t e d ,  and i n  t h e  HEU/Th c y c l e  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  uranium and 
t h o r i u m  ( 2 3 3 U ,  235U, a smal l  amount o f  2 3 8 U ,  and 232Th) f rom which weapons-usable 2 3 3 U  

and 235U, w i t h  t h e  238U, c o u l d  be co -ex t rac ted .  

t a i n i n g  2 3 3 U  i s  r a d i o a c t i v e ,  which would cause h a n d l i n g  problems.) 

uranium (Puf, p l u s  2 3 5 U  d i l u t e d  w i t h  2 3 8 U )  from which weapons-usable Pu f c o u l d  be ex- 

(As  no ted  l a t e r ,  however, any f u e l  con- 

Table 1.1. Comparison o f  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  Fue ls  

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

2 35u ,  Puf, 2 3 %  

LEU ( w i t h  r e c y c l e )  2 3 5 u ,  Puf, 235u 235u ,  Puf, 2 3 %  

LEU (no recyc1e)b  23511, 2380 

Pu/U ( w i t h  r e c y c l e )  Puf, 2381) ((+235U)C puf, 23811 (+235U)C 

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

HEU/Th ( w i t h  r e c y c l e )  23311, 23511, 2 3 2 ~ h  23311, 23511, 2 3 2 ~ h  

a p u f =  239pu 2 4 1 ~ ~ .  

'%til 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 inc luded,  
"Once - t h rough 'I s y  s t em. 

Wi th t h e  above o b j e c t i o n s  i n  mind, seve ra l  groups have o f f e r e d  " a l t e r n a t i v e "  n u c l e a r  

f u e l  c y c l e s  which they  v iew as b e i n g  more p r o l i f e r a t i o n  r e s i s t a n t  t han  e i t h e r  t h e  Pu/U 
c y c l e  o r  t h e  HEU/Th c y c l e .  

t h e  once-through LWRs more uranium e f f i c i e n t  t o  implement ing t h e  Pu/U r e c y c l e  mode w i t h  

" f u l l - s c o p e ' '  safeguards. 

2 3 3 U  r e c y c l e  more accep tab le .  

Fo r  uranium-based cyc les ,  these a l t e r n a t i v e s  range f rom making 

Fo r  thorium-based cyc les ,  t h e  a l t e r n a t i v e s  a r e  aimed a t  making 

*It has been suggested t h a t  d e l i b e r a t e l y  " s p i k i n g "  o r  o t h e r w i s e  con tamina t ing  t h e  f i s s i l e  
m a t e r i  a1 w i t h  r a d i o a c t i v e  m a t e r i a l s  would d iscourage d i v e r s i o n .  
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One thorium-based a l t e r n a t i v e  t h a t  has been proposed i s  t h e  c y c l e  now comnonly r e -  
f e r r e d  t o  as t h e  "denatured 2 3 3 U 1 '  c y c l e .  

research team i n  the  Program on Nuc lea r  P o l i c y  A l t e r n a t i v e s  a t  P r i n c e t o n  U n i v e r s i t y ,  t h e  

c y c l e  would be s t r u c t u r e d  so t h a t  i t s  f r e s h  f u e l  would have t h e  same i s o t o p i c  b a r r i e r  
t h a t  e x i s t s  i n  LEU f r e s h  f u e l .  Tha t  i s ,  t h e  2 3 3 U  would be mixed w i t h  238U, w i t h  t h e  2 3 3 U  

c o n c e n t r a t i o n  k e p t  a t  a l e v e l  s u f f i c i e n t l y  low f o r  t h e  m i x t u r e  t o  be unusable f o r  weapons 
f a b r i c a t i o n .  The 2 3 8 U  c o n t e n t  would be l i m i t e d  t o  t h a t  r e q u i r e d  t o  "denature"  t h e  2 3 3 U ,  

t h e  remainder o f  t h e  f u e l  be ing  comprised o f  232Th so t h a t  a d d i t i o n a l  2 3 3 U  would be b r e d  

d u r i n g  r e a c t o r  ope ra t i ons .  

Suggested i n  1976 by Feiveson and Taylor, '  a 

Whi le  Feiveson and T a y l o r  o u t l i n e d  t h e i r  concept  o f  t h e  f u l l  c y c l e ,  t h e y  made no 
a t t e m p t  t o  d e t a i l  a s p e c i f i c  c y c l e  n o r  t o  p r o v i d e  a t e c h n i c a l  assessment o f  t h e  capa- 

b i l i t i e s  o f  power systems u t i l i z i n g  denatured 2 3 3 U  f u e l .  However, w i t h  i n t e r e s t  i n  

thorium-based c y c l e s  i n c r e a s i n g ,  t h e  Department o f  Energy i n  1977 i n i t i a t e d  a m u l t i -  

i n s t i t u t i o n a l  s tudy  o f  t h e  denatured 2 3 3 U  c y c l e  which concen t ra ted  on t h e  f o l l o w i n g  

The i s o t o p i c s  o f  denatured 2 3 3 U  f u e l  , p a r t i c u l a r l y  as t h e y  p r o v i d e  

i n h e r e n t  p r o l i f e r a t i o n - r e s i s t a n c e  c h a r a c t e r i s t i c s  o r  impact  t h e  de- 

s i g n  o f  t h e  f u e l  cyc le ;  

The s t r u c t u r e  o f  a denatured 2 3 3 U  f u e l  c y c l e ,  i.e., t h e  t ypes  of 
r e a c t o r s  and f u e l s  t h a t  would be i nc luded ,  t h e  suppor t  f a c i l i t i e s  

t h a t  would be r e q u i r e d ,  and t h e  r e l a t i v e  l o c a t i o n s  o f  t h e  v a r i o u s  

components; 

The impact  o f  denatured 2 3 3 U  and o t h e r  f u e l s  i n  t h e  c y c l e  on t h e  

performance of t h e  r e a c t o r s ;  

The t e c h n i c a l  and economic f e a s i b i l i t y  o f  commerc ia l l y  d e p l o y i n g  

t h e  denatured 2 3 3 U  f u e l  c y c l e ;  and 

The adequacy o f  p o s t u l a t e d  n u c l e a r  power systems u t i l i z i n g  denatured 
f u e l  f o r  meet ing power demands. 

Because a n u c l e a r  data base f o r  t h e  denatured 2 3 3 U  c y c l e  was l a r g e l y  n o n e x i s t e n t ,  

and t h e  des igns o f  t h e  r e a c t o r s  i n  which denatured f u e l  would be used were a l s o  incomplete,  

t h e  r e s u l t s  o f  t h e  s tudy  a r e  n e c e s s a r i l y  p r e l i m i n a r y .  However, as w i l l  be apparent  f r o m  

t h e  f o l l o w i n g  summary, many i n s t i t u t i o n a l  and t e c h n i c a l  requi rements f o r  implement ing 

t h e  denatured 2 3 3 U  f u e l  c y c l e  have been c l a r i f i e d  and a b road  v iew o f  i t s  p o s s i b i l i t i e s  
and l i m i t a t i o n s  has been prov ided.  

~ ~~~ ~- 

1H.A. Fe iveson and T.B. T a y l o r ,  " S e c u r i t y  I m p l i c a t i o n s  o f  A l t e r n a t i v e  F i s s i o n  Futures,"  
BuZZ. Atomic Scientists, p. 14 (December 1976). 
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2.0. ISOTOPICS OF DENATURED 2 3 3 U  FUEL: NONPROLIFERATION AND FUEL CYCLE IMPLICATIONS 

As p o i n t e d  o u t  above, " f r e s h "  denatured 2 3 3 U  f u e l *  would c o n s i s t  o f  t h e  f i s s i l e  i s o t o p e  

2 3 3 U  d i l u t e d  w i t h  t h e  f e r t i l e  i s o t o p e  2 3 8 U  and mixed w i t h  t h e  f e r t i l e  i s o t o p e  232Th.  

o r d e r  t o  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 c o n c o m i t a n t l y  t o  maximize t h e  p r o d u c t i o n  

o f  2 3 3 U  d u r i n g  r e a c t o r  ope ra t i ons ,  t h e  amount o f  2 3 8 U  dena tu ran t  used would be l i m i t e d  t o  

t h a t  r e q u i r e d  t o  p r o v i d e  an e f f e c t i v e  i s o t o p i c  b a r r i e r .  
by t h e  a l l o w a b l e  c o n c e n t r a t i o n  o f  2 3 3 U  i n  2 3 8 U .  

i n  t h e  denatured uranium would be has n o t  been f i rmly e s t a b l i s h e d ,  b u t  es t ima tes  have been 

made on t h e  b a s i s  o f  l i m i t s  s e t  f o r  2 3 5 U .  

uranium meta l  c o n t a i n i n g  l e s s  than  20% 2 3 5 U  i s  u n s u i t a b l e  f o r  weapons f a b r i c a t i o n ;  t h e r e f o r e ,  

t h i s  percentage has been s e t  as t h e  d i v i d i n g  l i n e  between low-en r i ched  and h igh -en r i ched  

2 3 5 U  f u e l  .' C a l c u l a t i o n s  t h a t  compare t h e  i n f i n i t e  neu t ron  m u l t i p l i c a t i o n  f a c t o r s  o f  2 3 3 U  

and 2 3 5 U ,  b o t h  as me ta l s  and as ox ides ,  i n d i c a t e  t h a t  a comparable l i m i t  f o r  2 3 3 U  would be 

between 11 and 12%. 

f u e l  was s e t  a t  12%. 

t h e  f u e l  mix  (2.6% 2 3 3 U  and 19.4% 2 3 8 U ) ,  and 232Th would comprise approx ima te l y  78%. 

I n  

That  i s ,  i t  would be determined 
J u s t  what t h e  e x a c t  percentage o f  2 3 3 U  

Fas t  c r i t i c a l  mass da ta  f o r  2 3 5 U  i n d i c a t e  t h a t  

Thus i n  t h i s  s tudy  t h e  upper l i m i t  f o r  t h e  enr ichment  o f  denatured 

A t  t h i s  enr ichment  t h e  uranium would comprise approx ima te l y  22% o f  

Fresh denatured 2 3 3 U  fue l  would a l s o  c o n t a i n  t h e  v e r y  i m p o r t a n t  i s o t o p e  2 3 2 U . 8  Whi le  

n o t  c o n t r i b u t i n g  e i t h e r  t o  t h e  energy p r o d u c t i o n  o r  t o  t h e  f u e l  p r o d u c t i o n ,  t h i s  i s o t o p e  

would be p resen t  because i t  i s  unavo idab ly  produced a l o n g  w i t h  t h e  2 3 3 U  and can be i s o l a t e d  

f rom t h e  2 3 3 U  o n l y  by a d i f f i c u l t  and c o s t l y  i s o t o p i c  s e p a r a t i o n  process. 

appear t o  be unwarranted s i n c e  t h e  2 3 2 U  would e x i s t  o n l y  i n  smal l  c o n c e n t r a t i o n s  and would 

n o t  a f f e c t  t h e  o p e r a t i o n  o f  t h e  r e a c t o r  p e r  se. 

2 3 2 U  i s  an uns tab le  i s o t o p e  t h a t  em i t s  r a d i a t i o n  as i t  decays through 228Th and i t s  daughter  

p roduc ts  t o  s t a b l e  208Pb, t h e  most prominent  emiss ions b e i n g  2.6-MeV gamma rays  e m i t t e d  i n  

t h e  decay o f  208T1.  

more and more o f  t h e  2 3 2 U  decayed, t h e  r a d i o a c t i v i t y  o f  t h e  f u e l  would i nc rease  i n  i n t e n s i t y  

f o r  some t i m e  b e f o r e  peaking and e v e n t u a l l y  decreas ing.  

Such a s t e p  would 

I t s  impor tance stems f rom t h e  f a c t  t h a t  

Thus f r e s h  denatured 2 3 3 U  f u e l  would be r a d i o a c t i v e .  Moreover, as 

Spent denatured 2 3 3 U  f u e l  would, o f  course,  c o n t a i n  a l l  o f  t h e  i so topes  i n c l u d e d  i n  
f t h e  f r e s h  f u e l  (233U, 232U,  238U, and 232Th)  p l u s  t h e  Pu produced i n  t h e  238U.  I n  add i -  

t i o n ,  t h e  spent  f u e l  would c o n t a i n  seve ra l  o t h e r  i so topes  t h a t  a r e  p resen t  i n  t h e  n u c l i d e  

p r o d u c t i o n  cha ins  o f  2 3 8 U  and 232Th, one o f  p a r t i c u l a r  i n t e r e s t  b e i n g  233Pa. F i n a l l y ,  t h e  

spent  f u e l  would c o n t a i n  f i s s i o n  p roduc ts ,  which because o f  t h e i r  h i g h  r a d i o a c t i v i t y  would 

generate gamma-ray f i e l d s  o rde rs  o f  magnitude l a r g e r  than  those produced by t h e  2 3 2 U  cha in .  

The i s o t o p i c s  o f  t h e  denatured 2 3 3 U  f u e l  c y c l e  a r e  un ique i n  t h a t  t hey  o f f e r  seve ra l  

i n h e r e n t  b a r r i e r s  t o  f u e l  d i v e r s i o n  by t e r r o r i s t s  o r  n a t i o n a l i s t  s t a t e s .  A t  t h e  same t i m e  
t h e y  i n t r o d u c e  c o m p l i c a t i o n s  i n  t h e  des ign  o f  t h e  cyc le ,  as w i l l  be apparent  f rom t h e  f o l -  

1 owing d i scuss ion .  

* 
As used here,  " f r e s h "  f u e l  i s  any f u e l  p repared  f o r  i n s e r t i o n  i n t o  t h e  r e a c t o r ,  r e g a r d l e s s  
o f  t h e  number o f  t imes  t h e  f i s s i l e  m a t e r i a l  has been recyc led .  

'In genera l  , however, " low e n r i c h e d  2 3 5 U  f u e l "  i m p l i e s  3-4% enr ichment  and f u e l  e n r i c h e d  
t o  about  20% i s  cons ide red  t o  be medium e n r i c h e d  uranium (MEU). 

'The processes whereby 2321) i s  produced and subsequent ly  decays a r e  shown i n  Appendix A .  
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2.1. N o n p r o l i f e r a t i o n  Advantages 

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  p r o v i d e d  by t h e  238U dena tu ran t  i s  t h e  p r i m a r y  n o n p r o l i f e r a t i o n  

f e a t u r e  o f  t h e  denatured 233U f u e l  cyc le ,  t h e  premise be ing  t h a t  t h e  i s o t o p e  s e p a r a t i o n  

(enr ichment)  f a c i  1 i t i e s  r e q u i r e d  t o  upgrade t h e  u r a n i  um t o  weapons m a t e r i  a1 would n o t  be 

a v a i l a b l e  t o  subna t iona l  t e r r o r i s t  groups and, w i t h  some p o s s i b l e  except ions,  p robab ly  

would n o t  be a v a i l a b l e  t o  non-nuclear  n a t i o n a l i s t  s ta tes ,  

Whi le  t h e  i s o t o p i c  b a r r i e r  i s  f o rm idab le ,  i t  i s  n o t  abso lu te ,  e s p e c i a l l y  s i n c e  en- 

r i chmen t  technology i s  c u r r e n t l y  undergoing r a p i d  development. Whereas 10 yea rs  ago a1 1 

enr ichment  ope ra t i ons  were per formed a t  l a r g e  gaseous d i f f u s i o n  p l a n t s ,  t oday  t h e  gas 

c e n t r i f u g a t i o n  technique i s  p r a c t i c a l  i n  s m a l l - s c a l e  p l a n t s  and c o u l d  be a p p l i e d  t o  b o t h  

2 3 3 U  and 2 3 5 U  f r e s h  f u e l s .  

2 3 5 U  f u e l s .  For  example, because o f  i t s  l ower  mass, 2 3 3 U  would be more e a s i l y  separated 

f rom 2 3 8 U  than  2 3 5 U  would be, assuming equal enr ichments o f  t h e  f e e d  m a t e r i a l .  

2 3 3 U  has a l ower  f a s t  c r i t i c a l  mass and thus a s m a l l e r  amount would be needed, l e s s  e n r i c h -  

ment c a p a c i t y  would be r e q u i r e d  t o  produce a weapons wor th  o f  2 3 3 U  f rom 2 3 3 U / 2 3 8 U  feed  than  

t o  produce a weapons wor th  o f  2 3 5 U  f rom 2 3 5 U / 2 3 8 U  feed, a g a i n  assuming equal enr ichments o f  

t h e  f e e d  m a t e r i a l .  And f i n a l l y ,  l e s s  e f f o r t  would be r e q u i r e d  t o  upgrade 12% 2 3 3 U  m a t e r i a l  

t o  90% enr ichment  than  would be r e q u i r e d  t o  upgrade 3-4% 2 3 5 U  m a t e r i a l  (such as LWR-LEU 

f u e l )  t o  90% enr ichment .  

R e l a t i v e l y  speaking, 2 3 3 U  f u e l s  would be e a s i e r  t o  e n r i c h  than  

A lso ,  because 

I n  c o n s i d e r i n g  t h e  enr ichment  o f  d i v e r t e d  f r e s h  f u e l ,  however, i t  i s  t o  be recogn ized  
t h a t  t h e  c u r r e n t  s t a t u s  o f  c e n t r i f u g e  techno logy  i s  such t h a t  much advanced p l a n n i n g  and 

l o n g  and undetected o p e r a t i o n s  would be necessary t o  e n r i c h  a s u f f i c i e n t  amount o f  weapons- 

grade m a t e r i a l  f rom any l ow-en r i ched  f u e l .  
uranium increased,  so a l s o  would t h e  c o n c e n t r a t i o n  o f  232U i nc rease ,  r e s u l t i n g  i n  a 

h i g h l y  r a d i o a c t i v e  p roduc t  un less  t h e  i s o t o p i c  s e p a r a t i o n  i n c l u d e d  t h e  removal o f  2 3 2 U .  
To comp le te l y  remove t h e  232U would r e q u i r e  an i nc reased  c e n t r i f u g e  c a p a c i t y ,  t h e  t o t a l  f o r  
233U r e c y c l e  f u e l s  approaching 50% t o  90% o f  t h a t  r e q u i r e d  t o  e n r i c h  LEU f u e l  (3.2 w t %  2 3 5 U ) .  
Thus t h e  problems encountered i n  e n r i c h i n g  denatured 2 3 3 U  f u e l  would appear t o  be s u f f i -  

c i e n t l y  d i f f i c u l t  t o  suggest t h a t  some o t h e r  f u e l  m i g h t  be a b e t t e r  choice.  On t h e  o t h e r  hand, 
i t  a l s o  must be recogn ized  t h a t  enr ichment  techno log ies  t h a t  w i l l  e x i s t  i n  t h e  n e x t  20 t o  25 
yea rs  w i l l  be c o n s i d e r a b l y  advanced ove r  t h e  c u r r e n t  t echno log ies .  Moreover, i f  means were 

a v a i l a b l e  f o r  h a n d l i n g  t h e  r a d i o a c t i v e  f u e l  - t h a t  i s ,  i f  t h e  232U con tamina t ion  were accept-  

a b l e  - then  t h e  c e n t r i f u g e  c a p a c i t y  r e q u i r e d  t o  e n r i c h  t h e  denatured 2 3 3 U  f u e l  t o  weapons 
grade would be reduced t o  o n l y  3% t o  20% of t h e  c a p a c i t y  r e q u i r e d  t o  e n r i c h  LEU f u e l .  

Moreover, as t h e  c o n c e n t r a t i o n  o f  2 3 3 U  i n  t h e  

R a d i a t i o n  B a r r i e r  o f  Fresh Fuel 

The 232t]-induced gamma a c t i v i t y  i n  denatured 233U f u e l  w i l l  c o n s t i t u t e  an e f f e c t i v e  
r a d i a t i o n  b a r r i e r  a g a i n s t  s e i z u r e  o f  t h e  f resh  f u e l .  

t h e  n u c l e a r  da ta  r e q u i r e d  f o r  c a l c u l a t i n q  t h e  c o n c e n t r a t i o n s  o f  23% i n  denatured f u e l 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 )  were n o t  s u f f i c i e n t l y  developed f o r  

accu ra te  c a l c u l a t i o n s  t o  be performed; however, es t ima tes  have been made f o r  some f u e l s  
w i t h  t h e  da ta  a t  hand. 

denatured HTGR f u e l  ( a f t e r  e q u i l i b r i u m  r e c y c l e )  t o  about  1600 ppm 2 3 %  i n  U f o r  r e c y c l e d  
denatured LMFBR f u e l .  

A t  t h e  t i m e  t h i s  s tudy  was performed, 

The r e s u l t s  range f rom approx ima te l y  40 ppm 2 3 %  i n  U f o r  
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In order  t o  es t imate  t h e  deterrence value of the  2 3 2 U  content of the  f resh  f u e l ,  i t  i s  
necessary t o  c o r r e l a t e  t he  2 3 2 U  concentrat ions w i t h  gamma-ray dose r a t e s  and the dose r a t e s  
in  turn with poten t ia l  harm t o  would-be d ive r t e r s .  
course,  would be provided by a gamma-ray dose t h a t  i s  immediately incapac i ta t ing  (g rea t e r  
than 10,000 rem). 
material  being handled, the maximum dose r a t e s  t h a t  could be expected from f resh  denatured 
fuel  ( f a s t - r e a c t o r  bred mater ia l )  would be on the  order  of 100 rem/hr, and thus d isab l ing  
doses would not occur.  However, doses i n  t he  range o f  200 t o  600 rem can cause eventual 
death,  and the  100 rem/hr dose r a t e  could discourage divers ion by a l l  except those ind i -  
viduals  w h o  were e i t h e r  disdainful  of o r  ignorant of t he  f a c t  t h a t  they were r i sk ing  expo- 
sure  to  l e tha l  doses. 

The highest  level  of deterrence,  of 

While several  f ac to r s  must be considered, including the  quant i ty  of 

I f  t h e  fuel were successfu l ly  seized i n  s p i t e  of the rad ia t ion  b a r r i e r ,  i t  would not 
be useful f o r  weapons fabr ica t ion  unless i t  was enriched, which would be d i f f i c u l t  (as  
discussed above),  espec ia l ly  i f  the  2 3 2 U  were removed i n  the  process. 
removed, the gamma a c t i v i t y  of t he  enriched product would be proport ionately hioher ,  the  
f r ac t ion  of 2 3 2 U  i n  LMFBR-derived denatured fue l s  increasing t o  approximately 8000 ppm. 
Chemical processing might be employed a f t e r  the enrichment process t o  remove the  232U 

decay products t h a t  a r e  the actual  gamma-ray emi t t e r s ;  however, w i t h i n  10 t o  20 days 
f u r t h e r  decay of the 2 3 2 U  would provide a new population of  228Th and i t s  daughters.  
T h u s ,  no advantage would be gained unless a highly accelerated schedule could be f o l -  
1 owed. 

I f  the 2 3 2 U  were not 

I f  t he  2 3 2 U  were not removed i n  t h e  enrichment process,  f a b r i c a t i o n  of a weapon w i t h  
the  r e s u l t i n g  contaminated product presumably could be done by remote operat ion;  however, 
construct ion and/or acquis i t ion  of the sh ie ld ing ,  remote handling equipment, e t c .  would 
increase the  risk of detect ion of a covert  program before i t s  completion. And while non- 
f i s s i l e  mater ia l  included i n  the  weapon would provide some sh ie ld ing  during i t s  de l ivery ,  
addi t ional  sh ie ld ing  would be required t o  pro tec t  t he  operator  of the  de l ivery  vehicle  and 
t o  f a c i l i t a t e  t h e  loading operat ions.  Thus, the  rad ia t ion  b a r r i e r  would present  problems 
throughout the  e n t i r e  divers ion process.  By con t r a s t ,  f resh  mixed oxide Pu/U fuel would 
present  a much smaller  rad ia t ion  problem and the  cur ren t ly  employed f resh  L E U  fuel  would 
present  e s s e n t i a l l y  none a t  a l l .  

In addi t ion t o  discouraging divers ion p e r  s e ,  the presence of the 2.6-MeV gamma ray 
emi t t e d  from 233U-containing fue l s  would provide a useful handle for detect ing mater ia l  both 
d u r i n g  and a f t e r  divers ion.  
purpose a re  a l ready ava i l ab le .  
S c i e n t i f i c  Laboratory i s  capable of measuring a dose r a t e  of about 2.5 mr/hr a t  a d i s tance  
of 30 cm from a 20-9 sample of Pu02. 
f o r  a s imi l a r  sample of 2 3 3 U  containing 100 ppm 2 3 2 U  1 2  days following chemical ex t rac t ion  
of t he  daughter products,  and, of course,  the dose r a t e  would increase  manyfold a s  the  
daughter population b u i l t  u p  again.  Also, the e f f i c i e n c y  of the de tec tor  could be improved 
i f  the de tec tor  window were s e t  t o  cover only the  s t rong 2.6-MeV gamma ray i n  the spectrum. 
T h u s ,  w i t h  respect  t o  d e t e c t a b i l i t y ,  the  r a d i o a c t i v i t y  o f  the  fuel  would be a d e f i n i t e  
advantage. 

Adequate de tec t ion  systems t h a t  could be adapted f o r  t h i s  
In p a r t i c u l a r ,  a monitor system developed a t  Los Alamos 

Approximately the  same dose r a t e  would be measured 
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Reduced Attract iveness  of Spent Fuel 

Like a l l  spent  reac tor  fuel  elements, spent  denatured 2 3 3 U  fuel  elements would con- 
t a i n  f i s s i l e  mater ia l ,  some of which would be chemically separable  ( see  Table 1 . 1 ) ;  however, 
the elements would be protected from divers ion ,  a t  l e a s t  i n i t i a l l y ,  by t h e i r  high f i s s ion -  
product rad ioac t iv i ty .  

In addi t ion to  unburned 2 3 3 U ,  which would not  be chemical1.v seoarable  because of the 
f 

2 3 8 U  denaturant ,  t he  spent  fuel  would contain P u  
operat ions.  
fuel  elements a f t e r  they had decayed t o  a manageable rad ia t ion  l e v e l ,  o r  i f  they could 
devise a processing system t h a t  could be operated remotely o r  semiremotely, then the plu- 
tonium could be chemically separated.  
purpose seems highly unl ikely s ince  the  amount of 2 3 8 U  included in  the denatured elements 
would be only about one- f i f th  the  amount included i n  LEU elements.  
given amount of plutonium from spent  denatured elements would requi re  processing more e l e -  
ments than would be necessary t o  obtain an equivalent  amount of plutonium from L E U  elements.* 

produced i n  the  2 3 8 U  during r e a c t o r  
I f  a t e r r o r i s t  o r  n a t i o n a l i s t  group could arrange t o  se i ze  and process the 

However, t h e  choice of denatured fuel f o r  this  

T h u s  t o  e x t r a c t  a 

Spen t  denatured 2 3 3 U  w o u l d  a l so  contain 233Pa, which i s  an intermediate  isotope in  
the  233U production process i n i t i a t e d  by the  2 3 2 T h ( n , y )  reac t ion .  
and s ince  i t  has a r e l a t i v e l y  long h a l f - l i f e  ( 2 7 . 4  days) ,  t h e o r e t i c a l l y  i t  could be chemi- 
c a l l y  separated from the spent  fuel and  allowed t o  decay t o  233U a f t e r  the  separat ion.  
However, the chemical separat ion would have t o  be i n i t i a t e d  s h o r t l y  upon discharge of the  
elements from the  r e a c t o r  while t he  f iss ion-product  r a d i o a c t i v i t y  i s  very in tense ,  which 
i s  highly improbable. Moreover, t h e  discharge concentrat ion of 233Pa i s  low ( t y p i c a l l y  
5% of  the discharge 2 3 3 U ) ,  which means a l a rge  quant i ty  of heavy metal would have t o  be 
processed to  recover a s i g n i f i c a n t  quant i ty  of 233Pa. 
would be comparable t o  the  amount of plutonium t h a t  could be recovered a f t e r  t he  elements 
had cooled. Therefore,  i t  would seem t h a t  i f  any d i v e r t e r  group were t o  se i ze  spent  de- 
natured fuel f o r  i t s  f i s s i l e  content ,  plutonium would be t h e  choice,  even though, as  noted 
above, the plutonium content of t h e  denatured fuel would be r e l a t i v e l y  small .  

233Pa decays t o  233U, 

Even then the  amount recovered 

Reduced Access ib i l i ty  of I so la ted  F i s s i l e  Isotope 

The in tense  a c t i v i t y  associated with 2 3 3 U  would requi re  t h a t  t he  fue l  fabr ica t ion  pro- 
cess  be performed remotely behind several  f e e t  of concrete.  
complications in  the  fuel  cycle  development ( see  below), the  remote nature  of the  process 
would provide an addi t ional  safeguard f ea tu re  i n  t h a t  access t o  the f i s s i l e  mater ia l  would 
be severely r e s t r i c t e d .  

While this  would introduce 

2.2. Fuel Cycle Impact 

The presence of the gama-emit t ing 232U chain i n  denatured 2 3 3 U  fuel would adversely 
a f f e c t  t h e  design of t he  fuel  cycle  i n  several  important ways. 
preclude nondestruct ive assays (NDA) of  the  fuel because the gamma-ray s igna l s  from the 
fuel  would be dominated by the  2 3 2 U  decay gamma rays t h a t  could not be properly accounted 
f o r  without a d e t a i l e d  h is tory  of the sample. Also, the desired s ignal  would be reduced 
by the  2 3 8 U  d i lu t ion .  

First i t  would e f f e c t i v e l y  

~~~ ~ ~ ~ 

*The number of elements varies w i t h  the  type of reac tor ;  f o r  PWRs about th ree  times as  many 
denatured 2 3 3 U  elements would be required.  
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More i m p o r t a n t l y ,  t h e  requ i remen t  f o r  remote f a b r i c a t i o n  o f  t h e  f u e l  would n e c e s s i t a t e  
s i g n i f i c a n t  m o d i f i c a t i o n s  t o  t h e  uranium o x i d e  p e l l e t  f a b r i c a t i o n  process t h a t  i s  c u r r e n t l y  

employed i n  f a b r i c a t i n g  LEU f u e l s  and i s  p lanned f o r  Pu/U f u e l s .  
cont inuous process, such as t h e  sphere-pac process , i n  which l i q u i d s  and microspheres a r e  

more e a s i l y  handled remote ly ,  would be requ i red .  

a c c o u n t a b i l i t y  techniques, i n  which t h e  c o n t r o l  o f  f i s s i l e  m a t e r i a l  i s  based on t r a c k i n g  
i n d i v i d u a l  "batches," c o u l d  n o t  be app l i ed ,  

I t  i s  p o s s i b l e  t h a t  a 

I n  a con t inuous  process, t h e  usual  

The remote o p e r a t i o n s  would be requ i red ,  o f  course, t o  p r o v i d e  p r o t e c t i o n  f o r  o p e r a t i n g  
personnel  a g a i n s t  t h e  gamma rays  e m i t t e d  by t h e  2 3 3 U  f u e l .  
hazards a r e  assoc ia ted  w i t h  t h e  emiss ion o f  a lpha  and be ta  p a r t i c l e s  by t h e  f u e l  i so topes ,  

and t o  t h e  e x t e n t  t h a t  t h e  denatured f u e l  i so topes  d i f f e r  f rom those i n  o t h e r  cyc les ,  these 

hazards m i g h t  a l s o  r e q u i r e  s p e c i a l  c o n s i d e r a t i o n .  

Other  p o t e n t i a l  r a d i o l o g i c a l  

To cause s e r i o u s  damage, a lpha  and b e t a  e m i t t e r s  must be i n h a l e d  o r  i n g e s t e d  i n  t h e  

body, s i n c e  t h e  p e n e t r a t i o n  ranges o f  t h e  p a r t i c l e s  a r e  so s h o r t  t h a t  even if t h e  r a d i o -  

n u c l i d e s  e m i t t i n g  them were depos i ted  on t h e  s k i n ,  t h e  a lpha  p a r t i c l e s  would n o t  p e n e t r a t e  
t h e  s k i n  and t h e  b e t a  p a r t i c l e s  would g i v e  no more than  s k i n  doses. 

hazard would e x i s t  f rom these p a r t i c l e s  un less  t h e  f u e l  were i n a d v e r t e n t l y  d i s p e r s e d  i n  t h e  

environment. I n  t h a t  event ,  however, t h e  r a d i o n u c l i d e s  m i g h t  be i n h a l e d  o r  i n g e s t e d  and 
subsequent ly  m i g r a t e  t o  c r i t i c a l  organs where t h e  ir, situ emiss ion o f  t h e  a lpha  and b e t a  

p a r t i c l e s  would cause damage o f  body t i s s u e .  
t o x i c i t y  o f  t h e  v a r i o u s  f u e l  i s o t o p e s  must be considered. 

As a r e s u l t ,  no s e r i o u s  

Whi le  t h i s  i s  n o t  expected, t h e  p o t e n t i a l  

The t o x i c i t y  o f  any p a r t i c u l a r  r a d i o n u c l i d e  i s  determined by seve ra l  f a c t o r s ,  i n -  

c l u d i n g  i t s  s p e c i f i c  a c t i v i t y  ( t h e  number o f  d i s i n t e g r a t i o n s  p e r  second), t h e  e f f e c t i v e  

energy d e p o s i t e d  i n  t h e  organ p e r  d i s i n t e g r a t i o n ,  t h e  e f f e c t i v e  h a l f  l i f e  o f  t h e  isotope,*  

and t h e  c r i t i c a l  body organ i n  which i t  i s  deposi ted.  
i n  r e a c t o r  f u e l s  a r e  bone seekers, and i n  t h e  "wors t  case" scenar ios ,  t h e y  would be i n -  

ha led.  

dose f rom i n g e s t e d  heavy meta l  i s o t o p e s . )  

I n  genera l ,  t h e  heavy meta l  i s o t o p e s  

(The dose f rom i n h a l e d  heavy meta l  i so topes  i s  o rde rs  o f  magnitude l a r g e r  than  t h e  

Est imates o f  t h e  t i m e - i n t e g r a t e d  doses (50-year  doses) t h a t  can be expected t o  be 
d e l i v e r e d  t o  t h e  bone by  t h e  i n h a l a t i o n  o f  t h e  i m p o r t a n t  f u e l  i so topes+  show t h a t  i n  terms 

o f  dose p e r  microgram o f  t h e  i s o t o p e  inha led ,  232U has a h i g h e r  t o x i c i t y  t han  any o t h e r  

uranium o r  p l u t o n i u m  i s o t o p e  excep t  238Pu. 
( h i g h e r  than  2 3 5 U  o r  238U) ,  b u t  i t  i s  c o n s i d e r a b l y  l ower  t h a n  t h e  t o x i c i t y  o f  any of t h e  

p l u t o n i u m  i s o t o p e s .  

2 3 3 U  a' lso has a r e l a t i v e l y  h i g h  t o x i c i t y  

Obv ious l y  an i m p o r t a n t  f a c t o r  i n  e s t i m a t i n g  t h e  p o t e n t i a l  danger posed by an e n v i r o n -  

m e n t a l l y  d i s p e r s e d  f u e l  i s  t h e  r e l a t i v e  amount o f  each i s o t o p e  i n  t h e  f u e l .  

t h e  f r a c t i o n  o f  t h e  contaminant  2 3 2 U  i n  denatured 2 3 3 U  f u e l  would be much lower  than  t h e  

combined f r a c t i o n  o f  p l u t o n i u m  i so topes  i n  Pu/U f u e l  - t o  t h e  e x t e n t  t h a t  t he  Pu/U fue l  

F o r  example, 

* 
The h a l f  l i f e  o f  an i s o t o p e  i s  t h e  p e r i o d  o f  t i m e  r e q u i r e d  f o r  one -ha l f  o f  a g i v e n  
q u a n t i t y  t o  d i s i n t e g r a t e ,  t h a t  i s ,  f o r  one -ha l f  o f  t h e  n u c l e i  t o  change form. 

+See Appendix B, 
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would be c o n s i d e r a b l y  more t o x i c .  

r e l a t i v e l y  n o n t o x i c  238U, i t  would c o n t a i n  p r o p o r t i o n a t e l y  l e s s  2 3 2 U  than  h i g h l y  e n r i c h e d  

HTGR f u e l  and t h e r e f o r e  would be somewhat l e s s  t o x i c  than  t h e  HTGR f u e l .  On t h e  o t h e r  
hand, i t  would be c o n s i d e r a b l y  more t o x i c  than  LEU f u e l .  

A lso,  s i n c e  denatured 2 3 3 U  f u e l  would be d i l u t e d  w i t h  

The t o x i c i t y  o f  t h e  f e r t i l e  i s o t o p e  232Th i n c l u d e d  i n  t h e  233U-con ta in ing  f u e l s  i s  n o t  
cons ide red  because o f  t h e  o v e r r i d i n g  impor tance o f  232U,  which has a dose commitment t o  
t h e  bone t h a t  i s  more than  f o u r  t imes g r e a t e r .  

assoc ia ted  w i t h  m in ing  o f  U.S. t h o r i u m  d e p o s i t s  a r e  d i r e c t l y  a t t r i b u t a b l e  t o  232Th and i t s  
decay products ,  and thus must be cons ide red  i n  t h e  f u e l  c y c l e  development. 

However, t h e  r a d i o l o g i c a l  hazards 

2 . 3 .  Conclus ions 

I n  conc lus ion ,  t h e  n o n p r o l i f e r a t i o n  advantages and t h e  impact  on t h e  f u e l  c y c l e  des ign  

a t t r i b u t a b l e  t o  t h e  i s o t o p i c s  o f  denatured 2 3 3 U  f u e l  can be summarized as f o l l o w s :  

I s o t o p i c a l l y  d e n a t u r i n g  2 3 3 U  f u e l  w i t h  2 3 8 U  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  t o  2 3 3 U  i s o l a t i o n  (a l t hough  n o t  an a b s o l u t e  one) 

t h a t  would decrea,se w i t h  t i m e  a t  a r a t e  t h a t  would be c o u n t r y - s p e c i f i c .  

Coun t r i es  t h a t  have t h e  t e c h n o l o g i c a l  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  would have t h e  technology r e q u i r e d  t o  c i rcum- 

v e n t  t h i s  b a r r i e r ;  however, t h e y  p robab ly  would a l s o  have t h e  o p t i o n  

o f  u t i l i z i n ?  n a t u r a l  uranium o r  l ow-en r i ched  2 3 5 U  f u e l  as f e e d  m a t e r i a l  

f o r  t h e  enr ichment  process. 

Denatured 2 3 3 U  fue l  would have an i n h e r e n t  gamma r a d i a t i o n  b a r r i e r  due t o  
2 3 2 U  daughter  p roduc ts  i n  t h e  f r e s h  f u e l  t h a t  would s i g n i f i c a n t l y  i nc rease  

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  f rom d i v e r t e d  f r e s h  
f u e l .  Moreover, t h e  gamma rays  e m i t t e d  by t h e  f u e l  would p r o v i d e  a u s e f u l  

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

Whi le  t h e  p r o d u c t i o n  of p l u t o n i u m  i n  t h e  spent  denatured f u e l  would rep resen t  
a p o t e n t i a l  p r o l i f e r a t i o n  concern, t h e  amount o f  p l u t o n i u m  i n  t h e  denatured 
spent  elements would be l e s s  than  t h a t  i n  LEU spent  elements. 
f o r e  seems u n l i k e l y  t h a t  spent  denatured f u e l  would be d i v e r t e d  f o r  i t s  

p l u t o n i u m  content .  

elements would be even l e s s  a t t r a c t i v e .  

0 

. 
It t h e r e -  

Other  f i s s i l e  c o n s t i t u e n t s  o f  t h e  spent  denatured 

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

f u e l  c y c l e  o p e r a t i o n s  i n v o l v i n g  t h e  f u e l  be des igned f o r  remote opera- 

t i o n .  

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

c a t e  t h e  development o f  t h e  f u e l  c y c l e .  

f o r  remote f u e l  f a b r i c a t i o n  m i g h t  impose c o n s t r a i n t s  on t h e  use o f  uranium 
o x i d e  p e l l e t s .  A lso,  t h e  r a d i o a c t i v i t y  o f  t h e  f u e l  would p r e v e n t  t h e  

usual  methods f o r  n o n d e s t r u c t i v e  assays o f  t h e  f u e l  from b e i n g  a p p l i e d .  

I n  d e s i g n i n g  t h e  denatured 2 3 3 U  f u e l  c y c l e ,  t h e  t o x i c i t i e s  o f  232U,  233U, 

and 232Th would have t o  be t h o r o u g h l y  e s t a b l i s h e d  and taken  i n t o  account, 

T h i s  would p r o v i d e  an a d d i t i o n a l  n o n p r o l i f e r a t i o n  advantage by  s e v e r e l y  

However, i t  would compl i -  

I n  p a r t i c u l a r ,  t h e  requ i remen t  

0 
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3.0. STRUCTURE OF THE DENATURED 2 3 3 U  FUEL CYCLE 

The p reced ing  d i s c u s s i o n  o f f e r s  t h e  denatured fue l  c y c l e  as a pro1 i f e r a t i o n - r e s i s t a n t  

a l t e r n a t i v e  t o  t h e  Pu/U c y c l e  f o r  p roduc ing  and r e c y c l i n g  an a r t i f i c i a l  f i s s i l e  i s o t o p e  

- 233U - i n  power r e a c t o r s .  

n u c l e a r  power systems, 2 3 3 U  i s  a p a r t i c u l a r l y  e f f i c i e n t  f ue l .  

a r e  thermal  neu t rons ,  233U re leases  more energy pe r  atom o f  f u e l  des t royed  (by f i s s i o n  o r  

t r a n s m u t a t i o n )  than  e i t h e r  239Pu o r  235U, and i t  a l s o  produces more neutrons p e r  atom of 

f u e l  des t royed  than  t h e  o t h e r  f i s s i l e  i so topes .  Thus f o r  e q u i v a l e n t  amounts o f  f u e l ,  

thermal  r e a c t o r s  u t i l i z i n g  2 3 3 U  n o t  o n l y  would generate more energy t h a n  thermal  r e a c t o r s  

o p e r a t i n g  on o t h e r  f u e l s  b u t  a l s o  would have more excess neutrons ava i l abFe  f o r  b reed ing  
a d d i t i o n a l  f u e l .  

For  thermal  r e a c t o r s ,  such as those t h a t  dominate t o d a y ' s  

When t h e  f i s s i o n i n g  neu t rons  

2 3 3 U  i s  l e s s  a t t r a c t i v e  f o r  f a s t  r e a c t o r s .  The impetus f o r  deve lop ing  f a s t  r e a c t o r s  

has always been due t o  t h e i r  p o t e n t i a l  r o l e  as breeders, which r e q u i r e s  a h i g h  p r o d u c t i o n  
of excess neutrons,  and when t h e  f i s s i o n i n g  neutrons a r e  f a s t  neutrons t h e  n e u t r o n  p ro -  
d u c t i o n  of 2 3 3 U  i s  w e l l  below t h a t  o f  239Pu. As a r e s u l t ,  Pu- fue led f a s t  r e a c t o r s  su r -  

rounded by f e r t i l e  2 3 8 U  b l a n k e t s  have always been favo red  f o r  breeder  des iqns r a t h e r  than  

233U-fueled f a s t  r e a c t o r s  surrounded by f e r t i l e  232Th b lanke ts .  
r e t i c a l l y  f e a s i b l e ,  t h e i r  p r o d u c t i o n  o f  excess f u e l  would be low o r  even marg ina l .  

Whi le  t h e  l a t t e r  a r e  theo- 

The r e l a t i v e  i n e f f e c t i v e n e s s  o f  233U- fue led  f a s t  r e a c t o r s  as 2 3 3 U  breeders means, o f  
course, t h a t  t h e y  c o u l d  n o t  be depended upon t o  produce an adequate supp ly  o f  2 3 3 U  f o r  t h e  

denatured f u e l  c y c l e .  Nor c o u l d  233U- fue led  thermal  r e a c t o r s ,  s ince,  as d i scussed  e a r l i e r ,  

s t a t e - o f - t h e - a r t  thermal  r e a c t o r s  cannot  p r a c t i c a l l y  be developed as breeders r e g a r d l e s s  o f  

t h e  f i s s i l e  i s o t o p e  t h e y  u t i l i z e . '  On t h e  o t h e r  hand, a c l a s s  o f  thermal r e a c t o r s  t h a t  a r e  

now b e i n g  cons ide red  f o r  development and a r e  r e f e r r e d  t o  as "advanced c o n v e r t e r  r e a c t o r s  

(ACRs)" a r e  expected t o  have b reed ing  ( convers ion )  r a t i o s *  t h a t  would reduce t h e i r  r e q u i r e -  
ments f o r  an exogenous source o f  f i s s i l e  f u e l ,  which means t h a t  t h e y  would p robab ly  be good 

cand ida tes  f o r  o p e r a t i o n  on denatured 233U f u e l .  

and s i n c e  none of t h e  r e a c t o r s  appear t o  be capable of b u r n i n g  233U and s imu l taneous ly  
p roduc ing  an excess o f  233U, r e a c t o r s  u t i l i z i n g  some o t h e r  f u e l  would have t o  be developed 

as 2 3 3 U  producers. 

r e q u i r e  t h e  deployment o f  d i f f e r e n t  t ypes  o f  r e a c t o r s  o p e r a t i n g  on d i f f e r e n t  t ypes  o f  

f u e l s ,  and i t  c o u l d  n o t  be expected t h a t  a l l  t h e  f u e l s  would have i n h e r e n t  p r o l i f e r a t i o n -  

S t i l l ,  some makeup 2 3 3 U  would be r e q u i r e d ,  

Thus, imp lemen ta t i on  o f  t h e  f u l l  denatured 2 3 3 U  f u e l  c y c l e  would 

'Although n o t  cons ide red  i n  t h i s  s tudy,  c u r r e n t  e f f o r t s  a r e  under way t o  develop a L i g h t  
Water Breeder Reactor  (LWBR) t h a t  u t i 1  i z e s  and produces 233U. 

*The b reed ing  r a t i o  and t h e  convers ion  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  a t  a s p e c i f i c  
p o i n t  i n  t i m e  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 i n  a r e a c t o r  (by excess 
neu t rons  n o t  r e q u i r e d  t o  s u s t a i n  t h e  f i s s i o n  process)  t o  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  des t royed  i n  t h e  r e a c t o r .  The te rm b reed ing  r a t i o  i s  used f o r  t hose  r e a c t o r s  f o r  which 
t h e  r a t i o  i s  g r e a t e r  t han  1 (as f o r  f a s t  breeders) ,  and convers ion  r a t i o  i s  used f o r  t hose  
f o r  which t h e  r a t i o  i s  l e s s  than  1. I f  t h e  r a t i o  i s  g r e a t e r  t han  1, then, a t  l e a s t  
t h e o r e t i c a l l y ,  t h e  r e a c t o r  i s  p roduc ing  enough f u e l  t o  s u s t a i n  i t s e l f .  
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res i s tance  cha rac t e r i s t i c s .  As a r e s u l t ,  technical  and/or i n s t i t u t i o n a l  ba r r i e r s  would be 
necessary t o  ensure t h a t  the  fue l s  without an inherent  res i s tance  were not subjec t  t o  
divers ion.  

Similar  b a r r i e r s  would a l so  be required,  of course,  f o r  the various s t eps  in  the  fuel  
cycle  a t  which f i s s i l e  mater ia l  would be i so la ted .  
cycle  - t ha t  i s ,  the  locat ions of the  various components in  the  cycle  and t h e i r  a t tendant  
technical  and i n s t i t u t i o n a l  ba r r i e r s  - would be a major considerat ion.  

T h u s  the  s t r u c t u r e  of the  denatured fuel  

3.1. 

J u s t  a s  the i n i t i a l  recycling of plutonium would be i n  LWRs already i n  operat ion,  the  

Reactor Types Used in  Denatured Fuel Cycle 

i n i t i a l  use of denatured 233U fuel  would be in  LWRs, followed by i t s  introduct ion i n t o  
o ther  types of thermal reac tors .  
thermal reac tors  would be the  ACRs tha t  a r e  c u r r e n t l y  receiving a t t e n t i o n  a s  systems w i t h  
a po ten t ia l  f o r  s i g n i f i c a n t l y  improved 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 .  
a r e  pr imari ly  based on th ree  design concepts: 
e a r l i e r ,  has a1 ready passed the  prototype s tage ;  the  pressurized heavy-water CANDU, which 
has been commercialized by Canada; and the  Spectral-Shif t -Control led Reactor (SSCR), which 
i s  bas ica l ly  a pressurized-water reac tor  (PWR) whose r e a c t i v i t y  control  system u t i l i z e s  
heavy water instead of soluble  boron t o  compensate f o r  long-term r e a c t i v i t y  changes during 
the operat ing cycle.  

In t h i s  study i t  has been assumed t h a t  the  o ther  types of 

These reac tors  
the gas-cooled HTGR,  which, as  mentioned 

While to  da te  the ACRs have not y e t  been demonstrated on t h e i r  own reference f u e l s ,  
t h e i r  f e a s i b i l i t y  appears assured ( see  Section 5 )  and t h e i r  adaptat ion t o  denatured 233U 
fuel  would not requi re  major a l t e r a t i o n s  to  their designs.  
ACRs t o  t he  denatured LWRs would no doubt improve the overa l l  fuel  e f f i c i e n c y  of t he  cycle. 
However, s ince  none of these reac tors  would operate  i n  s e l f - s u s t a i n i n g  modes, they would 
each require  an exogenous source of 2 3 3 U .  
undoubtedly be produced by a reac tor  t h a t  burned some fue l  o ther  than 2 3 3 U e  

The obvious (and only)  long-term choice f o r  t he  fuel  i n  a 2 3 3 U  producer i s  the  o ther  

T h u s  t he  addi t ion of denatured 

For reasons s t a t e d  above, the  233U would 

a r t i f i c i a l  fuel  - plutonium. 
elements,  plutonium would be ava i lab le  i n  the cycle.  Feiveson and Taylor suggested t h a t  a 
plutonium-fueled f a s t  r e a c t o r  w i t h  a 232Th blanket m i g h t  be used a s  a 233U-production 
device,  and t o  d i s t i n g u i s h  t h i s  type of r e a c t o r  from the c l a s s i c a l  f a s t  breeder,  the term 
“transmuter” was coined a t  ORNL. However, a thermal r e a c t o r  t h a t  i s  fueled w i t h  plutonium 
and contains  232Th w i t h i n  i t s  core could a l s o  be a 233U producer, and this type of  reac tor ,  
whether based on an LWR design o r  one of t he  ACR designs,  i s  a l s o  being re fer red  t o  a s  
transmuter. 
a means f o r  disposing of the  plutonium produced i n  the fue l  cycle ,  which would be a 
nonprol i fe ra t ion  advantage. 

And s ince  238U would be included i n  the denatured fuel  

In any case,  u t i l i z i n g  plutonium-fueled reac tors  i n  the system would provide 

The pr inc ipa l  reac tors  i n  the denatured fue l  cycle  then would be thermal reac tors  
operat ing on denatured 233U fuel  (LWRs and possibly ACRs) and thermal and/or f a s t  reac tors  
u t i l i z i n g  plutonium to  produce 233U ( i .e . ,  t ransmuters) .  
requirements for 2 3 3 U  and plutonium, i t  might a l s o  be necessary f o r  the  cycle  t o  include 

plutonium-fueled “breeder-transmuters,” which would contain both 232Th and 238U i n  their 

Depending on the  r e l a t i v e  
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blankets .  
although a c o n s t r a i n t  i n  the  overa l l  system would be t h a t  t he  production of plutonium 
would not exceed the  demand f o r  i t  so t h a t  the  net  production of plutonium would be zero.  
F ina l ly ,  depending on the  demand f o r  power, the  cycle  could a l so  require  f a s t  reac tors  
t h a t  would operate  on denatured fuel  and contain 232Th  i n  t h e i r  blankets.  As will be 
discussed more f u l l y  i n  Section 4 ,  these "denatured f a s t  breeder reac tors"  would produce. 
more f i s s i l e  fuel  than they would consume, b u t  the  fuel  they produced would c o n s i s t  of 
2 3 3 U  pZus 2 3 9 P u .  The 2 3 9 P u  could not be recycled i n  the denatured r eac to r ,  and the amount 
of 233U produced would not  be s u f f i c i e n t  t o  replace the 2 3 3 U  consumed. Thus the denatured 
233U f a s t  r e a c t o r  would a l s o  require  an exogenous source of 233U. 

"breeder" could be used advantageously. 

And f o r  some energy scenarios  the  c l a s s i ca l  f a s t  breeder m i g h t  a l so  be required,  

Even so, t h i s  type of 

3.2. Other Components o f  Fuel Cycle 

With the  requirement f o r  reac tors  fueled both with plutonium and w i t h  denatured 233U, 

the  f u l l  denatured 2 3 3 U  fuel  cycle  would include f ea tu res  of both the  conventional plutonium 
cycle and the  conventional thorium cycle .  For example, f a c i l i t i e s  would have to  be ava i l -  
ab le  f o r  reprocessing uranium/plutonium fue l s  by the  already well-developed Purex process.  
In addi t ion ,  f a c i l i t i e s  would have t o  be a v a i l a b l e  f o r  reprocessing uranium/thorium fue l s  
by the Thorex process,  o r ,  depending on the  form of the  fuel  elements, w i t h  a modified 
version of t he  Thorex process.  
types of elements would be needed, as  well as  waste s torage f a c i l i t i e s .  

And, of course,  fuel  fabr ica t ion  f a c i l i t i e s  f o r  the  two 

3.3. Locations of Fuel Cycle Components 

Because the plutonium-fueled reac tors  and several  o ther  fuel  cycle  components and/or 

The proposal by the Princeton team, and o thers  before themY2 
operat ions would not have inherent  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 ,  they would 
require  special  protect ion.  
i s  t h a t  the  f a c i l i t i e s  f a l l i n g  i n  t h i s  category be c e n t r a l l y  located i n  secure (guarded) 
energy parks. 
ou ts ide  the parks t o  loca t ions  where they were needed f o r  producing power. 

The reac tors  operat ing on denatured 2 3 3 U  fuel  would, of course,  be dispersed 

A schematic ind ica t ing  the locat ions of the  various components i n  a typ ica l  power 
system operat ing on the  denatured 2 3 3 U  fuel  cycle  i s  shown in Fig. 3.1. 
and o t h e r  s e n s i t i v e  support  f ac i  1 i t ies a re  confined t o  the  energy center  and the  fuel  
assemblies t ransported outs ide  the  center  a r e  l imited t o  f resh  denatured assemblies. 
the  plutonium produced i n  the  dispersed reac tors  i s  returned t o  the  center  in  the highly 
radioact ive spent  fuel  elements. The plutonium i s  then ext rac ted  and burned i n  the t rans-  
muters ins ide  the  center  t o  produce 2 3 3 U  f o r  the  outs ide  reactors .  
plutonium exists outs ide the  energy center .  
s i m i l a r l y  returned t o  the center  i n  t he  rad ioac t ive  spent fuel  elements, o r ,  i f  denatured 
f a s t  breeder reac tors  a re  used, i n  radioact ive blanket elements. 

The transmuters 

All 

As a r e s u l t ,  no "fresh" 
The 2 3 3 U  produced outs ide  the  center  i s  

2"A Report o r  the  In te rna t iona l  Control of Atomic Energy," prepared f o r  the  Secretary of 
S t a t e ' s  Committee on Atomic Energy by a Board of Consultants:  Chester I. Barnard, 
Dr. J. R. Oppenheimer, Dr. Charles A. Thomas, Harry Winne, and David E. L i l ien tha l  
(Chairman), Washington, D. C. ,  March 16, 1946, pp. 127-213, Department o f  Sta t e  Publi- 
cat ion 2493. 
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Fig. 3.1. Schematic of Nuclear Power S stem Consisting of an Energy Center and Y Dispersed Reactors Operating on Denatured 23 U Fuel. 

While not indicated i n  Fig. 3 .1 ,  the  power system would a l so  include,  an l e a s t  i n i -  
t i a l l y ,  LWRs operat ing on the  conventional " n a t u r a l l y  denatured" LEU 2 3 5 L  cycle ,  w i t h  
the  plutonium produced in  the spent  fuel  elements being recycled w i t h i n  the  center .  
Another p o s s i b i l i t y  i s  t h a t  LWRs operat ing on MEU(235)/Th fuel  m i g h t  be included. In 
MEU(235)/Th fuel  the  235U enrichment would be increased above the  3 t o  4% i n  LEU fuel  b u t  
would remain below the  20% l imit  t h a t  has been s e t  as t h e  d i v i d i n g  l ine  between low and 
high enrichment f o r  235U. 

replaced w i t h  2 3 2 T h ,  compensating f o r  the  lower f i s s i o n  cross  sec t ion  of 232Th r e l a t i v e  t o  
238U.* (Note: Even i f  the  decis ion t o  u t i l i z e  233U fue l s  i s  defer red ,  introducing thorium 
i n t o  cur ren t ly  operat ing LWRs would be a means f o r  i n i t i a t i n g  a s tockpi le  of 2 3 3 U  and a t  
the same time reducing the  production of plutonium by such reac tors .  
i n  Sections 4 and 5,  t h i s  would e n t a i l  a s i g n i f i c a n t  economic penalty.)  

The increased enrichment would allow some of the 238U t o  be 

However, as  discussed 

Also not indicated i n  F i g .  3.1 i s  the p o s s i b i l i t y  t h a t  ACRs operat ing on some fuel  
o ther  than denatured 233U fuel  might be included i n  the system. 
enriched 2 3 5 U  fuel  could be used as  dispersed reac tors  while those operat ing on highly 
enriched fue l s  o r  plutonium would be included i n  t he  energy centers .  
does not i nd ica t e  the possible  inclusion of t he  c l a s s i ca l  breeders w i t h i n  t he  energy center .  

Those operat ing on low- 

F ina l ly ,  F i g .  3.1 

~~~ 

*Neutrons produced by " f e r t i l e  f i s s ions"  always cont r ibu te  t o  the  chain reac t ion ,  and thus 
the  r e l a t i v e  cont r ibu t ions  by 238U and 232Th f i s s i o n s  must always be taken i n t o  account 
when 232Th i s  s u b s t i t u t e d  f o r  238U i n  r e a c t o r  cores.  
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3.4. Symb io t i c  Charac te r  o f  Denatured Fuel Cyc le 

The denatured 2 3 3 U  f u e l  c y c l e  thus would evo lve  i n t o  a system i n  which t h e  r e a c t o r s  
o u t s i d e  t h e  energy c e n t e r  and those i n s i d e  t h e  c e n t e r  would be o p e r a t i n g  " i n  symbios is . "  

When t h e  system reached m a t u r i t y ,  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  would be s u p p l i e d  

and t h e  system would he se l f - con ta ined .  

Obvious ly ,  t h e  i n h e r e n t  growth p o t e n t i a l  o f  a g i v e n  power system would depend on t h e  

t ypes  of r e a c t o r s  i t  u t i l i z e d ,  t h a t  i s ,  whether o r  n o t  t hey  were n e t  f i s s i l e  consumers 
( the rma l  r e a c t o r s )  o r  n e t  f i s s i l e  producers ( f a s t  r e a c t o r s ) .  The g r e a t e r  t h e  f r a c t i o n  o f  

f a s t  r e a c t o r s ,  t h e  g r e a t e r  t h e  growth p o t e n t i a l .  I n  a d d i t i o n ,  however, t h e  growth p o t e n t i a l  
would be i n t i m a t e l y  t i e d  w i t h  t h e  r a t i o  of power produced o u t s i d e  t h e  c e n t e r  t o  t h e  power 
produced i n s i d e  t h e  cen te r ,  which i s  d e f i n e d  as t h e  "energy suppor t  r a t i o . "  

A l though any number o f  r e a c t o r  mixes can be env is ioned,  t h r e e  g e n e r i c  types o f  

s y m b i o t i c  systems a r e  i l l u s t r a t i v e  o f  t h e  i n t e r - r e l a t i o n s h i p  o f  t h e  system growth p o t e n t i a l  

and i t s  energy suppor t  r a t i o .  

r e a c t o r s  suppor ted  by energy-center  thermal  t ransmuters,  ( 2 )  d i spe rsed  thermal  r e a c t o r s  

suppor ted by energy-center  f a s t  t ransmuters,  and ( 3 )  d i spe rsed  f a s t  r e a c t o r s  suppor ted by  
energy-center  f a s t  t ransmuters.  System 1 would have no n e t  f i s s i l e  g a i n  and thus i t s  

growth p o t e n t i a l  would be i n h e r e n t l y  n e g a t i v e  and i t 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  would 

decay as a f u n c t i o n  o f  t ime.  System 2 would have a p o t e n t i a l  f o r  growth because i t  i n c l u d e s  

f a s t  r e a c t o r s ;  however, a t radeo f f  between t h e  suppor t  r a t i o  and t h e  growth r a t e  c l e a r l y  

would e x i s t  f o r  t h i s  system s i n c e  maximiz ing t h e  suppor t  r a t i o  would mean t h a t  t h e  thermal  

r e a c t o r s  would comprise t h e  ma jo r  f r a c t i o n  o f  t h e  system and t h e  growth r a t e  would be 

d e t r i m e n t a l l y  a f f e c t e d .  

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 .  

u t i l i z i n g  denatured 2 3 3 U  f u e l  would be h i g h l y  dependent n o t  o n l y  on t h e  power demand b u t  
a l s o  on t h e  l o c a t i o n s  where t h e  power i s  t o  be d e l i v e r e d .  

The g e n e r i c  systems can be desc r ibed  as ( 1 )  d i spe rsed  thermal  

System 3 would p r o v i d e  much 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 -  

Thus t h e  des ign  o f  a power system 

3.5. Conclus ions 

The p reced ing  d i s c u s s i o n  can be summarized by t h e  f o l l o w i n g :  

Denatured 2 3 3 U  f u e l  would be used i n i t i a l l y  i n  LWRs and subsequent ly  

c o u l d  be i n t r o d u c e d  i n t o  advanced c o n v e r t e r  r e a c t o r s  (ACRs). Reactor 
types p r i m a r i l y  be ing  cons ide red  f o r  development as ACRs a r e  HTGRs, 

CANDUs, and SSCRs. FBRs m i g h t  a l s o  be adapted f o r  use w i t h  denatured 

233U f u e l .  

Reactors  o p e r a t i n g  on denatured 233U f u e l  would be unable t o  s u s t a i n  

themselves and thus  would r e q l l i r t  an exogenous source o f  233U.  

most l i k e l y  dev ices f o r  233U p r o d u c t i o n  would be " t ransmute rs "  - 
r e a c t o r s  ( thermal  o r  f a s t )  t h a t  bu rn  p l u t o n i u m  t o  produce 233U i n  
f e r t i l e  232Th. 

be used t o  f u e l  t h e  t ransmuters.  

The 

The p l u t o n i u m  producnd i n  t h e  2 3 8 U  dena tu ran t  c o u l d  
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0 The denatured reac tors  and the  transmuters would operate  " in  
symbiosis," each producing the  fuel  needed by the o ther .  
mature system, no external  f i s s i l e  source would be required,  
although t o  reach this s tage  o ther  types of reac tors  might have 
t o  be added (e.g. c l a s s i ca l  breeders) .  

The  Pu-fueled reac tors  and o ther  components i n  the cyc le  lacking 
inherent  pro l i fe ra t ion- res i s tance  c h a r a c t e r i s t i c s  would be con- 
s t ra ined  to  a secure (guarded) energy center .  Other components - 
p a r t i c u l a r l y  the  reac tors  operat ing on denatured 2 3 3 U  fuel  - would 
be dispersed outs ide  the  energy center  t o  loca t ions  where they were 
needed. 

The symbiotic nature  of the  denatured 2 3 3 U  fuel  cycle  would 
mandate a t radeoff  ana lys i s  of growth poten t ia l  versus energy 
support  r a t i o  ( r a t i o  of power produced outs ide  the  energy 
center  t o  the  power produced in s ide  the  cen te r ) .  
thermal/thermal systems (thermal reac tors  ins ide  center/thermal 
reac tors  ou ts ide  cen te r )  , the  growth poten t ia l  would be 
negative.  Fast/thermal systems would permit some of the net 
f i s s i l e  gain ( i . e . ,  growth po ten t i a l )  o f  t he  f a s t  reac tors  t o  
be s a c r i f i c e d  f o r  a higher energy support  r a t io .  
systems would provide the highest  growth po ten t i a l .  

In a 

0 

0 

For 

F a s t / f a s t  
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4.0. IMPACT OF ALTERNATE FUELS ON REACTOR PERFORMANCE 

The denatured 233U f u e l  c y c l e  has been desc r ibed  as a s y m b i o t i c  system of r e a c t o r s  

o p e r a t i n g  on seve ra l  types o f  f u e l s  - w h i c h  may o r  may n o t  i n c l u d e  t h e  f u e l s  f o r  which t h e  

r e a c t o r s  were o r i g i n a l l y  conceived. 
ope ra te  on i t s  own r e f e r e n c e  f u e l ,  i t  can be assumed t h a t  most types would n o t  pe r fo rm 

e q u a l l y  w e l l  on " a l t e r n a t e "  f u e l s .  As a r e s u l t ,  t o  produce t h e  same amount o f  power, a 

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  p robab ly  would r e q u i r e  an i nc reased  f i s s i l e  charge, 

which i n  t u r n  would r e q u i r e  i nc reased  U308 o r e  and s e p a r a t i v e  work* (enr ichment)  u n i t s ,  

e i t h e r  d i r e c t l y  f o r  i t s  own f u e l  o r  i n d i r e c t l y  t o  supp ly  a s u p p o r t i n g  system. 

requi rements a r e  e x c e s s i v e l y  h igh ,  then, o f  course, t h e  use o f  t h a t  r e a c t o r - f u e l  combinat ion 

i n  t h e  denatured f u e l  c y c l e  must be d iscounted.  

S ince each r e a c t o r  t y p e  i s  s p e c i f i c a l l y  designed t o  

I f  t h e  

Presumably t h e  redes ign  of a r e a c t o r  would improve i t s  performance on an a l t e r n a t e  

fue l ,  b u t  redes ign  w i t h o u t  some p r e l i m i n a r y  i n d i c a t i o n  o f  t h e  f e a s i b i l i t y  o f  a p a r t i c u l a r  

r e a c t o r - f u e l  combinat ion would be un rea l  i s t i c .  

o f  an a l t e r n a t e  f u e l  on t h e  performance o f  a r e a c t o r  a r e  made by pe r fo rm ing  "mass f l o w "  

c a l c u l a t i o n s  f o r  t h e  as-designed r e a c t o r  o p e r a t i n g  on t h a t  f u e l .  

terms o f  f i s s i l e  f u e l  charges and d ischarges,  t h e  U30, and enr ichment  requi rements,  conver-  

s i o n  ( o r  b reed ing )  r a t i o s ,  e t c .  P r i o r  t o  t h e  i n i t i a t i o n  o f  t h i s  s tudy ,  such c a l c u l a t i o n s  

were a l r e a d y  be ing  performed by v a r i o u s  o r g a n i z a t i o n s ,  and p e r t i n e n t  r e s u l t s  f o r  r e a c t o r -  

f u e l  combinat ions o f  i n t e r e s t  t o  t h e  denatured 2 3 3 U  f u e l  c y c l e  were c o l l e c t e d  f o r  t h i s  

s tudy.  

p o s t u l a t e d  "denatured power systems" i s  desc r ibed  below. 

Therefore,  f i r s t  es t ima tes  o f  t h e  impact  

The r e s u l t s  a r e  g i v e n  i n  

The r a t i o n a l e  whereby s p e c i f i c  combinat ions were then  s e l e c t e d  as components f o r  

4.1. A1 t e r n a t e  Fuel  Types Considered 

I n  examining t h e  performance o f  r e a c t o r s  o p e r a t i n g  on a l t e r n a t e  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 gener i c  f u e l  c y c l e  types: those i n  which t h e  spent  f u e l  i s  
reprocessed c o n c u r r e n t l y  ( t h a t  i s ,  reeyeZe s y s t e m s )  and those i n  which t h e  spent  f u e l  i s  

n o t  reprocessed c o n c u r r e n t l y  (once-through systems). 

A l l  once-through systems must, o f  course, u t i l i z e  t h e  resource  base s i n c e  235U i s  t h e  

o n l y  n a t u r a l l y  o c c u r r i n g  f i s s i l e  i s o t o p e  and thus t h e  o n l y  f i s s i l e  i s o t o p e  a v a i l a b l e  w i t h -  
o u t  reprocess ing.  

uranium) used i n  LWRs. 
used i n  HWR-CANDUs and an SEU c y c l e  ( s l i g h t l y  e n r i c h e d  uranium) proposed f o r  t h e  advanced 

CANDU. 

The most well-known once-through c y c l e  i s  t h e  LEU c y c l e  ( l ow  e n r i c h e d  

V a r i a t i o n s  o f  t h i s  c y c l e  a r e  t h e  na tu ra l -u ran ium c y c l e  c u r r e n t l y  

Another  p o s s i b l e  once-through c y c l e  i s  t h e  MEU(235)/Th cyc le ,  sometimes r e f e r r e d  t o  

as t h e  "denatured 235U' '  c y c l e  because t h e  f u e l  composi t ion i s  analogous t o  t h a t  o f  

denatured 2 3 3 U  f u e l  [ i . e . ,  MEU(233)/Th f u e l ] .  As w i l l  be shown below, however, i t  p robab ly  

would n o t  be economic t o  i n t r o d u c e  MEU(235)/Th f u e l  i n t o  r e a c t o r s  un less  t h e  f u e l  Cyc le was 

assumed t o  be i n  a s t o w a w a y  mode - t h a t  i s ,  un less  i t  was planned t o  recove r  the  2 3 3 U  

* 
Separa t i ve  work u n i t s  (SWUs) a r e  d imension less and a r e  used t o  show t h e  r e l a t i v e  amounts 
of e f f o r t  r e q u i r e d  t o  e n r i c h  v a r i o u s  f u e l s .  
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produced i n  t h e  spent  f u e l  a t  some l a t e r  date,  i n  which case subsequent ( b u t  n o t  Concurrent )  
rep rocess ing  would occur .  

do n o t  i n c l u d e  p lans  f o r  r e c o v e r i n g  t h e  unburned uranium ( 2 3 5 U  o r  2 3 3 U )  o r  p lu ton ium.  

By c o n t r a s t ,  once-through c y c l e s  o p e r a t i n g  on a throwaway mode 

Because t h e  denatured 2 3 3 U  f u e l  c y c l e  mandates t h e  r e c o v e r y  and r e c y c l i n g  o f  t h e  233U,  
i t  cannot  be used i n  a once-through mode. 
which t h e  p r i m a r y  f u e l ,  o r  even t h e  " t o p p i n g "  f u e l ,  i s  p lu ton ium.  

p l u t o n i u m  i s  used i n  a r e a c t o r  - thermal o r  f a s t  - t h e  system i s  a r e c y c l e  system. 

s i n c e  p l u t o n i u m  i s  t h e  o n l y  f u e l  s e r i o u s l y  considered f o r  f a s t  r e a c t o r s  ( a l t h o u g h  denatured 
233U m i g h t  a l s o  be used), a l l  f a s t - r e a c t o r  systems a r e  r e c y c l e  systems. 

course, t h a t  a l l  once-through systems a r e  thermal  systems, 

N e i t h e r ,  o f  course, can any o f  t h e  c y c l e s  i n  

And 
Thus, whenever 2 3 3 U  o r  

I t  f o l l o w s ,  o f  

When f u e l s  a r e  b e i n g  considered f o r  use i n  p r o l i f e r a t i o n - r e s i s t a n t  power systems 

based on secure energy cen te rs ,  they must a l s o  be c l a s s i f i e d  as dispersible o r  energy- 

center-constrained, t h e  d i s p e r s i b l e  f u e l s  b e i n g  those t h a t  have i n h e r e n t  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 .  D i s p e r s i b l e  f u e l s  would i n c l u d e  a l l  f u e l s  i n  which t h e  2 3 5 U  
enr ichment  i s  ma in ta ined  below t h e  20% l i m i t  o r  t h e  2 3 3 U  enr ichment  i s  ma in ta ined  below 

t h e  12% l i m i t .  

uranium would a l l  be d i s p e r s i b l e  fue l s .  
o r  2 3 3 U  o r  p l u t o n i u m  would be energy -cen te r -cons t ra ined  f u e l s ,  e.g., t h e  HEU(235)/Th and 

HEU(233)/Th f u e l s  and t h e  Pu/U and Pu/Th f u e l s .  
apparent  t h a t  t h e  energy suppor t  r a t i o  o f  a power system, which has been d e f i n e d  as t h e  
r a t i o  o f  t h e  power produced o u t s i d e  t h e  c e n t e r  t o  t h e  power produced i n s i d e  t h e  cen te r ,  i s  

e q u i v a l e n t  t o  t h e  r a t i o  o f  t h e  power produced b y  r e a c t o r s  o p e r a t i n g  on d i s p e r s i b l e  f u e l s  t o  

t h e  power produced by r e a c t o r s  o p e r a t i n g  on energy -cen te r -cons t ra ined  f u e l s .  

LEU f u e l ,  t h e  FIEU(235)/Th and MEU(233)/Th fue l s ,  SEU fue l  and n a t u r a l  

Conversely, f u e l s  c o n t a i n i n g  h i g h l y  e n r i c h e d  235U 

Viewed f rom t h i s  pe rspec t i ve ,  i t  i s  

4.2. Reactor  Designs C a l c u l a t e d  

The thermal  r e a c t o r s  f o r  which mass f l ow  c a l c u l a t i o n s  were c o l l e c t e d  i n c l u d e  t h e  LWRs 
( b o t h  PWRs and BWRs), t h e  t h r e e  types o f  r e a c t o r s  under p r i m a r y  c o n s i d e r a t i o n  as advanced 

c o n v e r t e r s  (HTGRs, HWRs, and SSCRs), and a gas-cooled r e a c t o r  i d e n t i f i e d  as t h e  Pebble Bed 

Reactor  (PBR). The f a s t  r e a c t o r s  a r e  t h e  s tandard  LMFBR w i t h  i t s  homogeneous core,  p l u s  
an "advanced" LMFBR i n  which some b l a n k e t  assemblies a r e  i n t e r m i x e d  w i t h  f u e l  assembl ies 

(heterogeneous co re ) .  

I n  each case t h e  r e a c t o r  des ign  used f o r  t h e  a n a l y s i s  was a c u r r e n t  des ign  o p t i m i z e d  

f o r  t h e  r e a c t o r ' s  reference f u e l  , and thus  r e a c t o r  performance improvements t h a t  c o u l d  

r e s u l t  f r o m  redes ign  t o  accommodate t h e  a l t e r n a t e  f u e l s  a r e  n o t  r e f l e c t e d .  The assumptions 
i n c l u d e d  a 75% p l a n t  c a p a c i t y  f a c t o r ,  a 0.2 w t . %  235U c o n t e n t  i n  t h e  uranium t a i l s ,  a 0.5% 
l o s s  i n  t h e  convers ion  process (U308 -f UFG), a 1% l o s s  i n  t h e  f u e l  f a b r i c a t i o n  process, a 1% 
l o s s  i n  reprocess ing,  and no c r e d i t  f o r  t h e  e n d - o f - l i f e  f i s s i l e  i n v e n t o r y .  

L igh t -Wate r  Reactors  (PWRs and BWRs) 

The analyses f o r  PWRs were based on t h e  Combustion Eng ineer ing  System 80TM des ign  f o r  
a 3800-MWt (1300-MWe) r e a c t o r ,  and most o f  t h e  c a l c u l a t i o n s  were per formed by  Combustion 
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Engineer ing,  w i t h  a few a d d i t i o n a l  r e s u l t s  p r o v i d e d  by ORNL. The analyses f o r  BWR-type 
LWRs were per formed by General E l e c t r i c  and i n c l u d e d  c a l c u l a t i o n s  f o r  "mixed l a t t i c e s "  i n  
which MEU/Th p i n s  (and a l s o  Tho2 p i n s )  were i n t r o d u c e d  w i t h i n  o n l y  a few o f  t h e  LEU f u e l  

assemblies r a t h e r  than  th roughou t  t h e  core.* (Note: 
cons ide red  l a t e r ,  o n l y  t h e  PWR was used.) 

I n  t h e  "denatured power systems" 

S p e c t r a l  - S h i f t - C o n t r o l  1 ed Reactors  (SSCRs) 

and s i n c e  t h e  SSCR des ign  i s  based on a PWR, t h e  CE PWR System 80TM des ign  was again used. 

The advantage o f  t h e  SSCR i s  t h a t  t h e  heavy wa te r  used f o r  l ong - te rm r e a c t i v i t y  c o n t r o l  
s h i f t s  t h e  neu t ron  spectrum t o  h i g h e r  ene rg ies  a t  which they  a r e  p r e f e r e n t i a l l y  absorbed 

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

i n c r e a s e  i n  t h e  amount o f  f i s s i l e  m a t e r i a l  b r e d  b y  t h e  r e a c t o r .  

The mass f l o w  c a l c u l a t i o n s  f o r  SSCRs were a l s o  per formed by Combustion Engineer ing,  

Thus t h e  l o s s  o f  neutrons t o  po isons i s  decreased w i t h  a concomi tant  

Heavy-Water Reactors (HWRs) 

The f u e l  requi rements f o r  HWR-CANDUs were c a l c u l a t e d  by Argonne N a t i o n a l  Laboratory .  

A c u r r e n t - g e n e r a t i o n  1200-MWe CANDU des ign  was assumed f o r  a l l  cases excep t  t h e  n a t u r a l -  

uranium f u e l  case, f o r  which an o l d e r  des ign r a t e d  a t  app rox ima te l y  600 MWe was used. 

The CANDU u t i l i z e s  D20 as moderator  and c o o l a n t  i n  separa te  c l o s e d  systems. I t  has a f u e l  

management scheme which a l l o w s  o n - l i n e  

e f f i c i e n t  use o f  t h e  f u e l  by  r e q u i r i n g  

a b s o r p t i o n  i n  f i s s i o n  p roduc ts  d u r i n g  

Gas-Cooled Reactors (HTGRs and PBRs) 

The f u e l - u t i  1 i z a t i o n  c h a r a c t e r i s t  

r e f u e l i n g  t h a t  min imizes downtime and promotes 

l e s s  excess f u e l  t o  o f f s e t  " p a r a s i t i c "  neu t ron  

ong-term opera t i ons .  

cs o f  HTGRs were c a l c u l a t e d  by  General Atomic, w i t  

some v e r i f i c a t i o n  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. The assumed design was a 3360-MWt 

1 

3 (1344-MWe) r e a c t o r  w i t h  a c o r e  power d e n s i t y  o f  7.1 Wt/cm . 
des ign  concept  was developed i n  West Germany and i s  rep resen ted  by t h e  46-MWt Arbei tgemein-  

s h a f t  Versuch Reacktor  (AVR),  were per formed by a phys i cs  des ign  group a t  KFA J u l i c h ,  West 
Germany. 

d e n s i t y  o f  5 MW/m . 

The analyses f o r  t h e  PBR, which 

The des ign  was assumed t o  be a 3000-MWt (1000-MWe) r e a c t o r  hav ing  a c o r e  power 
3 

U n l i k e  any o f  t h e  o t h e r  reac to rs ,  t h e  HTGR and PBR u t i l i z e  a thorium-based r e f e r e n c e  

f u e l  - c u r r e n t l y  a m i x t u r e  o f  h i g h l y  e n r i c h e d  uranium and t h o r i u m  [i.e., HEU(235)/Th f u e l  
wh ich  w i th  r e c y c l e  becomes HEU(233)/Th]; however, some c o n s i d e r a t i o n  i s  b e i n g  g i v e n  t o  

c o n v e r t i n g  t h e i r  des igns t o  MEU/Th f u e l .  

t h e  PBR i s  t h a t  i n  t h e  HTGR prismatic f u e l  elements a r e  loaded i n t o  a g r a p h i t e  b l o c k  whereas 

The p r i n c i p a l  d i f f e r e n c e  between t h e  HTGR and 

*Concurrent w i t h  t h i s  study, i n v e s t i g a t i o n s  were made as p a r t  o f  NASAP ( 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  Systems Assessment Program) t o  de te rm ine  how much improvements i n  des ign and 
o p e r a t i n g  s t r a t e g i e s  would i n c r e a s e  in s i tu  u t i l i z a t i o n  o f  b red  f u e l  i n  LWRs o p e r a t i n g  on 
t h e  once-through cyc le .  Whi le  such improvements were n o t  cons ide red  as an i n t e g r a l  p a r t  
of t h i s  s tudy,  a b r i e f  c a l c u l a t i o n  o f  t h e  e f f e c t s  o f  an assumed 30% improvement i n  U3O8 
u t i l i z a t i o n  i s  d iscussed i n  Appendix A. 
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in  the  PBR small spherical  elements of f i s s i l e  and f e r t i l e  mater ia l  a r e  introduced in to  a 
spherical  core.  
w i t h  spent fuel elements being removed from the  bottom of the  core.  (Note: In the  
"denatured power systems" considered l a t e r ,  only the  HTGR i s  used.)  

An important f ea tu re  of t h e  PBR design i s  t h a t  i t  allows on-l ine re fue l ing  

L i q u i  d-Metal Fast  Breeder Reactors (LMFBRs) 

Preliminary analyses o f  the impact of a l t e r n a t e  fue l s  on LMFBRs were performed by 
Argonne National Laboratory, Hanford Engineering Development Laboratory, and Oak Ridge 
National Laboratory. Although d i f f e r ing  i n  d e t a i l  , each group se lec ted  a s  a reference 
design the "c l a s s i ca l "  LMFBR cons is t ing  of a Pu/U-oxide-fueled core surrounded by ax ia l  
and rad ia l  blankets of f e r t i l e  238U. 
t i l e  combinations were calculated by replacing the  reference core and blanket  mater ia l s  
w i t h  appropriate  a l t e r n a t e  mater ia l s .  
t o  account f o r  the  d i f f e ren t  thermophysical p roper t ies  of the  a l t e r n a t e  mater ia l s .  

The performance parameters of a l t e r n a t e  f i s s i l e / f e r -  

No attempt was made t o  optimize any o f  the designs 

In addi t ion t o  the  ca lcu la t ions  f o r  these  "homogeneous" LMFBRs (homogeneous cores)  , 
ca lcu la t ions  were car r ied  out  a t  ORNL t o  determine the  e f f e c t  of intermixing fuel  and 
blanket assemblies within the  core. 
"heterogeneous" LMFBR. 
could be compared d i r e c t l y ,  only the  ORNL-calculated fuel  u t i l i z a t i o n  and production data  
a re  included i n  this summary. In both s e t s  of c a l c u l a t i o n s ,  an oxide-based 1200-MWe plan t  
was assumed, and the heterogeneity was accomplished by using a l t e r n a t i n g  concentr ic  f i s s i l e  
and f e r t i l e  annuli in  the  core model. 

This r e a c t o r  model i s  commonly re fer red  t o  as  the  
So t h a t  the  r e s u l t s  f o r  the homogeneous and heterogeneous LMFBRs 

4.3. Comparisons of Various Reactor-Fuel Combinations 

Thermal Reactors 
As discussed above, thermal reac tors  may operate  on a once-through cycle  o r  i n  a 

recycle  mode. The once-through cycle ,  i n  t u r n ,  may be a throwaway cycle  o r  a stowaway 
cycle ,  the  economic f e a s i b i l i t y  o f  some fuels e x i s t i n g  only with the  l a t t e r .  Table 4.1 
shows, f o r  example, t h a t  of t he  thermal reac tors  operat ing on once-through throwaway 

cycles ,  t he  HWR-CANDU u t i l i z i n g  SEU fuel  would requi re  the smal les t  U308 resource commit- 
ment. 
on natural  uranium f u e l ,  w i t h  the  HWR requir ing l i t t l e  o r  no separa t ive  work. 

Ranking next would be the  HTGR and PBR on L E U  o r  MEU(235)/Th fuel  and the HWR-CANDU 

S i g n i f i c a n t l y ,  neither the HTGR nor the PBR requi res  a higher U308 commitment f o r  the 
MEU(235)/Th once-through cycle  than f o r  the LEU case.  This is  pr imari ly  due t o  a high 
burnup design which allows most of the 2 3 3 U  produced by these reac tors  t o  be burned in 
s i t u  and cont r ibu tes  s i g n i f i c a n t l y  t o  both the power and the conversion r a t i o .  
design of the PBR would a l so  permit recycle  of t he  f e r t i l e  elements without intervening 
reprocessing and t h u s  would fu r the r  reduce the  ore  (and SWU) requirements f o r  t he  
MEU (235)/Th cycle .  

The unique 
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Tab le  4.1. 30-Year U308 and Separa t i ve  Work Requirements o f  Thermal Reactors  
Opera t i ng  on Resource-Based Fue ls  

u3°8 Separa t i ve  Work 
Reactor /Fuel  (ST/GWe) ( i o 3  kg SWU/GWe) 

Once-Through LEU Fuels  

HWR-CANDU/Nat. U 4,688 
HWR-CANDU/SEU 3,563 

PBR-LEU 4,500 

HTGR/LEU(C/U = 400) 4,594 

HTGR/LEU(C/U = 350) 4,860 

SSCR/LEU 5,320 

PWR/LEU 5,989 

BW R/L EU 6,051 

Once-Through MEU(235)/Th Fuels  

HWR-CANDU/MEU( 235)/Th 8 , 281 

PBR/MEU(235)/Th 4,184b 

PBR/HEU( 235)/Th 4,007b 

HTGR/MEU( 235)/Th (C/Th = 650) 4,515 

SSCR/MEU( 235)/Th 7,920' 

PWR/MEU(235)/Th 8,360 

BWR/MEU(235)/Th 8,680 

HTGR/HEU(235)/Th 4,395 

Recycle Fuel s 

HWR-CANDU/MEU(235)/Th w i t h  U r e c y c l e  1,640 

HTGR/MEU(235)/Th w i t h  2 3 3 U  r e c y c l e  3,666 

HTGR/HEU(235)/Th w i t h  U r e c y c l e  2,280 

SSCR/MEU(235)/Th w i t h  U r e c y c l e  3,220 

PWR/LEU w i t h  U + Pu r e c y c l e  4,089 

PWR/LEU w i t h  U r e c y c l e  4,946 
PWR/MEU(235)/Th w i t h  U r e c y c l e  4,090 

BWR/LEU w i t h  U + Pu r e c y c l e  3,869 

0 
922 

- 
3,629 

3,781 

3,010 

3,555 

3,490 

7,521' 
- 
- 

4,143 

4,387 

7,160' 
7,595 

7,763 

2,000 
3,361 

2,278 

3,077 

2,690 

3,452 
3,632 

1,980 

aEst imated f rom o t h e r  da ta  p r o v i d e d  on t h i s  r e a c t o r .  

bDoes n o t  c o n s i d e r  p o s s i b l 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  
reprocess ing.  

Ranking a f t e r  t h e  gas-cooled r e a c t o r s  and t h e  HWR a r e  t h e  SSCR and LWRs on LEU f u e l .  

I f ,  on t h e  o t h e r  hand, t h e  once-through c y c l e  were viewed 

The LWRs and t h e  HWR-CANDU c o u l d  n o t  compete economica l l y  u s i n g  MEU(235)/Th f u e l  on t h e  

once-through throwaway cyc le .  

as a stowaway cyc le ,  i n  which case t h e  f i s s i l e  c o n t e n t  o f  t h e  spent  f u e l  elements would 

be expected t o  be recovered a t  some f u t u r e  date, and e s p e c i a l l y  i f  a s t o c k p i l e  o f  2 3 3 U  
f 

and/or  Pu were known t o  be r e q u i r e d  e v e n t u a l l y ,  t hen  t h e  r a n k i n g  o f  t h e  r e a c t o r s  would 
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change. 

f u e l  because of t h e i r  h i g h  2 3 3 U  p r o d u c t i o n  (see Table 4.2). 
t h i r d  of t h e  235U charge i n  each o f  t hese  r e a c t o r s  would be recoverable.  

recove ry  a t  some f u t u r e  da te  were a n t i c i p a t e d .  

I n  t h i s  case, t h e  PWR and t h e  HWR would be t h e  p r e f e r r e d  r e a c t o r s  f o r  MEU(235)/Th 

Moreover, app rox ima te l y  one- 
S i m i l a r l y ,  t h e  

PWR and HWR, t o g e t h e r  w i t h  t h e  SSCR, would rank  h i g h e s t  on t h e  LEU stowaway c y c l e  i f  Pu f 

I t  i s  t o  be remembered, however, t h a t  t h e  spent  f u e l  i n v e n t o r y  i s  recove rab le  o n l y  

when t h e  spent  f u e l  i s  reprocessed, whereas t h e  U3O8 commitment i s  necessary th roughou t  

t h e  o p e r a t i n g  l i f e t i m e  o f  t h e  r e a c t o r .  
i s  used, t h e  expected f u t u r e  va lue  o f  t h e  recove rab le  f u e l  must o f f s e t  t h e  a d d i t i o n a l  cos ts  

assoc ia ted  w i t h  u s i n g  i n c r e a s i n g  amounts of t h e  resource  base. 

Thus, on an economic bas i s ,  when MEU(235)/Th f u e l  

Another  aspec t  t o  cons ide r  i n  t h e  stowaway c y c l e  i s  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  o f  
t h e  s t o r e d  spent  f u e l .  

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  2 3 8 U )  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 .  

c y c l e  i n  p l a c e  of t h e  LEU c y c l e  s h a r p l y  reduces t h e  amount o f  p l u t o n i u m  produced (by 60-80%, 

depending on r e a c t o r  t ype ) ,  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.  

On t h e  MEU(235)/Th c y c l e  t h e  HIIR-CANDU a l s o  i s  a low p l u t o n i u m  producer, 

Fo r  b o t h  t h e  LEU and t h e  MEU/Th once-through f u e l  cyc les ,  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  
Table 4.2 shows t h a t  employing t h e  MEU/Th 

Table 4.2. Est imated 30-Year F i s s i l e  Fuel  U t i l i z a t i o n  and Produc t i on  
o f  Thermal Reactors Opera t i ng  on Once-Through Cyclesa 

23511 F i s s i l e  Discharge (MT/GWe) Net  F i s s i l e  
Con sump t i on 

(MT/GWe) 
Charge 

(MT/GIJe) 23511 2 3 3 u  Puf T o t a l  Reactor  

H W R ~  

PBR' 
HTGR 

SSCR 

PWR 

HWR 

PBR' 
HTGR 

PWR 

17.5 

18.1 
19.5 

22.3 
24.7 

32.6 

16.6 
18.0 

33.8 

1.77 

2.79 
3.25 

5.46 
6.45 

10.08 
1.17 

1.35 

11.52 

LEU Fuel 
- 5.49 

- 1.89 
- 2.16 

- 5.88 
- 5.22 

MEU(235)/Th Fuel 

14.28 0.75 
2.73 0.42 

2.31 0.69 

7.80 2.13 

7.3 

4.7 
5.4 

11.3 

11.7 

25.1 

4.3 

4.4 

21.4 

10.2 

13.4 
14.1 

11.0 
13.0 

7.5 
12.3 
13.6 

12.4 

% a l c u l a t e d  as i n i t i a l  charge f o r  f i r s t  y e a r  p l u s  annual charge f o r  e q u i l i b r i u m  c o r e  

~ S E U  f u e l .  

t imes  29 years,  

Values f o r  PBR es t ima ted  f rom e q u i l i b r i u m  c y c l e .  c 
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The p i c t u r e  f o r  MEU(235)/Th f u e l  changes aga in  i f  t h e  recove ry  o f  t h e  spent  f u e l  

f i s s i l e  m a t e r i a l  i s  per formed c o n c u r r e n t l y  w i t h  t h e  r e a c t o r  o p e r a t i o n  - t h a t  i s ,  i f  rep ro -  
cess ing  i s  p e r m i t t e d  and t h e  recovered f i s s i l e  m a t e r i a l  i s  r e c y c l e d  i n  t h e  r e a c t o r s  d u r i n g  
t h e i r  l i f e t i m e s .  Tab le  4.1 shows t h a t  f o r  MEU(235)/Th f u e l  w i t h  2 3 3 U  r e c y c l e ,  t h e  demands 

f o r  U308 and s e p a r a t i v e  work u n i t s  a r e  g r e a t l y  reduced f o r  reasons apparent  i n  Table 4.3. 
W i th  2 3 3 U  b e i n g  r e c y c l e d  i n  t h e  r e a c t o r s ,  s u b s t a n t i a l l y  l e s s  2 3 5 U  charge i s  r e q u i r e d  - 
approx ima te l y  30% l e s s  f o r  t h e  PWR and t h e  HTGR and approx ima te l y  70% l e s s  f o r  t h e  HWR. 
I n  most cases t h e  n e t  consumption o f  f i s s i l e  m a t e r i a l  i s  a l s o  reduced. 

as p o i n t e d  o u t  e a r l i e r ,  2 3 3 U  i s  a more e f f i c i e n t  f u e l  f o r  thermal  r e a c t o r s  than  235U. 

T h i s  i s  because, 

The g r e a t e r  e f f i c i e n c y  o f  2 3 3 U  f u e l  i s  p a r t i c u l a r l y  obv ious when t h e  f i s s i l e  f u e l  r e -  
qu i rements of a g i v e n  thermal  r e a c t o r  o p e r a t i n g  on MEU(235)/Th f u e l  w i t h  233U r e c y c l e  a r e  

compared w i t h  those of t h e  same r e a c t o r  o p e r a t i n g  on MEU(233)/Th f u e l  w i t h  2 3 3 U  r e c y c l e  

( t h a t  i s ,  t h e  denatured 2 3 3 U  c y c l e ) .  As shown i n  Table 4.4, on MEU(233)/Th f u e l  t h e  n e t  

Tab le  4.3. 
r o f  Thermal Reactors  Opera t i ng  on MEU(235)/Th Fue ls  w i t h  U Recyc lea 

Est imated 30-Year F i s s i l e  Fuel U t i l i z a t i o n  and Produc t i qn  

~~~ 

235U Charge F i s s i l e  Discharge (MT/GWe) Net 2 3 5 U  

Reactor  (MT/GWe) Consumption 
2 . 3 5 ~  Puf (MT/GWe) 

HWR 9.4 3.0 0.9 6.4 

H T G R ~  20.7 1.9 0.8 18.8 

SSCR 19.9 6.8 1.9 13.1 

PWR 22.4 8.4 1.9 14.0 
~~~~~ ~~ ~ 

C a l c u l a t e d  as i n i t i a l  charge f o r  f i r s t  y e a r  p l u s  annual charge f o r  e q u i l i b r i u m  a 

c o r e  t imes  29 years.  

bData f o r  HTGRs deduced f rom Table 6, l-3 o f  main r e p o r t .  

Tab le  4.4. Est imated 30-Year F i s s i l e  Fuel U t i l i z a t i o n  and Produc t i on  
of Thermal Reactors  Opera t i ng  on MEU(233)/Th Fue lsa  w i t h  U Recycleb 

F i  s s i  1 e Discharge (kg/GWe) Net 2 3 3 U  
Consumption 

(MT/GWe) f 2 3 3 U  Charge 
Reactor  ( MT/GWe ) 2 . 3 3 ~  Pu 

HTGR' 12.3 3.3 0.8 9.0 

SSCR 21.5 13.5 2.2 8.0 

PWR 23.4 13.4 1.9 10.0 

a 

bCa lcu la ted  as i n i t i a l  charge f o r  f i r s t  y e a r  p l u s  annual charge f o r  e q u i l i b r i u m  

HWR 25.7 21.9 1 .o 3.8 

Denatured 233U f u e l .  

c o r e  t imes  29 years.  

Data f o r  HTGRs deduced f r o m  Table 6.1-3 o f  main r e p o r t .  c 
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f i s s i l e  fuel  requirements of a given reac tor  a r e  considerably reduced over those f o r  the  
same reac tor  on MEU(235)/Th f u e l .  
required f o r  the  MEU(235)/Th cycle  can be obtained from the resource base,  the  2 3 3 U  required 
f o r  the  MEU(233)/Th cycle  cannot. 
produces i t s e l f  must be "manufactured" by another r eac to r ,  and the  manufacturing process 
wi l l  make demands on the resource base - i nd i r ec t ly  i f  not d i r e c t l y  - un t i l  such time as 
a se l f - sus ta in ing  symbiotic system of reac tors  has evolved. 

I t  i s  t o  be re-emphasized, however, t h a t  while the 2 3 5 U  

Thus any 2 3 3 U  required by a reac tor  in  excess of what i t  

P s  discussed previously,  on2 possible  technique f o r  manufacturing 233U i s  t o  use 
thermal transmuters t h a t  operate  on plutonium and produce 2 3 3 U  v ia  neutron absorption i n  
t he  thorium included in  t h e i r  cores.  
on Pu /Th  fuel (Table 4.5) ind ica tes  t h a t  t he  HWR would be more e f f i c i e n t  i n  t h i s  r o l e  than 
e i t h e r  t he  PWR o r  t he  SSCR. In a l l  cases ,  of course,  t he  reac tors  would u t i l i z e  more 
f i s s i l e  fuel  than they would produce, which means t h a t  a power system cons is t ing  so le ly  of 
thermal transmuters and denatured thermal reac tors  would not be se l f - sus ta in ing .  This i s  
made more obvious by comparing Tables 4.4 and 4.5. 
over i t s  l i f e t ime  a PWR operating on denatured 2 3 3 U  [ t h a t  i s ,  on the MEU(233)/Th cycle]  
would requi re  s10 HT 2 3 3 U  per GWe, while Table 4.5 shows t h a t  the only thermal transmuter 
t h a t  could produce t h i s  amount would be the  HWR-CANDU. 
would require  approximately 19.9 MT of Pu  and none of t he  reac tors  operat ing on denatured 
2 3 3 U  even approach an adequate P u  production. 
not be an e f f i c i e n t  transmuter,  l a rge ly  because i t  consumes much of t he  2 3 3 U  i t  breeds 
in s i tu .  

A comparison o f  t he  various thermal reac tors  operat ing 

Table 4.4 shows, f o r  example, t h a t  

B u t  t he  HWR transmuter,  in  turn, 
f 

f Under i t s  cur ren t  design, the  HTGR would 

Table 4.5. Estimated 30-Year F i s s i l e  Fuel U t i l i z a t i o n  and Production o f  
Thermal Transmuters ( P u / T h  Fuel ) 

f F i s s i l e  Discharge (MT/GWe) Net Pu  
Consumption Transmutation f 

Reactor (MT/GWe) Pu 23311 (FIT/GWe 1 E f f i c i e ncya f P u  Charge 

H WR-c A N D U ~  26.9 1.0 11.8 19.9 0.59 
H T G R ~  19.1 3.8 2.8 15.3 0.18 
SSCR 47.9 23.4 8.2 24.5 0.33 
PWR 42.6 20.9 8.2 21.7 0.38 

aTons o f  plutonium "transmuted" in to  tons of 2 3 3 U .  
bBased on annual mass flow data  in  Table 6.1-3 of main repor t .  

Fast  Reactors 

The f a s t  reac tors  were considered a s  possible  candidates f o r  two ro l e s :  a s  power 
reac tors  operat ing on denatured 233U f u e l ;  and a s  transmuters burning plutonium t o  produce 
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2 3 3 U .  

233U/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, and 
t h e  t ransmute r  FBRs were analyzed b o t h  f o r  a 

a Pu/Th system i n  wh ich  t h e  t h o r i u m  was i n c l u d e d  b o t h  i n  t h e  co re  and i n  t h e  b l a n k e t .  

W i th  an LMFBR used as t h e  model, t h e  denatured FBRs were analyzed f o r  a range o f  

co re  d r i v i n g  a Tho, b l a n k e t  and f o r  

I n  denatured f a s t  r e a c t o r s  t h e  s p e c i f i e d  2 3 3 U / U  enr ichment  i s  a c r u c i a l  parameter. 

I n c r e a s i n g  t h e  a l l o w a b l e  enr ichment  o f  2 3 3 U  i n  U 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  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  t o  be more s e l f - s u f f i c i e n t  ( i . e . ,  reduces t h e  

r e q u i r e d  233U makeup). I n c r e a s i n g  t h e  2 3 3 U  enr ichment  a l s o  reduces t h e  amount o f  f i s s i l e  

p lu ton ium con ta ined  i n  the  d i scha rge  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 .  However, i n c r e a s i n g  t h e  233U 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  

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 r e s h  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 .  A t  a 1.2% enr ichment ,  which i s  t h e  l owes t  

enr ichment  f e a s i b l e  f o r  a denatured f a s t  system, t h e  o v e r a l l  b reed ing  r a t i o  i s  1.12, b u t  

t h e  b reed ing  r a t i o  f o r  233U i s  o n l y  0.41. 

q u i r e d .  

I f  t h e  enr ichment  i s  i nc reased  t o  20%, o r  p r e f e r a b l y  t o  40%, t h e  s e l f - s u f f i c i e n c y  o f  t h e  

system g r e a t l y  increases.  

duced i n s i d e  t h e  co re  ( t h a t  i s ,  i f  a heterogeneous c o r e  were employed). However, excep t  
f o r  t h e  12% case, a l l  these enr ichments exceed t h e  c r i t e r i o n  s e t  f o r  t h i s  s tudy.  On t h e  

o t h e r  hand, t h e  r a t i o  o f  2 3 3 U  produced t o  Pu produced i s  v e r y  s e n s i t i v e  t o  t h e  s p e c i f i e d  

degree o f  d e n a t u r i n g  i n  t h e  range o f  12-20% 233U/U.  

formance improvements may be p o s s i b l e  f o r  r e l a t i v e l y  sma l l  i nc reases  above t h e  12% l i m i t .  

O f  course, t h e  o v e r a l l  "breeding"  r a t i o  of t h e  denatured LMFBR w i l l  always be c o n s i d e r a b l y  
degraded below t h a t  f o r  t h e  r e f e r e n c e  P u / ~ ~ * U  c y c l e .  

These t r e n d s  a r e  apparent  i n  Table 4.6. 

Thus a s i g n i f i c a n t  amount o f  233U makeup i s  r e -  

S t i l l  t h e  system i s  a n e t  f i s s i l e  producer  because o f  t h e  p l u t o n i u m  i t  breeds. 

I t  would i nc rease  even more so if Th b l a n k e t  elements were i n t r o -  

f 

Th is  suggests t h a t  s i g n i f i c a n t  pe r -  

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 lu ton ium- fue led  t ransmute r  ( o r  breeder- t ransmuter) .  Moreover, i n  c o n t r a s t  t o  

Table 4.6. Denatured LMFBR M i d - E q u i l i b r i u m  Cycle 
"Breeding"  R a t i o  Components* 

~ 

2 3 3 ~  Pu O v e r a l l  Breeding 
Fuel' Component Component R a t i o  

233U(12%)/U 0.41 
233U(20%)/U/Th 0.70 

233U (40%)/U/Th 0.90 

( 1 OO%)/Th 1.02 

0.71 
0.39 

0.15 
- 

1.12 
1.09 

1.05 
1.02 

*A separate,  more r e c e n t  s tudy  [ 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  w i t h  des ign  m o d i f i c a t i o n s  
s u b s t a n t i a l  improvements i n  t h e  FER performance i s  p o s s i b l e .  

'For homogeneous cores; i.e. , no b l a n k e t  elements i n t r o d u c e d  i n s i d e  core. 
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the  thermal transmuters,  t h e  f a s t  reac tors  r e s u l t  i n  a net overa l l  f i s s i l e  mater ia l  gain.  
Table 4.7 shows t h a t  such reac tors  can have a net  f i s s i l e  production t h a t  i s  comparable 
to  t h a t  of c l a s s i ca l  f a s t  breeders,  both in  the  homogeneous-core configurat ion and in  the  
heterogeneous-core configurat ion ( t h e  l a t t e r  with in te rna l  blanket elements).  

In the  case of the  homogeneous-core breeder-transmuter,  t he  reac tor  both sus t a ins  
i t s e l f  (though only marginally) and produces 233U, i t s  overal l  "breeding" r a t i o  ( i . e . ,  net  
f i s s i l e  production per GWe) being approximately the  same as  t h a t  f o r  the  reference Pu/U 
cycle ,  When a homogeneous Pu /Th  core i s  used (next  t o  l a s t  en t ry  in  Table 4.7), the  2 3 3 U  

production increases  almost a f ac to r  o f  4 ,  b u t  t h i s  i s  achieved by the  " s a c r i f i c i a l "  con- 
sumption of plutonium. 
233U production and maximum t o t a l  f i s s i l e  production on homogeneous-core reac tors .  
ver t ing to  heterogeneous cores would increase the  net f i s s i l e  production, b u t  again the 
gain would be a t  t he  expense o f  an increased plutonium consumption. On  the o ther  hand, 
numerous advanced LMFBR concepts cur ren t ly  under study could s i g n i f i c a n t l y  impact the 
performance parameters of such systems. 

T h u s ,  these two reac tor  types represent  a t radeoff  between maximum 
Con- 

Table 4.7. Estimated 30-Year F i s s i l e  Fuel U t i l i z a t i o n  and Production of 
LMFBRs Operating on P u f  Fuel i n  Combination w i t h  2 3 8 U  and/or 232Th  

Fuel 

Net F i s s i l e  Production 
f (MT/GI.le) 

f 
2331) Total 

B 1 an ke ta Pu Charge 
(A/R/I) (MT/GWe) Pu  

Classical  Breeders 
Pu/U (Ref . )  u/u 24.1 + 5.6 

Pu/U u / u / u  35.2 +10.3 
0 
0 

+ 5.6 
+10.3 

Breeder-Transmuter 
Pu/U U/Th 24.1 + 0.9 +4.6 + 5.5 

Transmuters 

Pu/U U/Th/Th 37.5 - 7.1 16.1 + 9.0 

Pu/Th  Th /Th /Th  40.9 -16.7 24.0 + 7.3 

Pu/Th  Th /Th  27.6 -14.8 17.5 + 2.7 

aAxial/Radial/I_nternal - ( i f  any) .  
b E d i t o r ' s  Note: These comparisons of net f i s s i l e  production a r e  not meant t o  

imply t h a t  a heterogeneous LMFBR core design i s  super ior  t o  a homogeneous design 
s ince many o ther  f ac to r s  en te r  i n t o  the comparisons of the  overa l l  systems. 
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4.4, Conclus ions 

S ince  o p t i m i z 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  f o r  t h e  p a r t i c u l a r  f u e l s  considered was 

beyond t h e  scope o f  t h i s  study, t h e  r e s u l t s  p resen ted  above a r e  s u b j e c t  t o  seve ra l  uncer- 

t a i n t i e s .  
c y c l e s  on r e a c t o r  performance a r e  b e l i e v e d  t o  be v a l i d :  

Never the less,  c e r t a i n  genera l  conc lus ions  on t h e  impact  o f  t h e  v a r i o u s  f u e l  

For  once-through throwaway systems, t h e  v a r i o u s  systems s t u d i e d  a r e  
ranked i n  o r d e r  o f  optimum resource  u t i l i z a t i o n  as f o l l o w s :  t h e  HWR on 
t h e  LEU c y c l e  o r  on n a t u r a l  uranium; t h e  HTGR and PBR on e i t h e r  t h e  LEU 

c y c l e  o r  on t h e  MEU/Th cyc le ;  and t h e  SSCR and PWR on t h e  LEU cyc le .  

t h e  MEU/Th c y c l e  t h e  SSCR and PWR r e q u i r e  more uranium than  t h e y  do on 
t h e  LEU c y c l e  and hence do n o t  m e r i t  f u r t h e r  c o n s i d e r a t i o n  f o r  once- 

th rough  opera t i on .  

On 

For  once-through stovaway systems, i n  which t h e  f i s s i l e  m a t e r i a l  i n  t h e  

spent  f u e l  i s  expected t o  be recovered a t  some f u t u r e  date, t h e  r e l a t i v e  

r a n k i n g  o f  t h e  systems would depend on t h e  u l t i m a t e  d e s t i n a t i o n  o f  t h e  

f i s s i l e  m a t e r i a l .  I f  f u t u r e  n u c l e a r  power systems a r e  t o  be thermal  

r e c y c l e  systems, then  e a r l y  emphasis shou ld  be p laced  on r e a c t o r s  and 

f u e l  c y c l e s  t h a t  have a h i g h  2 3 3 U  d ischarge.  

t o  be f a s t  r e c y c l e  systems, then  emphasis should be p laced  on r e a c t o r s  

and f u e l  c y c l e s  t h a t  w i l l  p r o v i d e  a p l u t o n i u m  i n v e n t o r y .  

If t h e  f u t u r e  systems a r e  

F o r  thermal  r e c y c l e  systems, t h e  p r e f e r r e d  b a s i c  f i s s i l e  m a t e r i a l  i s  
2 3 3 U .  

exogenous source o f  t h e  f i s s i l e  m a t e r i a l ;  t h e r e f o r e ,  i t  i s  l i k e l y  

t h a t  t h e  MEU(235)/Th c y c l e  would be implemented f i r s t  t o  i n i t i a t e  
t h e  p r o d u c t i o n  o f  2 3 3 U .  

be recyc led ;  t h u s  t h e  system would evo lve  towards t h e  MEU(233)/Th 

cyc le ,  which i s  t h e  denatured 2 3 3 U  c y c l e  as d e f i n e d  i n  t h i s  s tudy.  

However, i t  i s  t o  be emphasized t h a t  these r e a c t o r s  w i l l  n o t  p ro -  

duce enough 233U t o  s u s t a i n  themselves and separate 2 3 3 U  p r o d u c t i o n  

f a c i l i t i e s  must be operated.  
s i d e r e d  as a 233U p r o d u c t i o n  f a c i l i t y .  

However, imp lemen ta t i on  o f  a 233U f u e l  c y c l e  w i l l  r e q u i r e  an 

Both t h e  unburned 2 3 5 U  and t h e  2 3 3 U  would 

A Pu/Th-fueled r e a c t o r  has been con- 

F o r  f a s t  r e c y c l e  systems, t h e  p r e f e r r e d  b a s i c  f i s s i l e  m a t e r i a l  i s  
f Pu . 

i n  t h e  co re  s h a r p l y  reduces t h e  b reed ing  performance o f  f a s t  r e a c t o r s .  

However, f a s t  r e a c t o r s  u s i n g  p l u t o n i u m  f u e l  and t h o r i u m  b l a n k e t s  

would be e f f i c i e n t  

Using 2 3 3 U  as t h e  p r i m a r y  f i s s i l e  m a t e r i a l  o r  p l a c i n g  t h o r i u m  

3U p r o d u c t i o n  f a c i  1 i ti es . 
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5.0. IMPLEMENTATION OF DENATURED FUEL CYCLE 

As  d e f i n e d  i n  t h i s  study, a n u c l e a r  power system based on t h e  denatured 233U f u e l  

c y c l e  would c o n s i s t  o f  LWRs and p o s s i b l y  ACRs (SSCRs, HWRs, o r  HTGRs) and FBRs o p e r a t i n g  on 

denatured 23?U f u e l  , p l u s  a l l  t h e  suppor t  f a c i l i t i e s  r e q u i r e d  t o  s u s t a i n  those  opera t i ons .  
The suppor t  f a c i l i t i e s  would i n c l u d e  t ransmuters,  which c o u l d  be any o f  t hese  same r e a c t o r s  

o p e r a t i n g  on Pu/Th f u e l ,  and t h e y  m i g h t  a l s o  i n c l u d e  breeder- t ransmuters o r  even t h e  c l a s -  

s i c a l  breeders. I n  a d d i t i o n ,  t h e  suppor t  f a c i l i t i e s  would i n c l u d e  t h e  necessary f a c i l i t i e s  
f o r  f r e s h  f u e l  f a b r i c a t i o n ,  spent  f u e l  rep rocess ing ,  and waste t rea tmen t  (see F ig .  3.1). 

As o f  t h i s  date,  n e i t h e r  t h e  r e q u i r e d  r e a c t o r s  n o r  t h e  s u p p o r t i n g  f u e l  c y c l e  f a c i l -  

i t i e s  a r e  f u l l y  developed f o r  o p e r a t i o n  i n  such a power system. 
commerc ia l ized f o r  o p e r a t i o n  on t h e i r  r e f e r e n c e  LEU c y c l e  and t h e  ACRs have reached advanced 
stages o f  development f o r  t h e i r  own r e f e r e n c e  f u e l s ;  however, o n l y  p r e l i m i n a r y  c o n s i d e r a t i o n  

has been g i v e n  t o  a d a p t i n g  any o f  t hese  r e a c t o r s  t o  denatured 233U o r  Pu/Th f u e l .  The FBRs, 

which f o r  t h i s  s t u d y  were assumed t o  be o f  t h e  LMFBR type, a r e  s i m i l a r l y  w e l l  advanced f o r  

t h e i r  own r e f e r e n c e  f u e l  b u t  n o t  f o r  an a l t e r n a t e  f u e l .  Thus p r i o r  t o  t h e  imp lemen ta t i on  

of a denatured f u e l  c y c l e ,  t h e  r e a c t o r - f u e l  combinat ions t o  be i n c l u d e d  i n  t h e  c y c l e  must 

be s e l e c t e d  and t h e  research  and development r e q u i r e d  f o r  implement ing and s u s t a i n i n g  t h e  
r e s u l t i n g  systems must be c a r r i e d  out .  

The LWRs, o f  course, a r e  

I J h i l e  i t  was t o o  e a r l y  f o r  d e t a i l e d  R&D programs t o  be desc r ibed  i n  t h i s  study, i t  was 
p o s s i b l e  t o  make 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  s t a t u s  o f  t h e  i n d i v i d u a l  r e a c t o r  and f u e l  

r e c y c l e  techno log ies  and t o  p r o j e c t  e s t i m a t e d  schedules f o r  t h e i r  complet ion,  t o g e t h e r  w i t h  

order-of -magni tude c o s t s .  
emphasized, however, t h a t  t h e  schedules assumed f o r  deployment o f  t h e  r e a c t o r s  and f u e l s  

a r e  based s o l e l y  on t h e  minimum t i m e  e s t i m a t e d  t o  be required t o  solve technical problems. 
Tha t  i s ,  no a l lowances were made f o r  impediments t o  commerc ia l i za t i on ,  such as l i c e n s i n g  
d i f f i c u l t i e s ,  i n t e r r u p t e d  c o n s t r u c t i o n  schedules, e t c .  Under these  c o n d i t i o n s ,  t h e  i n t r o -  

d u c t i o n  dates f o r  s p e c i f i c  r e a c t o r s  o p e r a t i n g  on s p e c i f i c  f u e l s  were determined as fo l l ows ,  

t h e  i n t r o d u c t i o n  d a t e  be ing  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 ,  w i t h  a d d i t i o n a l  
r e a c t o r s  i n t r o d u c e d  a t  a m a x i m  r a t e  o f  1,2,4,...units each biennium: 

Such es t ima tes  were made and a r e  r e p o r t e d  below. It shou ld  be 

1987 - LWRs o p e r a t i n g  on "denatured 2 3 5 U i 1  f u e l  [ i . e . ,  MEU(235)/Th f u e l ] .  

1991 - LWRs o p e r a t i n g  on denatured 2 3 3 U  [ i . e . ,  MEU(233)/Th], Pu/U and Pu/Th f u e l s .  

- SSCRs o p e r a t i n g  on LEU, denatured 2 3 3 U ,  and 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 f u e l s .  

- HTGRs o p e r a t i n g  on any of  severa l  proposed f u e l s .  

2001 - FBRs o p e r a t i n g  on Pu/U, Pu/Th, and denatured 233U f u e l s .  

Obv ious l y  such an a c c e l e r a t e d  schedule c o u l d  n o t  be met 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. 

commercial u n i t s  would have t o  be o rde red  b e f o r e  t h e  o p e r a t i o n  o f  t h e  i n i t i a l  demons t ra t i on  

p l a n t ,  p a r t i a l  government suppor t  would have t o  ex tend  th rough  these  u n i t s .  

And because t h e  f i r s t  s e v e r a l  
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5.1. Reactor  Research and Development Requirements and Costs* 

I n  p l a n n i n g  f o r  t h e  i n t r o d u c t i o n  of t h e  v a r i o u s  r e a c t o r s  i n t o  t h e  denatured 233U 
f u e l  cyc le ,  i t  was assumed t h a t  t h e  development of each r e a c t o r  on i t s  own r e f e r e n c e  f u e l  

would be completed f i r s t ,  and t h a t  conve rs ion  t o  an a l t e r n a t e  f u e l  would f o l l o w .  

genera l ,  t h e  R&D r e q u i r e d  t o  b r i n g  a r e a c t o r  concept t o  t h e  p o i n t  o f  commerc ia l i za t i on  on 
i t s  r e f e r e n c e  f u e l  i s  d i v i d e d  i n t o  t h r e e  areas: 

I n  

(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  a t e s t  r e a c t o r  o f  smal l  s i z e ) ;  

(2 )  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  a 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 ) ;  

(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  a commerc ia l -s ize demons t ra t i on  p l a n t  
(about  1000 MWe), 

S i m i l a r l y ,  t h e  R&D r e q u i r e d  t o  c o n v e r t  a r e a c t o r  t o  an a l t e r n a t e  f u e l  would be d i v i d e d  

i n t o  t h r e e  areas:  

(1)  Data base development ( p r o v i d i n g  phys i cs  v e r i f i c a t i o n  and f u e l  performance 
i n f o r m a t i o n  necessary f o r  t h e  des ign  and 1 i c e n s i n g  o f  r e a c t o r s  o p e r a t i n g  on 

t h e  a l t e r n a t e  f u e l ) ;  

Reactor  components development needed t o  accommodate t h e  a1 t e r n a t e  f u e l  ; 
Demonstrat ion o f  t h e  r e a c t o r  on t h e  a l t e r n a t e  f u e l  c y c l e .  

(2)  
( 3 )  

Of  t h e  r e a c t o r s  cons ide red  i n  t h i s  s tudy,  o n l y  t h e  LWRs have been f u l l y  developed 

f o r  t h e i r  r e f e r e n c e  c y c l e .  
necessary t o  c o n v e r t  LWRs t o  a l t e r n a t e  f u e l s .  The t h r e e  ACRs have progressed p a s t  t h e  

p r o o f - o f - p r i n c i p l e  s tep,  and moreover, t h e i r  concepts have been s u f f i c i e n t l y  developed 
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  c o u l d  be bypassed. 

r e s u l t ,  t h e  rema in ing  R&D f o r  t h e  ACRs i s  t h a t  e s s e n t i a l  t o  t h e  o p e r a t i o n  o f  demons t ra t i on  

p l a n t s  on t h e i r  r e f e r e n c e  cyc les ,  t o  be fo l l owed ,  o f  course, by  t h e  R&D r e q u i r e d  t o  con- 

v e r t  them t o  a l t e r n a t e  f u e l s .  

re fe rence  f u e l .  

Thus, t h e  R&D on LWRs c o u l d  be immediate ly  d i r e c t e d  t o  t h a t  

As a 

The LMFBR i s  s i m i l a r l y  a t  t h e  demonstrat ion s tage  on i t s  

L igh t -Wate r  Reactors  (LWRs) 

P r e l i m i n a r y  e v a l u a t i o n s  o f  des ign  and s a f e t y - r e l a t e d  c o n s i d e r a t i o n s  i n d i c a t e d  t h a t  

LWRs c o u l d  ope ra te  on thorium-based f u e l s  [MEU(235)/Th o r  MEU(233)/Th] w i t h  l i t t l e  m o d i f i -  
c a t i o n ,  and an e s s e n t i a l l y  c u r r e n t - g e n e r a t i o n  LWR c o u l d  se rve  as a demonstrat ion p l a n t .  

However, p r i o r  t o  any E x h  demonstrat ion,  R&D programs would be r e q u i r e d  t o  v e r i f y  t h e  

p h y s i c s  d a t a  base f o r  thorium-based s y s t m s  and t o  develop and t e s t  as -ye t  u n i d e n t i f i e d  
r e a c t o r  components. Also, some c o r e  des ign  changes would be necessary t o  accommodate t h e  

new f u e l ,  and s a f e t y  analyses of t h e  new co re  would be r e q u i r e d  f o r  l i c e n s i n g .  S ince t h e  

p r i v a t e  s e c t o r  would have l i t t l e  i n c e n t i v e  t o  c o n v e r t  t o  MEU/Th fue ls ,  e s p e c i a l l y  w i t h o u t  

assurances t h a t  t h e  233U i n  t h e  spent  f u e l  would e v e n t u a l l y  be recyc led ,  a l l  these programs 

would r e q u i r e  government subs idy  t o  suppor t  t h e  R&D program. 
i t s e l f  p robab ly  would r e q u i r e  a subs idy  t o  i n s u r e  t h e  sponsor ing  u t i l i t y  a g a i n s t  t h e  
p o t e n t i a l  f o r  decreased r e a c t o r  a v a i l a b i l i t y .  The government subs idy  c o u l d  t o t a l  between 

$100M and $200M. 

o r d e r  of magnitude. 

*See Sec t ion  4.2 f o r  a d d i t i o n a l  d i s c u s s i o n  o f  r e a c t o r s .  

I n  a d d i t i o n ,  t h e  demonstrat ion 

Presumably t h e  c o s t s  o f  c o n v e r t i n g  LWRs t o  Pu/Th f u e l s  would be t h e  same 



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) 

The p r o o f - o f - p r i n c i p l e  o f  t h e  SSCR was accomplished 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. 
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  we1 1 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  and t h e  SSCR i t s e l f  i s  a m o d i f i c a t i o n  o f  t h e  a l r e a d y  commerc ia l ized 

PWR. 

f u e l  (LEU). 

Li p r o t o t y p e  p l a n t  may be unnecessary s i n c e  v a r i o u s  components r e q u i r e d  f o r  

Thus t h e  n e x t  s t e p  f o r  an SSCR i s  a demons t ra t i on  o f  t h e  r e a c t o r  on i t s  r e f e r e n c e  

The demonstrat ion p l a n t  c o u l d  be designed so t h a t  i t  opera ted  i n  e i t h e r  t h e  conven- 

Because t h e  
t i o n a l  po i son  c o n t r o l  mode o r  t h e  s p e c t r a l - s h i f t  mode. 

l i m i t e d  t o  t h a t  r e q u i r 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  p l u s  heavy wa te r  cos ts ,  

proposed schedule f o r  commerc ia l i za t i on  o f  t h e  SSCR i s  more r a p i d  than  f o r  any o f  t h e  o t h e r  

ACRs, i t  was assumed t h a t  t h e  government would cove r  a l l  t h e  component R&D c o s t s  and li- 
censing cos ts  f o r  t h e  demonstrat ion p l a n t  and t h a t  i t  would a l s o  purchase a l l  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 d d i t i o n a l  government suppor t  t o  m i t i g a t e  

t h e  e f f e c t  o f  p robab le  l ower  c a p a c i t y  f a c t o r s  f o r  t h e  f i r s t  expe r imen ta l  u n i t  would be 
a n t i c i p a t e d ,  as w e l l  as c a r r y i n g  charges on t h e  D,O i n v e n t o r y .  

s i d y  would range between $300M and $350M. 
t o  MEU/Th f u e l  would be $lOM t o  $6011. 

z a t i o n  o f  t h e  SSCR c o u l d  be t h e  a v a i l a b i l i t y  o f  D20, and government i n c e n t i v e s  t o  ensure 

D20 p r o d u c t i o n  would be necessary. 

n o t  cons ide red  i n  t h i s  s tudy. )  

Then t h e  c a p i t a l  r i s k  would be 

The t o t a l  government sub-  
I nc remen ta l  c o s t s  f o r  t hen  c o n v e r t i n g  t h e  SSCR 

I n  t h e  long- term,  a ma jo r  impediment t o  commerc ia l i -  

(The c o s t s  f o r  c o n v e r t i n g  t h e  SSCR t o  Pu/Th f u e l  were 

Heavy-Water Reactors (HWRs) 

It i s  assumed he re  t h a t  t h e  U.S. HWR would be based on t h e  CANDU and deployed under  
Canadian l i c e n s e  and w i t h  Canadian coopera t i on .  

a t e d  c o s t s  would be those  r e q u i r e d  t o  adapt  t h e  p r e s e n t  CANDU des ign  t o  SEU f u e l ,  t o  extend 

t h e  des ign  t o  a l a r g e r  p l a n t  (1000 MWe), and t o  a c q u i r e  U.S. l i c e n s i n g .  

As w i t h  t h e  SSCR, government suppor t  would be r e q u i r e d ,  t h e  t o t a l  c o s t s  f o r  t r a n s -  

Thus, t h e  a n t i c i p a t e d  R&D and t h e  a s s o c i -  

f e r r i n g  t h e  Canadian technology t o  t h e  U.S. and upgrad ing  t h e  HWR t o  meet U.S. l i c e n s i n g  
c r i t e r i a  p robab ly  reach ing  t h e  range o f  $ZOOM t o  $400M. 

s i d y  would be r e q u i r e d  f o r  t h e  f i r s t  u n i t  and f u r t h e r  government suppor t  c o u l d  be necessary 

f o r  t h e  n e x t  f o u r  u n i t s ,  e s p e c i a l l y  i f  an a c c e l e r a t e d  schedule is  mandated. 
c o n v e r t i n g  t h e  HWR t o  a denatured f u e l  were es t ima ted  t o  be approx ima te l y  t h e  same as con- 

v e r t i n g  an LWR t o  denatured f u e l .  Again, as w i t h  t h e  SSCR, t h e  D20 supp ly  would be a c r u -  
c i a l  f a c t o r .  

A lso,  a s u b s t a n t i a l  government sub- 

The c o s t s  o f  

(The c o s t s  assoc ia ted  w i t h  t h e  use o f  Pu/Th f u e l  i n  HWRs were n o t  cons idered. )  

High-Temperature Gas-Cool ed Reactors  (HTGRs) 

The HTGR s t a t u s  i n  t h e  U.S. i s  cons ide red  t o  be a t  t h e  p r o t o t y p e  s tage  w i t h  t h e  330-MWe 
F o r t  S t .  V r a i n  HTGR p l a n t ,  and t h e  b a s i c  r e a c t o r  development s t i l l  r e q u i r e d  i s  t h a t  asso- 

c i a t e d  w i t h  t h e  demons t ra t i on  o f  a l a r g e  p l a n t  des ign.  

l i c e n s i n g  requi rements would be i n  t h e  range o f  $ZOOM t o  $300M. 

i t  i s  assumed t h a t  a s u b s t a n t i a l  subs idy  would be r e q u i r e d  f o r  t h e  f i r s t  demons t ra t i on  p l a n t  

and a p a r t i a l  subs idy would be necessary f o r  each o f  t h e  n e x t  f o u r  u n i t s ,  e s p e c i a l l y  i n  t h e  
advent  o f  an a c c e l e r a t e d  schedule. 

The c o s t s  f o r  component R&D and 

As was t h e  case f o r  t h e  HWR, 
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Since unl ike the  o ther  reac tors  considered, the  HTGR has a thorium-based reference 
f u e l ,  i t  i s  possible  t h a t  a denatured cycle  could be designated as  the  reference cycle  
so t h a t  t he  demonstration p lan t  w o u l d  be a denatured system. 
addi t ional  cos ts  required t o  convert  the H T G R  t o  a denatured fuel  might be smaller  than 
those required to  convert  LWRs to  thorium-based fue l s .  
cos t s  of converting the  HTGR t o  a P u / T h  system were not considered.)  

I f  th is  were done, the  

(As  with the o ther  reac tors ,  the  

Fast  Breeder Reactors ( FBRs) 

FBR R , D & D  requirements and cos t s  were not included i n  t h i s  study s ince updated data  
f o r  t he  LMFBR both on i t s  reference cycle  and on the  denatured 2 3 3 U  and P u / T h  cycles  were 
being developed under other  programs. 

Summary of Reactor R,D&D Costs 

The estimated cos t s  f o r  r e a c t o r  R , D & D  a r e  summarized i n  Table 5.1. 

o f  LWRs on MEU/Th Fuels and ACRs on Reference Fuels 
Table 5.1, Estimated Cost Ranges f o r  Development and Commercialization 

cos ts  
($M) Comments 

LWR; MEU/Th Fuels 
Research, design, component development, 1 i c e n s i n g  

Large-sca le  demonstrat ion 

SSCR; LEU Fuel  
Research, design, component development, l i c e n s i n g  
Large-sca le  demonstrat ion 

F i r s t  u n i t  

Next f o u r  u n i t s  (commercial)  

HWR; SEU Fuel  
Research, design, component development, 1 i cens ing  

Large-sca le  demonstrat ion 
F i r s t  u n i t  
Next f o u r  u n i t s  (commercial)  

HTGR; HEU/Th Fuel  

Research, design, component development, l i c e n s i n g  
Large-scale demonstrat i  on 

F i r s t  u n i t  

Next f o u r  u n i t s  (commercial)  

50-1 50 

50-200 

100-350 

50-100 

150 

100 

300-350' 

200-400 

800 

2.800 

-4, OOOaJ 

200- 300 

eo0 
2,800 

-4, OOob 

Government-subsi d i  zed. 

Demonstrat ion i n  cu r ren t -genera t i on  LWR; 
25% government-subsidized. 

Government-subsidized, 

Demonstrat ion designed f o r  e i t h e r  po ison 
c o n t r o l  o r  s p e c t r a l - s h i f t  c o n t r o l  ; re -  
quirements f o r  l a t t e r  (i.e., -8150M) 
government-subsidi  zed. 
Government subsidy f o r  e x t r a  ( s p e c t r a l  
s h i f t )  components. 
Could p robab ly  be conver ted  t o  MEU/Th 
f u e l  f o r  a d d i t i o n a l  $lOM - $60M i f  LWRs 
a1 ready converted. 

Government-subsidized. 

50% government-subsi d i  zed. 
25% government-subsidized. 

A d d i t i o n a l  inc rementa l  cos t  t o  conver t  
t o  MEU/Th f u e l s  approx imate ly  equal t o  
t h a t  f o r  LWR conversion. 

Government-subsidi zed. 

50% government-subsidized. 

25% government-subsi d i  zed. 
I f  MEU/Th f u e l  se lec ted  as re fe rence  
f u e l ,  a d d i t i o n a l  inc rementa l  c o s t  proh- 
a b l y  l e s s  than c o s t  o f  conve r t i ng  LWR 
t o  MEU/Th f u e l s .  

'Excludes cos ts  o f  heavy-water p l a n t  f a c i l i t i e s .  

bThis c o s t  assumes an acce le ra ted  development schedule; if o n l y  the  f i r s t  u n i t  o f  t he  f o u r  commercial U n i t s  
requ i red  a subsidy. t he  c o s t  would be $2,000M t o  $2,50OM. 



5.2. Fuel Recycle Research and Development Requirements and Costs 

Since t h e  denatured 2 3 3 U  f u e l  c y c l e  would c o n s i s t  o f  r e a c t o r s  o p e r a t i n g  on d i f f e r e n t  

f u e l s  i n  symbios is ,  i t  i s  p o s s i b l e  t h a t  an i n t e g r a t e d  r e c y c l i n g  techno logy  c o u l d  be 
developed t o  handle t h e  v a r i o u s  f u e l s  r e q u i r e d  i n  t h e  system. 

s t r a t e g y  i s  developed t o  e s t a b l i s h  what r e a c t o r s  would be used and what r e g u l a t o r y  r e q u i r e -  

ments would be imposed a t  t h e  v a r i o u s  p o i n t s  o f  t h e  f u e l  c y c l e ,  as w e l l  as t h e  s i z e  of t h e  

commercial i n d u s t r y ,  i t  would be i n a d v i s a b l e  even t o  a t t e m p t  t o  d e s c r i b e  an i n t e g r a t e d  
system, much l e s s  t o  p r o j e c t  i t s  R&D requi rements and cos ts .  Thus, a t  t h i s  p o i n t ,  we 
can o n l y  d e s c r i b e  t h e  s t a t u s  o f  t h e  v a r i o u s  areas o f  r e c y c l e  techno logy  f o r  t h e  d i f f e r e n t  

t ypes  o f  f u e l  and make very p r e l i m i n a r y  es t ima tes  o f  t h e  requi rements t o  complete t h e  

i n d i v i d u a l  c y c l e s .  The t e c h n o l o g i c a l  areas i n c l u d e d  a r e  as f o l l o w s :  

However, u n t i l  a U.S. 

( 1 )  Fuel f ab r i ca t ion / r e fab r i ca t ion  ( f u e l  m a t e r i a l  p r e p a r a t i o n ,  r o d  f a b r i c a t i o n ,  

and e lement  assembly). 

Fuel 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 ) .  ( 2 )  

( 3 )  Fuel 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,  

and o f f - g a s  t r e a t m e n t ) .  

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  ve-gas 

t r e a t m e n t ) .  
( 4 )  

Fuel F a b r i c a t i o n / R e f a b r i c a t i o n  and Q u a l i f i c a t i o n  

The technology f o r  f a b r i c a t i n g  uranium-based m e t a l - c l a d  o x i d e  p e l l e t  f u e l s  such as 

those  used i n  LWRs and HWRs i s  complete. 
r i c a t e d ,  t h e  work has been a t  p i l o t  p l a n t  s c a l e  and a s i g n i f i c a n t  amount o f  R&D i s  s t i l l  

r e q u i r e d  t o  commerc ia l ize Pu/U f u e l .  

s t r a t e d ,  and methods must be developed f o r  v e r i f y i n g  and c o n t r o l  1 i n g  t h e  c h a r a c t e r i s t i c s  o f  
Pu ju  f u e l s  , r e c o v e r i n g  contaminated scrap, and p e r f o r m i n g  n o n d e s t r u c t i v e  assays o f  powders , 
fue l  rods,  and wastes. 

p l a n t  must be demonstrated, and t h e  i r r a d i a t i o n  performance o f  Pu/U f u e l s  produced i n  

commerc ia l -sca le processes and equipment must be shown t o  be s a t i s f a c t o r y .  

Whi le  Pu/U o x i d e  p e l l e t  f u e l s  have a l s o  been fab -  

I n  p a r t i c u l a r ,  a p e l l e t i z i n g  process must be demon- 

I n  a d d i t i o n ,  t h e  remote o p e r a t i o n  o f  a l a r g e - s c a l e  f a b r i c a t i o n  

The technology f o r  f a b r i c a t i n g  thorium-based m e t a l - c l a d  o x i d e  p e l l e t  f u e l s  i s  l e s s  

complete than  t h a t  f o r  Pu/U f u e l s ,  r e q u i r i n g  s i g n i f i c a n t l y  more e f f o r t  i n  a l l  t h e  a f o r e -  
mentioned areas.  

o p e r a t i o n s  and maintenance a t  a l l  p o i n t s  i n  t h e  c y c l e  where r a d i o a c t i v e  232U i s  p resen t .  
Also, t h e  developmental e f f o r t  w i l l  be comp l i ca ted  by  t h e  need f o r  remote 

The techno logy  f o r  f a b r i c a t i n g  uranium o x i d e  o r  uranium c a r b i d e  microspheres embedded 

i n  a g r a p h i t e  f u e l  element, such as a r e  used i n  t h e  HTGR, i s  w e l l  advanced; however, add i -  
t i o n a l  R&D p r i o r  t o  c o n s t r u c t i o n  of a h o t  demons t ra t i on  f a c i l i t y  i s  needed i n  t h e  areas 

o f  r e f a b r i c a t i o n  equipment sca leup,  r e c y c l e  o f  sc rap  m a t e r i a l ,  c o n t r o l  o f  e f f l u e n t s ,  assay 

of f u e l - c o n t a i n i n g  m a t e r i a l s ,  and q u a l i f i c a t i o n  o f  r e c y c l e  f u e l .  
be r e q u i r e d  t o  f a b r i c a t e  denatured uranium f u e l s  f o r  HTGRs because o f  a h i g h e r  uranium 

c o n t e n t  o f  t h e  f i s s i l e  p a r t i c l e  and an i nc reased  p r o d u c t i o n  o f  p l u t o n i u m  d u r i n g  i r r a d i a t i o n .  

F u r t h e r  work w i l l  a l s o  
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Fuel Reprocessing 

The well-establ ished Purex process contains  the basic  technology f o r  reprocessing U 
and P u / U  metal-clad oxide p e l l e t  f u e l s  with low b u r n u p ;  however, a commercial reprocessing 
plant  t h a t  conforms t o  cur ren t  U.S. federal  and s t a t e  requirements has not been operated.  
Neither has an integrated plant  f o r  f u e l s  with h i g h  bu rnup  been demonstrated. Spec i f ic  
a reas  s t i l l  needing a t t en t ion  a r e :  operation and maintenance o f  the mechanical headend 
equipment; methods f o r  handling highly rad ioac t ive  residues following d isso lu t ion  of high- 
burnup  fuel  ; techniques f o r  reducing rad ioac t ive  off-gas re leases  t o  conform t o  an t ic ipa ted  
regula t ions ;  and conversion processes f o r  Pu from power reac tor  f u e l s .  

The Thorex process f o r  reprocessing Th-based oxide p e l l e t  f u e l s  i s  not a s  advanced as  
t h e  Purex process.  
b u r n u p  in  l imi ted  quan t i t i e s ,  i t  i s  s t i l l  t o  be t e s t ed  i n  a l a rge  plant  w i t h  h i g h - b u r n u p  f u e l .  

While the  Thorex process has been used to  process oxide fue l s  of low 

In the Thorex process the headend treatment wi l l  d i f f e r  f o r  the  metal-clad fuel  and 
the graphite-based HTGR fue l .  For the  metal-clad fue l s  addi t ional  R&D will  be required 
t o  develop techniques f o r  removing the  zirconium metal cladding, and i f  f luor ide  i s  re-  
quired,  s i g n i f i c a n t  waste-handling problems may be encountered. 
development work i s  needed in  the  crushing, b u r n i n g ,  and p a r t i c l e  separat ion operat ions 
and i n  the  treatment o f  I4C-containing off-gases ,  

Developmental work i s  a l so  needed i n  several  a reas  of the solvent  ex t rac t ion  process 

For the HTGR-type fuel  , 

f o r  thorium-containing f u e l s .  These include:  fuel d i s so lu t ion ,  feed adjustment and 
c l a r i f i c a t i o n ;  techniques f o r  containing 220Rn  and other  rad ioac t ive  gases;  recovery of 
f u l l y  i r r ad ia t ed  thorium in  large-scale  f a c i l i t i e s ,  p a r t i t i o n i n g  of fuel  so lu t ions  con- 
ta in ing  U ,  P u ,  and T h ;  recovery and handling of highly radioact ive product streams; and 
process and equipment design in t eg ra t ion .  

While c o m e r c i a l i z a t i o n  of these processes could require from 1 2  t o  25 years ,  depending 
on t h e i r  cur ren t  s t a t u s ,  comercia2-scaZe reprocessing wi l l  not necessar i ly  be required on 
the same time sca le  a s  the introduct ion of t he  recycle  f u e l s ,  s ince  i n i t i a l l y  the  demand f o r  
recycle  fuel  could be met by p i l o t  o r  prototype p lan ts .  
would not even be f e a s i b l e  u n t i l  a s u f f i c i e n t  backlog of spent  fuel  had accumulated. 

In f a c t ,  commercial reprocessing 

Waste Treatment 

To t r e a t  the wastes i n  a l l  cycles  requi res  t h e  development o f  processes f o r  concen- 
t r a t i o n ,  ca l c ina t ion ,  and v i t r i f i c a t i o n  of high-level and intermediate-level so l id  and 
gaseous wastes. 
f o r  thorium-based cycles  i f  f l uo r ides  a re  present .  
included i n  t h i s  study. 

The requirements wil l  be s imi l a r  f o r  a l l  cycles  b u t  somewhat more complex 
No examination of these  cos ts  was 

Summary of Fuel Recycle R,D&D Costs 

Estimated cos t  ranges f o r  t he  research,  development, and commercialization (demon- 
s t r a t i o n )  of typical  new fabrication/refabrication and reprocessing technologies a r e  
given in Tables 5.2 and 5.3 respec t ive ly .  To these must be added the cos t  f o r  waste 
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Table 5.2. Estimated Cost Range f o r  Development and 
Commercialization of New Refabrication Technologya 

Base technol ogy 
Cold component t e s t i n g  

Unescalated 
Bi l l ions  of Dollars 

0.1 - 0.3 
0.2 - 0.4 

I r r ad ia t ion  performance t e s t i n g  0.1 - 0.4 
Totalb 0.4 - 1.1 

0.7 - 1.4 Large-scal e demons t r a t i  on' 

'Time requirements: 

bEstimated government subsidy, 
'Commerci a1 fac i  I i t y ;  extent of government 

8 - 10 years  i f  s i m i l a r  t o  es-  
tab l i shed  technology; 15 years  f o r  new technology. 

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. 

Table 5.3. Estimated Cost Ranqe f o r  Development and 
Commercialization of New Reprocessing Technologya 

Unescalated 
Bi l l ions  of Dollars 

Base technology R&D 0.1 - 0.5 
Hot p i l o t  p lan t  t e s t i n g  0.5 - 1.0 

Subtotal  0.6 - 1.5 
Large-scale cold prototype t e s t ing  0.2 - 0.5 

Totalb 0:8 - 2.0 
1.0 - 3.0 Large-scal e demonstration plant' 

Time requirements: b l 2  years  f o r  es tab l i shed  tech- a 
nology t o  possibly 25 years  f o r  new technology. 

bEs timated government subsidy . 
'Commercial f a c i l i t y ;  ex ten t  of government 

p a r t i c i p a t i o n  d i f f i c u l t  t o  def ine a t  this time. 

Table 5.4. Estimated Range of 
Fuel Recycle R&D Costs* 

Bi l l ions  of Dollars 

Pu/U Pu/Th MEU/Th HEU/Th 
Reactor Type 

Water Reactors 1.3-2.3 1.6-3.0 1.8-3.3 1.6-2.3 
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 t he  
waste t reatment  technol ogy devel opment cos t s  ; 
excludes large-scale  demonstration plant.  

t reatment  technology development. 
Tradi t iona l ly  the cos ts  borne by 
the government a r e  those covering 
a l l  s t eps  u p  t o  demonstration. 
Pa r t  of the  i n i t i a l  demonstration 
may a l s o  be government supported,  
b u t  s ince  the demonstration p lan t  
wi l l  be a commercial f a c i l i t y  the  
cos ts  could be recovered. 

Tables 5.2 and 5.3 show t h a t  
the  major cos ts  associated w i t h  
commercialization of fuel  cycles  
l i e  a t  t he  f a r  end of the  R&D pro- 
gression.  T h u s  the cos ts  wi l l  be 
l e a s t  d u r i n g  the  base technology 
phase, which may require  2 t o  6 
years .  They wi l l  increase con- 
s i s t e n t l y  d u r i n g  the engineering 
phase ( 5  t o  12 years )  and rapidly 
during the  f ac i  1 i t y  design and 
construct ion (8 to  1 2  yea r s ) .  
However, considerable  overlap of 
these phases and the associated 
cos ts  can be expected. 
based cycles  a re  expected t o  re- 
qu i r e  the  longest  developmental 
times. 

The thorium- 

Table 5.4 presents the  R&D 
cos t  ranges in  terms of r e a c t o r  
types and fuel  recycle  systems. 
Although a la rge  uncertainty i s  
assoc ia ted  w i t h  each case,  t he  
t rends a r e  apparent.  For a l l  
r eac to r s ,  the Pu/U fuel  cycle  
would be the  l e a s t  expensive and  
the  MEU/Th cycle  (denatured uranium 
cycle)  would be the  most expensive. 
T h u s ,  i f  a decis ion i s  made t o  u t i -  
l i z e  denatured 2 3 3 U  f u e l ,  the cos ts  
f o r  developing the  fuel  recycle  
f ac i  1 i t ies w i  11 be s i g n i f i c a n t l y  
g r e a t e r  than f o r  any o t h e r  cycle  and 
will be compounded by the  require-  
ment f o r  the  simultaneous operat ion 
of reac tors  on o ther  fue ls .  
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5.3. P o s s i b l e  Procedure f o r  Implementing Denatured 2 3 3 U  Fuel Cyc le 

From t h e  p reced ing  d i scuss ion ,  i t  i s  obv ious 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 2 3 3 U  f u e l  i n  t h e  near  te rm (by  1991) would be LWRs and SSCRs, and presumably 
LWRs would be used f i r s t .  

t o  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 .  I n  t h e  f i r s t ,  an MEU(235)/Th co re  

would be i n t r o d u c e d  i n  LWRs t o  i n i t i a t e  t h e  p r o d u c t i o n  o f  2 3 3 U .  

s u f f e r s  f rom ve ry  h i g h  f i s s i l e  i n v e n t o r y  requi rements (see Sec t ion  4.3). I n  t h e  second, 
non- fue led Tho2 rods would be 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  would be 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  remain ing f u e l  rods  be ing  

conven t iona l  LEU f u e l  rods.  T h i s  second o p t i o n  s i g n i f i c a n t l y  reduces t h e  f i s s i l e  i n v e n t o r y  

p e n a l t y  a s s o c i a t e d  w i t h  f u l l  t h o r i u m  l o a d i n g s  i n  LWRs and f o r  BWRs may even o f f e r  opera- 

t i o n a l  b e n e f i t s .  A lso,  i t  would a l l o w  exper ience v i t h  thorium-based f u e l s  t o  be gained 

on a s tepwise b a s i s .  

Two p o s s i b i l i t i e s  e x i s t  f o r  o b t a i n i n g  t h e  r e q u i r e d  2 3 3 U  p r i o r  

U n f o r t u n a t e l y ,  t h i s  scheme 

Al though a rep rocess ing  c a p a b i l i t y  would be necessary t o  recove r  t h e  b red  2 3 3 U ,  such 

a C a p d 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  t h e  i n i t i a l  

MEU(235)/Th f u e l .  

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 o r  3 yea rs ,  and q u a l i f i c a t i o n  and/or  demons t ra t i on  c o u l d  

be completed w i t h i n  an a d d i t i o n a l  5 t o  7 yea rs .  Thus, t h e  o p e r a t i o n  o f  LWRs w i t h  

MEU(235)/Th f u e l  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, and 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  secure f u e l  s to rage  centers .  

A s t o c k p i l e  of 2 3 3 u  and p l u t o n i u m  would then be i n i t i a t e d .  The 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 ,  rep rocess 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  l a t e r  as t h e  need develops, 

i n i t i a l l y  as 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  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 commercial- 

s c a l e  p l a n t s .  

F a b r i c a t i o n  o f  MEU(235)/Th f u e l  c o u l d  p robab ly  be accomplished w i t h  

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 ,  

recove ry  o f  Pu and U f rom spent  f u e l  and t h e  subsequent r e f a b r i c a t i o n  o f  Pu/Th and 

denatured 2 3 3 U  f u e l s  c o u l d  be demonstrated w i t h i n  t h e  center .  Dispersed LWRs f u e l e d  w i t h  

denatured 233U o r  LEU and energy-center  LWRs 

f u e l e d  w i t h  Pu/Th c o u l d  then  beg in  opera- 

t i o n .  A t  t h i s  p o i n t  t h e  f i r s t  phase o f  a 
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t o  increasing deplet ion of an economic resource base) ,  the power system would evolve i n t o  
a fas t / thermal  combination ( see  Fig. 5 . l b ) .  Such a system could provide adequate capaci ty  
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 
s u b s t i t u t e d  as  shown i n  F i g .  5 . 1 ~ .  The necess i ty  of the  t h i r d  phase of the energy center  
i s  uncertain a t  t h i s  time, depending on both the supply of economically recoverable U308 

and the  energy demand. 

Variations of a l l  th ree  of these phases of an energy center  operat ing i n  concert  
w i t h  dispersed reac tors  a re  represented i n  the  denatur 
in  Section 6 .  

5.4. Conclusions 

The preceding discussion can be summarized as  fo l  

!d power system scenarios  analyzed 

ows : 

The rapid introduct ion of advanced r e a c t o r  concepts operat ing on MEU/Th 
o r  Pu /Th  fue l s  would requi re  very l a rge  government support  f o r  R A D ,  f o r  
demonstration f a c i l i t i e s ,  and f o r  lead commercial p lan ts .  

0 The i n i t i a l  production of 2 3 3 U  f o r  t he  denatured 2 3 3 U  fuel cyc le  could be 
accomplished by introducing thorium in to  the  LWRs c u r r e n t l y  operat ing on 
the LEU once-through cycle .  However, no economic incent ive would e x i s t  
w i t h i n  the  p r i v a t e  sec to r  t o  convert  LWRs t o  thorium-based f u e l s  because 
of the increased cos ts  associated w i t h  the concomitant higher f i s s i l e  
loadings.  I f  government incent ives  were provided, i n i t i a l  production of 
2 3 3 U  f o r  l a t e r  recycle  could beg in  by the mid-1980's. 
on a commercial s ca l e  would not be f e a s i b l e  p r io r  t o  the  year  2000, however. 

Recycle of 2 3 3 U  

e A fuel  recycle  R&D program f o r  MEU/Th and Pu /Th  f u e l s  should be i n i t i a t e d  
a t  the same time a decis ion i s  made t o  f ab r i ca t e  thorium-containing fuel  
f o r  la rge-sca le  i r r ad ia t ion  i n  e x i s t i n g  LWRs. P i l o t - s c a l e  recyc le  f a c i l -  
i t i e s  could be required w i t h i n  a few years  a f t e r  the i n i t i a t i o n  of a 
thorium i r r a d i a t i o n  program. 

0 Fuel service/energy centers  whose u l t imate  purpose i s  t o  u t i l i z e  plutonium 
both f o r  energy production and f o r  233U production would progress through 
various phases. I n i t i a l l y  these centers  would be fuel  s torage  f a c i l i t i e s .  
W i t h  the introduct ion of reprocessing and r e f a b r i c a t i o n  i n  the  cen te r ,  LWRs 
located a t  dispersed s i t e s  would be fueled w i t h  denatured 233U. 
Pu-fueled thermal transmuters would be deployed w i t h i n  the  center .  La ter ,  
ACRs operat ing on denatured fuel  would be added a t  dispersed loca t ions  and 
FBRs operat ing on P u / T h  fuel  would be added i n  the energy center .  
t o  meet long-term energy demands, an a l l - f a s t  system could evolve,  w i t h  FBR 
transmuters i n  the  energy center  and denatured FBRs a t  dispersed loca t ions .  

Concurrently,  

Ultimately,  
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6.0. ADEQUACY OF DENATURED POWER SYSTEMS FOR MEETING POWER DEMANDS 

The f i n a l  s t e p  i n  t h i s  i n t e r i m  s t u d y  was an a n a l y s i s  t o  determine t h e  adequacy o f  

A power system was cons ide red  t o  be adequate i f  i t  c o u l d  meet p r o j e c t e d  U.S. 

s e v e r a l  "denatured power systems" based on t h e  secure energy c e n t e r  and d i spe rsed  r e a c t o r  

concept. 
n u c l e a r  power demands of 350 GWe i n  t h e  y e a r  2000, which 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 l a n s  o f  u t i l i t i e s  th rough  t h e  1980s, and p r o v i d e  a n e t  i nc rease  o f  15 GWe/ 

y e a r  t h e r e a f t e r  up t o  t h e  y e a r  2050. The a n a l y s i s  procedure can be desc r ibed  as f o l l o w s :  

Given a s p e c i f i e d  U3O8 o r e  supply  and a s p e c i f i e d  s e t  of r e a c t o r  op t i ons ,  c a l c u l a t e  (1 )  
t h e  p o t e n t i a l  r o l e  of n u c l e a r  power, (2 )  t h e  resources r e q u i r e d  t o  achieve t h a t  r o l e ,  and 

( 3 )  t h e  amount, composi t ion,  and movement of t h e  f i s s i l e  m a t e r i a l  through each s t e p  o f  t h e  
f u e l  cyc le .  Step 3 was i n c l u d e d  because such i n f o r m a t i o n  must be a v a i l a b l e  i n  o r d e r  t o  

assess t h e  d i v e r s i o n  r e s i s t a n c e  o f  a power system. 

The denatured power systems 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  r e a c t o r s  o n l y  and those c o n s i s t i n g  of b o t h  thermal  and f a s t  r e a c t o r s .  I n  each 
case t h e  power system was i n i t i a t e d  w i t h  LWRs o p e r a t i n g  on t h e  LEU cycle. ACRs o p e r a t i n g  

on LEU and/or  o t h e r  types of f ue l ,  i n c l u d i n g  denatured 2 3 3 U  f u e l ,  were then added as t h e y  

became a v a i l a b l e .  
233U,  Pu/Th, and/or  Pu/U fue l  were a l s o  added. 

combinat ions c o u l d  be i n t r o d u c e d  were c o n s i s t e n t  w i t h  t h e  schedule g i v e n  i n  S e c t i o n  5. 

I n  those cases t h a t  i n c l u d e d  f a s t  r e a c t o r s ,  FBRs o p e r a t i n g  on denatured 
The t imes t h a t  s p e c i f i c  r e a c t o r  and f u e l  

Three " n u c l e a r  p o l i c y  o p t i o n s "  were examined under each o f  t h e  two m a j o r  c a t e g o r i e s  o f  
denatured systems, t h e  i n d i v i d u a l  o p t i o n s  d i 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 -  
nium e x i s t e d  i n  t h e  system. 

cases b e i n g  d i s t i n g u i s h e d  by  t h e  t y p e  of ACR u t i l i z e d  i n  t h e  system - LWR,* SSCR, HWR, o r  

HTGR. 

comparison purposes: 

Pu/U r e c y c l e  f u e l .  

I n  t u r n ,  f ou r  cases were s t u d i e d  under each o p t i o n ,  t h e  i n d i v i d u a l  

I n  a d d i t i o n  t o  t h e  denatured op t i ons ,  t h r e e  nondenatured o p t i o n s  were s t u d i e d  f o r  
one u t i l i z i n g  LEU f u e l  on a throwaway/stowaway c y c l e  and two u t i l i z i n g  

A l l  t h e  cases analyzed a r e  l i s t e d  i n  Tables 6 . l a ,  l b ,  and IC. It w i l l  be no ted  t h a t  

t h e  second LWR l i s t e d  i n  Table 6. la  i s  an "extended d ischarge"  LWR which i s  an advanced 

c o n v e r t e r  t h a t  i s  assumed t o  have U308 requi rements 6% lower  than  those o f  t h e  s tandard  
LWR and t o  become a v a i l a b l e  i n  1981. A l though  n o t  cons ide red  i n  t h i s  o r i g i n a l  a n a l y s i s ,  

LWRs can p robab ly  be o p t i m i z e d  so t h a t  t h e i r  U308 requi rements on t h e  once-through c y c l e  

a r e  reduced as much as 30%. A subsequent a n a l y s i s  t h a t  assumed t h i s  improvement i s  d i s -  

cussed i n  Appendix c. 
Two d i f f e r e n t  U3O8 o r e  supp ly  models were employed, one r e p r e s e n t i n g  a conserva t i ve  

e s t i m a t e  o f  t h e  amount o f  o r e  t h a t  i s  recove rab le  i n  t h e  U.S. a t  a reasonable c o s t  and t h e  
o t h e r  an o p t i m i s t i c  est imate.  Because p r e l i m i n a r y  c a l c u l a t i o n s  had shown t h a t  n u c l e a r  power 

p l a n t s  c o u l d  n o t  compete w i t h  coa l  power p l a n t s  a t  l ong - run  marg ina l  c o s t s  g r e a t e r  t han  $160 

p e r  pound o f  U308, these es t ima tes  a r e  g i v e n  i n  terms o f  t h e  amount o f  uranium o r e  a v a i l a b l e  

a t  l e s s  than  $160 p e r  pound. 

m i s t i c  e s t i m a t e  i s  6 m i l l i o n  ST. 

models, which a r e  r e f e r r e d  t o  as "High-Cost U3O8 Supply" and " In te rmed ia te -Cos t  U3O8 Supply" 

The c o n s e r v a t i v e  e s t i m a t e  i s  3 m i l l i o n  ST U308 and t h e  o p t i -  

The marg ina l  c o s t s  co r respond ing  t o  these  two supp ly  

*That i s ,  an LWR o p e r a t i n g  on some f u e l  o t h e r  than  LEU f u e l .  
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Table 6. la .  Descriptions of Nondenatured 
Nuclear Power Systems 

Dispersed Energy-Center 
Case Reactors Reactors 

Op t ion  1: Throwaway/Stowaway Op t ion  

(Spent fue l  returned t o  energy center for  ultimate 
disposal. i 

1L L W R - L E U - S ~  
L W R - L E U - E ~  

1s LMR-LEU 
SSCR-LEU 

1H LWR-LEU 

HWR-SEU 
HWR-Nat.U 

1G LWR-LEU 
HTGR-LEU-T‘ 

Op t ion  2 :  

Ipu recycled in energy center only.) 

Pu/U Recycle Op t ion  w i t h  ACRs 

2L LWR-LEU LI.IR-Pu/U 
25 LWR-LEU LWR-PU/U 

SSCR-LEU 
2H LWR-LEU HWR-PU/U 

HWR-Nat.U 
HWR-SEU 

26 LWR-LEU HTGR-HEU (235)/Th 
HTGR-LEU HTGR-HEU( 233)/Th 

HTGR-PU/Th 

Op t ion  3: 

(pu recycled i n  energy center only . )  
Pu/U Recycle Op t ion  w i t h  ACRs/FBRs 

3L LWR-LEU LWR-PU/U 
FBR-P“ /U /U~  

3s LWR-LEU LWR-PU/U 
SSCR-LEU FBR-Pu/U/U 

3H LWR-LEU HWR-PU/U 
HWR- Na t . U FBR-Pu/U/U 
HWR-SEU 

36 LWR-LEU HTGR-HEU( 235)/Th 
HTGR-LEU HTGR-HEU( 233)/Th 

HTGR-Pu/Th 
FBR-Pu/U/U 

“Standard LWR; t h i s  r e a c t o r  used i n  a l l  o t h e r  cases. 
’Extended d ischarge LWR. 
‘Optimized f o r  throwaway. 

dFBR wi th  Pu/U core, U blanket .  

respec t ive ly ,  a r e  p lo t ted  in  F i g .  6.1. For 
most of the ana lys i s ,  the  ava i lab le  U3O8 

supply in  e i t h e r  model was r e s t r i c t e d  t o  
t h a t  cost ing l e s s  than $160 per pound; how- 
ever ,  i n  o rder  t o  determine how much ore  
would be required f o r  a l l  the  options t o  
meet t he  projected nuclear demand, 

Table 6 . lb .  Descriptions of Denatured Nuclear 
Power Systems Using Thermal Reactors Only 

Dispersed Energy-Center 
Case Reactors Reactors  

Op t ion  4: Denatured ACRs, Pu Throwaway 

( U  only recycled; Pu stored i n  energy center f o r  
ultimate disposal o r  future use.) 

4L LI!R-LEU 
LWR-MEU( 235)/Th 
LWR-MEU( 233)/Tha 

4s LWR-LEU 
LWR-MEU( 235)/Th 
SSCR-LEU 
SSCR-MEU (233)/Th 

4H LWR-LEU 

HWR-SEU 
HWR-MEU 235 /Th 

HWR-Na t .  U 

HWR-MEU 233{/Th 

4G LWR-LEU 
HTGR-LEU 
HTGR-MEU 235 /Th 
HTGR-MEU I2331LTh 

Op t ion  5U: Denatured ACRs. Pu M i n i m i z a t i o n  

Ipu recycled i n  energy center; goal i s  t o  minimize 
mount  of pu produced and t o  “transmute” a l l  PIA i n t o  
2 3 3 u .  I 

5UL LWR-LEU 
LWR-MEU (235)/Th 
LWR-MEU( 233)/Th 

LWR-PU/Th 

5u5 LWR-LEU SSCR-PU/Th 
LWR-MEU( 235)/Th 
SSCR-LEU 
SSCR-MEU(233)/Th 

5UH LWR-LEU HWR-Pu/Th 
HWR-Nat.U 
HWR-SEU 
HWR-MEU (235)/Th 
HWR-MElI(233)/Th 

Op t ion  5T: 
(Pu recycled i n  energy center; no attempt made t o  

5U Minus MEU(235)/Th Reactor  

minimize amount of Pu produced, but a l l  PIA pro- 
duced i s  “transmuted” t o  233U. ) 

LWR-PU/Th 5TL LWR-LEU 
LWR-MEU (233)/Th 

5TS LWR-LEU 
SSCR-LEU 
SSCR-MEU (233)/Th 

SSCR-PU/Th 

5TH LWR-LEU HWR-PU/Th 
HWR-NJt.U 
HWR-SEU 
HWR-MEU (233)/Th 

HTGR-PU/Th 5TG LWR-LEU 
HTGR-LEU 
HTGR-MEU (233)/Th 

“Denatured 2 3 3 U  fue l .  
addi t ional  ca lcu la t ions  were performed in  which 
the  pr ice  c o n s t r a i n t  was removed from both models. 

In addi t ion t o  the l imi t a t ions  on the  resource base per  s e ,  i t  was assumed 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 U308 per year  i n  the  1990s. 

Although the  combined maximum c a p a b i l i t y  of a coa l i t i on  of s t a t e s  could be g rea t e r ,  t he re  is  
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Table 6 . 1 ~ .  Descriptions of Denatured Nuclear 
Power Systems Using Both Thermal and Fast  Reactors 

Dispersed Energy-Center 
Case Reactors Reactors 

Opt ion  6: Denatured ACRs w i t h  FBR Transmuters 

(Light 33U transmutation m t e  reaaized. ) 

6L LWR-LEU L\IR-Pu/Th 
LWR-MEU( 235)/Th F6R-Pu/U/Tha 
LWR-MEU( 233)/Th 

6s LWR-LEU SSCR-PU/Th 
LWR-MEU( 235)/Th FER-PU/U/Th 
SSCR-LEU 
SSCR-MEU (233)/Th 

6H LWR-LEU HWR-Pu/Th 
HWR-Na t .U FBR-PU/U/Th 
HWR-SEU 
HIIR-MEU( 235)/Th 
HWR-MEU (233) ITh  

6G LWR-LEU HTGR-PU/Th 
HTGR-LEU FER-PU/U/Th 
HTGR-MEU( 235)/Th 
HTGR-MEU (233)/Th 

Opt ion  7: Denatured ACRs/FBRs w i t h  FBR Transmuters 

(Light transmutation rate  realized.  ) 

7L LWR-LEU LWR-Pu/Th 
LWR-MEU (235) /Th FBR-PU/U/Th 

ORNL-DWG 78-24747 
2 6 0 . 1  I I 1 1  I I I I I 

- 
HIGH-COST U 3 0 8  

SUPPLY 
- - 

- - 

- 

- 

- 

- 
- 

- 

LWR-MEU 233 /Th 
FBR-MEU(233j/Th 
LWR-LEU SSCR-PU/Th 
LWR-MEU( 235)/Th F ~ R - P u / U / T ~  
SSCR-LEU 
SSCR-MEU( 233)/Th 
FBR-MEU (233)/Th 
LWR-LEU HWR- Pu/Th 
HWR-Nat. U FER-PU/U/Th 
HWR-SEU 
HWR-MEU 235)/Th 

7s 

7H 

HWR-MEU[233)/Th 
FBR-#EU( 233)/Th 

76 LWR-LEU HTGR-PU/Th 
HTGR-LEU FBR-PU/U/Th 
HTGR-MEU (235)/Th 
HTGR-MEU ( 233 )/Th 
FBR-MEU (233)/Th 

O p t i o n  8: 

(Heavy ~ u - t o - ~ ~ ~ u  transmutation rate  realized.  I 

Denatured ACRs/FBRs w i t h  FBR Transmuters 
Conta in ing  Th i n  T h e i r  Cores 

LWR-LEU LWR-Pu/Th 
LWR-MEU( 235)/Th FBR-Pu/Th/Thb 

FBR-MEU 233 1 /Th 

8L 

LWR-MEU 233 /Th 

85 LWR-LEU SSCR-PU/Th 
LWR-MEU( 235)/Th FBR-PU/Th/Th 
SSCR-LEU 
SSCR-MEU (233)/Th 
FBR-MEU (233)/Th 
LWR-LEU HWR-Pu/Th 
HWR-Nat.U FBR-PU/Th/Th 
HWR-SEU 
HWR-MEU 235)/Th 

FBR-MEU (233)/Th 

8H 

HWR-MEU [ 233)/Th 

8G LWR-LEU HTGR-PU/Th 
HTGR-LEU FBR-PU/Th/Th 
HTGR-MEU (235)/Th 
HTGR-MEU( 233)/Th 
FER-MEU (233)/Th 

a~~~ w i t h  Pu/U core, Th b lanket .  
b~~~ w i t h  Pu/Th core,  Th b lanket .  

:"&/:, , I I ,  I I ,  1 1  
0 
0 1 2 3 4 5 6 7 8 9 4 0 4 1  

u308 OUANTITY (40' tons)  

F i g .  6.1. Marginal Costs f o r  High- 
and Intermediate-Cost U308 Supply Curves. 
The increasing cos ts  a s  a function of the 
cumulative amount mined i s  ind ica t ive  of 
a continuous t r ans i t i on  from higher grade 
t o  lower grade resources.  
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t h a t  d i f f e r e d  f rom e s t a b l i s h e d  technology c o u l d  be i n t r o d u c e d  o n l y  a t  a l i m i t e d  r a t e  ( t y p i -  
c a l l y  a t  a r a t e  of 1, 2, 4, 8, e t c .  d u r i n g  success ive b ienniums) .  

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  was e s t a b l i s h e d ,  t h e  r a t e  a t  which t h a t  
r e a c t o r  c o u l d  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  was 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  y e a r  ( t y p i c a l l y  10% p e r  yea r ) .  

And once t h e  manu fac tu r ing  

The analyses a l s o  p r o v i d e d  d e t a i l e d  c o s t  data,  i n c l u d i n g  t h e  t o t a l  power c o s t  o f  each 

case and t h e  t o t a l  power c o s t  o f  each r e a c t o r  t y p e  i n  each case, t h e  l a t t e r  i n  t u r n  be ing  
subd iv ided .  U n f o r t u n a t e l y ,  however, t h e  combined u n c e r t a i n t i e s  on t h e  c o s t s  were so l a r g e  

t h a t  any conc lus ions  about  t h e  v a r i o u s  n u c l e a r  p o l i c y  o p t i o n s  based on economics were 

tenuous a t  bes t ;  t h e r e f o r e ,  t h e  c o s t  o f  a n u c l e a r  u n i t  u s u a l l y  d i d  n o t  e n t e r  i n t o  t h e  
d e c i s i o n  o f  whether i t  c o u l d  be c o n s t r u c t e d  o r  n o t .  

(1)  i t  was a v a i l a b l e  i n  t h e  o p t i o n  and ( 2 )  i t  had a l o w e r  U308 consumption r a t e  than  o t h e r  

u n i t s  under t h e  same o p t i o n .  

I n  genera l ,  a u n i t  was s e l e c t e d  i f  

However, f o r  t hose  cases i n  which t h e  U3O8 supp ly  was assumed 
t o  be s u f f i c i e n t l y  l a r g e  so as n o t  t o  l i m i t  t h e  growth o f  t h e  n u c l e a r  

p l a n n i n g  ho r i zon ,  t h e  u n i t  was chosen on t h e  b a s i s  o f  i t s  t o t a l  power 

6.1. Systems w i t h  P r i c e - L i m i t e d  Uranium Supp l i es  

T y p i c a l  Resu l t s  

T y p i c a l  r e s u l t s  f rom t h e  c a l c u l a t i o n s  f o r  p r i c e - c o n s t r a i n e d  u ran  

system o v e r  t h e  

cost .  

um s u p p l i e s  a r e  p re -  

sented i n  F igs.  6.2 and 6.3. F i g u r e  6.2 shows t h a t  w i t h  t h e  c u r r e n t l y  used LWR-LEU system 

o p e r a t i n g  on t h e  h i g h - c o s t  uranium supp ly  (Case 1L)  , 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  would 
peak somewhat above 400 GWe around y e a r  2010. If, however, p l u t o n i u m  r e c y c l e  were a l l o w e d  

i n  some o f  t h e  LWRs (Case 2L), t h e  peak would go above 600 GWe and would be delayed u n t i l  

about  y e a r  2020. Whi le  b o t h  these cases would meet t h e  c r i t e r i o n  o f  350 GWe i n  t h e  y e a r  

2000, n e i t h e r  c o u l d  s u s t a i n  t h e  r e q u i r e d  growth r a t e  through y e a r  2050. 

Adding an LWR t h a t  operates on denatured 2 3 3 U  f u e l  (Case 5TL) would n o t  s i g n i f i c a n t l y  
i nc rease  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  above t h a t  o f  Case ZL, n o r  would i t  de lay  t h e  

peaking date. i n  

Case 2L t h e  system's peak c a p a c i t y  i s  r e a l i z e d  by  a sharp i n c r e a s e  i n  t h e  i n s t a l l e d  c a p a c i t y  
w i t h i n  t h e  energy cen te r ,  t h e  r a t i o  of t h e  o u t s i d e  c a p a c i t y  t o  t h e  i n s i d e  c a p a c i t y  ( t h a t  i s ,  

t h e  energy suppor t  r a t i o )  b e i n g  approx ima te l y  2.5. By c o n t r a s t ,  when t h e  peak c a p a c i t y  
occurs i n  Case 5TL, t h e  energy suppor t  r a t i o  i s  g r e a t e r  t h a n  4 and remains above 4 u n t i l  
a f t e r  y e a r  2035. By t h i s  t i m e  t h e  suppor t  r a t i o  f o r  Case 2L has decreased s i g n i f i c a n t l y .  

Thus w i t h  Case 5TL a much l a r g e r  f r a c t i o n  o f  t h e  r e a c t o r s  can be d i spe rsed  o u t s i d e  t h e  

cen te r .  On t h e  o t h e r  hand, i n  t h e  near  te rm ( t o  y e a r  2015), t h e r e  i s  no n o t i c e a b l e  d i f f e r -  
ence i n  t h e  energy s u p p o r t  r a t i o s  o f  t h e  two systems, and i f  t h i s  p e r i o d  were t h e  o n l y  pe r -  

i o d  o f  concern, t hen  Case 2L would c l e a r l y  be t h e  choice. 
f a c t  t h a t  t o  dep loy  Case 5TL would r e q u i r e  a n u c l e a r  i n d u s t r y  t h a t  i s  capable o f  rep rocess ing  

s i g n i f i c a n t  amounts of f u e l  c o n t a i n i n g  t h o r i u m  and 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  gamma-emitting 232U, i n  a d d i t i o n  t o  a Pu r e c y c l i n g  c a p a b i l i t y ,  whereas Case 2L 

would r e q u i r e  o n l y  t h e  p lu ton ium r e c y c l i n g  c a p a b i l i t y .  

However, a d i s t i n c t  d i f f e r e n c e  between Case 2L and Case 5TL i s  apparent: 

T h i s  s ta tement  i s  based on t h e  
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l e d  Nuc lea r  C a p a c i t i e s  A t t a i n a b l e  by  T y p i c a l  Nuc lea r  Power Systems 
U3O8 Supply: 

ned Reactors. 
R e l a t i v e  C o n t r i b u t i o n s  o f  Dispersed Reactors and 

F i g .  6.3. 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  T y p i c a l  Power System. 
(Case 8L, High-Cost U308 Supply, Year 2035.) 
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The a d d i t i o n  o f  t h e  FBRs i n  Case 8L makes a dec ided impact  on t h e  p o t e n t i a l  o f  t h e  

power system. 
i n s t a l l e d  n u c l e a r  c a p a c i t y  of t h e  system i s  r a p i d l y  r i s i n g .  

energy suppor t  r a t i o  o f  t h e  system i s  app rox ima te l y  3 and i s  i n c r e a s i n g .  

The n u c l e a r  power demand i n  y e a r  2050 (1100 GWe) i s  e f f e c t i v e l y  met and t h e  

Moreover, a t  y e a r  2050 t h e  

I f  these systems were t o  ope ra te  on t h e  i n t e r m e d i a t e - c o s t  U308 supply ,  i n  which case 

6 m i l l i o n  ST U308 would be a v a i l a b l e  t o  them a t  cos ts  l e s s  than  $160 p e r  pound, t h e i r  

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  would, o f  course, be much g r e a t e r .  

u n t i l  about  y e a r  2040, a t  which t i m e  i t  would be approaching an i n s t a l l e d  c a p a c i t y  o f  1000 

GWe. Case 5TL would peak a few yea rs  l a t e r  w i t h  a c a p a c i t y  o f  about  1000 GWe. The e f f e c t  
on t h e  LEU-LWR throwaway system (Case 1L) would be t o  i n c r e a s e  t h e  peak i n s t a l l e d  c a p a c i t y  
t o  about  730 GWe and t o  de lay  t h e  peak about  20 years.  

Case 2L would n o t  peak 

Since Case 8L i s  l e s s  dependent on t h e  U308 supply ,  i t 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  

f o r  t h e  i n t e r m e d i a t e - c o s t  f u e l  supp ly  would n o t  d i f f e r  g r e a t l y  f r o m  t h a t  shown f o r  t h e  
h i g h - c o s t  supply ;  however, t h e  a v a i l a b i l i t y  o f  a more abundant economic f u e l  supp ly  would 
change t h e  c h a r a c t e r  o f  t h e  system - t o  t h e  e x t e n t  t h a t  app rox ima te l y  35% more U308 would 

be used by t h e  system by y e a r  2050 and t h e  energy suppor t  r a t i o  i n  y e a r  2050 would i nc rease  

f rom 3 t o  5.5. 

F i g u r e  6.3 rep resen ts  a "snapshot i n  t ime"  f o r  Case 8L, t h e  snapshot o c c u r r i n g  d u r i n g  

t h e  system's 55 th  y e a r  o f  o p e r a t i o n  on t h e  h i g h - c o s t  f u e l  supply .  
( y e a r  2035), System 8L would r e q u i r e  25.2 ST o f  U3O8 and 21,000 SWU o f  enr ichment  p e r  GWe, 

and 71% 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  would be o u t s i d e  t h e  energy cen te r .  The ske tch  

a l s o  i n d i c a t e s  t h e  f l o w  o f  f i s s i l e  m a t e r i a l  and heavy meta l  through t h e  system d u r i n g  t h e  

year .  

Summary o f  I n s t a l l e d  Nuc lea r  Capac i t i es ,  Energy Suppor t  Ra t ios  and Ore/Enrichment 
Requ i rements 

Dur ing  t h e  55 th  y e a r  

Summary da ta  f o r  a l l  t h e  o p t i o n s  c a l c u l a t e d  f o r  p r i c e - c o n s t r a i n e d  uranium s u p p l i e s  a r e  
p resen ted  i n  Tables 6.2 and 6.3. 
a l l  t h e  systems cons ide red  a r e  presented i n  Tab le  6.2, t o g e t h e r  w i t h  t h e  yea rs  i n  which 
t h e  maximums would occur. 

systems would be i n  y e a r  2050. 

The maximum n u c l e a r  c a p a c i t i e s  t h a t  c o u l d  be a t t a i n e d  by  

Table 6.3 shows what t h e  energy suppor t  r a t i o s  o f  t h e  d i f f e r e n t  

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  can be seen by r e a d i n g  ac ross  Table 6.2, and 

Fo r  t h e  h i g h - c o s t  U308 supply ,  i t  i s  obv ious t h a t  i n t r o d u c i n g  ACRs has 

t h e  e f f e c t  of changing t h e  ACR o p t i o n  w i t h i n  a fue l  c y c l e  o p t i o n  can be deduced by  r e a d i n g  
down a column. 

l i t t l e  e f f e c t  on t h e  maxilnum a t t a i n a b l e  n u c l e a r  c a p a c i t y  o f  t h e  throwaway/stowaway c y c l e  

(Op t ion  1) .  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  ACRs. 

t i m e  t h e  ACRs become predominant i n  t h e  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 

supp ly  has a l r e a d y  been comn i t ted  t o  t h e  s tandard  LWR. It f o l l o w s  t h a t  w i t h  t h e  l a r g e r  

supp ly  o f  U308, t h e  ACRs would have a g r e a t e r  impact. F o r  example, w i t h  t h e  i n t e r m e d i a t e -  

c o s t  uranium supply ,  an approx ima te l y  17% g r e a t e r  i n s t a l l e d  c a p a c i t y  i s  a t t a i n a b l e  when 

HWRs a r e  added, whereas w i t h  t h e  h i g h - c o s t  supp ly  o n l y  a 3% g r e a t e r  c a p a c i t y  i s  a t t a i n a b l e .  

By t h e  
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Table 6.2. Maximum Nuclear Capacity o f  Various Nuclear Power Options Limited 
t o  $160 per pound U308 and Year i n  Which Maximum Occurs 

(Note: A capacity o f  1100 GWe i n  year 2049 meets demand.) 

Maximum Installed Nuclear Capacity (GWe)/Year M a i m  Occurs 

ACR LEU, P U / U  Denatured w i t h  ACRs Denatured w i t h  ACRs/FBRs 
1 2 3 4 5u 5T 6 7 8 

With High-Cost U308 Supply 
LWR ( L )  

SSCR ( S )  

HWR ( H )  

HTGR (G) 

LWR ( L )  

SSCR (S )  

HWR ( H )  

HTGR ( G )  

433 
2009 

440 
2009 

444 
201 1 

437 
2009 

729 
2027 

763 
2029 

852 
2035 

783 
2031 

61 1 1100 585 71 6 637 
202: 2049 2019 2027 2021 

661 1100 660 820 764 
2023 2049 2023 2033 2029 

630 1100 756 91 5 856 
2021 7049 2031 2041 2035 

818 1100 545 671 638 
2033 2049 2019 2023 2021 

W i t h  Intermediate-Cost U308 Supply 

968 1100 1002 1062 1012 
2041 2049 2047 2049 2047 

1078 1100 1084 1100 1100 
2049 2049 2049 2049 2049 

1062 1100 1084 1100 1100 
2049 2049 2049 2049 2049 

1100 1100 971 1065 996 
2049 2049 2041 2049 2045 

1100 
2049 

1100 
2049 

1100 
2049 

1091 
2049 

1100 
2049 

1100 
2049 

1100 
2049 

1100 
2049 

1100 
2049 

1100 
2049 

1100 
2049 

1100 
2049 

1100 
2049 

1100 
2049 

1100 
2049 

1100 
2049 

1087 
2049 

1084 
2049 

1100 
2049 

958 
2041 

1097 
2049 

1100 
2049 

1100 
2049 

1100 
2049 

Several o t h e r  effects a r e  apparent from Table 6.2. As noted e a r l i e r ,  Pu/U recycle  
i n  an all- thermal system (Option 2 )  s i g n i f i c a n t l y  increases  the a t t a i n a b l e  peak power over 
t h a t  of  the throwaway system and delays the time the peak would be reached. 
although not  ind ica ted  i n  the t a b l e ,  this would be accomplished w i t h  lower maximum annual 
U3O8 o r e  requirements. The HTGR case  (26) would provide the g r e a t e s t  level  of  i n s t a l l e d  
capaci ty  for both uranium suppl ies ,  l a r g e l y  because HEU/Th-fueled HTGRs a r e  included and 
no o ther  reac tors  used i n  t h e  study employ HEU fuel .  
supply, a l l  cases  using ACRs would e f f e c t i v e l y  meet the demand. 

Moreover, 

W i t h  the intermediate-cost U308 

As would be expected, w i t h  FBRs added t o  the Pu/U recycle  case (Option 3 ) ,  the system 
would f u l l y  meet the power demands, again ( i n  most cases)  w i t h  reduced maxiumum annual o r e  
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Table 6.3. Energy Suppor t  Ra t ios  i n  Year 2050 f o r  Var ious Nuclear  P o l i c y  Opt ions 
(Suppor t  R a t i o  = I n s t a l l e d  Nuclear  Capac i t y  Ou ts ide  Energy C e n t e r / I n s t a l l e d  

Nuclear  Capac i t y  I n s i d e  Energy Cen te r )  

S u p p o r t  R a t i o  

ACR 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 

H igh-Cost  U3O8 S u p p l l  

LWR ( L )  m 1.54 0.72 m 5.69 3.74 1.27 1.46 3.09 

SSCR ( S )  J) 1.47 0.76 m 6.33 3.86 2.13 2.13 3.27 

HWR (H) m 0.49 0.92 m 5.79 3.07 1.07 1.06 2.89 

HTGR (GI  m 0.24 0.24 m 4.02 2.50 1.26 1.28 3.11 

I n t e r m e d i a t e - C o s t  u308 Supp ly  

LWR ( L )  m 2.42 1.65 m 5.06 5.05 5.37 5.37 5.49 

SSCR ( S )  m 2.10 1.65 m 4.78 4.78 4.78 4.78 4.78 

HWR (H) m 1.85 0.94 m 4.03 3.84 1.03 1 .04  3.07 

HTGR ( G )  m 1.77 1.82 m 3.30 3.20 2.74 2.74 3.62 

and enr ichment  requi rements.  However, because t h e  Pu/U r e c y c l e  o p t i o n s  a r e  so dependent 

on Pu-fueled r e a c t o r s  t h a t  must be c o n f i n e d  t o  energy cen te rs ,  t h e  energy suppor t  r a t i o s  

f o r  a l l  cases i n  Op t ions  2 and 3 a r e  r e l a t i v e l y  low, I t  i s  t o  be emphasized t h a t  
t h e  energy r a t i o  o f  a g i v e n  system changes w i t h  t ime. 

s e l e c t e d  as "end p o i n t s "  o f  t h e  a n a l y s i s ,  some o f  them b e i n g  h i g h e r  i n  e a r l i e r  yea rs  and 

o t h e r s  be ing  lower ,  as i s  apparent, f o r  example, i n  F ig .  6.2.) 

(Note: 
The r a t i o s  l i s t e d  i n  Tab le  -6.3 were 

The a l l - t h e r m a l  denatured systems (Opt ions 4, 5U, and 5T) a l l  have denatured 2 3 3 U  ACRs 
o p e r a t i n g  o u t s i d e  t h e  energy c e n t e r  and Op t ions  4 and 5U a l s o  have t h e  "denatured 235U11 ACRs 

o p e r a t i n g  o u t s i d e  t h e  cen te r .  

n o t  u t i l i z e  Pu whereas Opt ions 5U and 5T i n c l u d e  Pu/Th- fue led ACRs i n  t h e  cen te r .  

case o f  t h e  h i g h - c o s t  U3O8 supply ,  n o t  r e c y c l i n g  Pu causes O p t i o n  4 t o  peak a t  l ower  
i n s t a l l e d  c a p a c i t i e s  and a t  e a r l i e r  dates i n  a l l  cases compared t o  Op t ions  5U and 5T. And, 
excep t  f o r  t h e  HWR (Case 4H), t h e  maximum i n s t a l l e d  c a p a c i t i e s  and peak ing  dates f o r  O p t i o n  

4 do n o t  exceed o r  a r e  l ower  than  those f o r  Op t ion  2 - t h e  HTGR case much lower. 
p a r i n g  t h e  ACRs i n  these  cases, i t  shou ld  be no ted  t h a t  t h e  r e l a t i v e l y  good performance o f  

t h e  HWR ( n o t  o n l y  i n  O p t i o n  4, b u t  a l s o  i n  Op t ions  5U and 5T) i s  d i r e c t l y  dependent on t h e  

denatured 233U HWR, and o f  a l l  t h e  r e a c t o r  designs, t h e  des ign  o f  a l t e r n a t e - f u e l e d  HWRs 

has r e c e i v e d  t h e  l e a s t  amount of a n a l y s i s .  Therefore, a t  t h i s  p o i n t  l a r g e  u n c e r t a i n t i e s  

a r e  a s s o c i a t e d  w i t h  t h e  p r o j e c t e d  performance of t h e  HWR on such f u e l s .  
n o t e d  t h a t  t h e  r e l a t i v e l y  poo r  performance o f  t h e  HTGR i n  these  o p t i o n s  can p r o b a b l y  be 

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  n o n o p t i m i z a t i o n  of t h e  r e a c t o r s  f o r  a l t e r n a t e  f u e l s  would 

have a g r e a t e r  impact  on t h e  HTGR than  on t h e  o t h e r  r e a c t o r s .  
compensated f o r  i n  Op t ions  2 and 3, each of which i n c l u d e s  HTGRs o p e r a t i n g  on t h e i r  

re fe rence  HEU/Th c y c l e . )  

The p r i m a r y  d i f f e r e n c e  i n  t h e  systems i s  t h a t  O p t i o n  4 does 

I n  t h e  

I n  com- 

It shou ld  a l s o  be 

( T h i s  d isadvantage i s  



The absence of t h e  "denatured 235U31  ACR i n  Option 5T (compared t o  Option 5U) reduces 
the  peak i n s t a l l e d  nuclear capac i t i e s  w i t h  the high-cost U308 supply i n  a l l  t he  cases and 
causes them to  be rea l ized  e a r l i e r .  
r a t i o  in  year  2050. 

I t  a l so  s i g n i f i c a n t l y  reduces the energy support  

W i t h  the  intermediate-cost  U3O8 supply,  a l l  cases i n  Options 4,  5U, and 5T a r e  improved, 
with several  meeting the  power demand. 
than 60,000 ST of U308 per year  i n  some years ,  which could l i m i t  them, espec ia l ly  i f  these 
la rge  demands occurred while 60,000 ST per year  was s t i l l  considered t o  be the  maximum 
mining and mil l ing r a t e .  O n  t he  o ther  hand, i f  the  mining and mil l ing r a t e s  could be met, 
then with the  intermediate-cost  uranium supply the  a1 1-thermal denatured power systems 

( e spec ia l ly  those including plutonium u t i l i z a t i o n  i n  secure energy cen te r s )  could s a t i s f y  or 
almost s a t i s f y  the postulated nuclear energy demand through year  2050 a t  competit ive cos ts .  

However, i n  so doing, these cases wil l  requi re  more 

The denatured power systems u t i l i z i n g  FBRs (Options 6 ,  7 ,  and 8)  would have g r e a t e r  
po ten t ia l  nuclear growth r a t e s  than the  all- thermal denatured systems. W i t h  both assumed 
u308 suppl ies ,  the  projected power demand i s  met i n  e s s e n t i a l l y  a l l  cases ,  and those f a l l i n g  
shor t  would no doubt meet the  demand i f  s l i g h t l y  improved FBR designs were used. The Th-  
containing FBRs supporting dispersed denatured ACRs perform as  well as  the analogous P u / U  
cycles  within the  framework of this ana lys i s .  
blanket i s  p a r t i c u l a r l y  resource-ef f ic ien t .  

Of these,  the FBR with a Pu/U core and T h  

The denatured power systems u t i l i z i n g  FBRs a l so  have lower U308 and enrichment require-  
ments than any of the  o ther  opt ions.  However, with the high-cost uranium supply,  and i n  
some cases w i t h  the  intermediate-cost  supply,  the energy support  r a t i o s  i n  year  2050 a r e  
general ly  lower than those of the  al l - thermal  denatured systems. 

6.2. Systems with Unconstrained Uranium Supplies 

In order  t o  determine what t he  ore  and enrichment requirements of the  various power 
systems would be under the  condi t ion t h a t  the  projected demand f o r  nuclear power be met, 
i r r e s p e c t i v e  of the cost ,  a l l  t he  cases  were recalculated w i t h  no cost c o n s t r a i n t  on the 
ava i lab le  ore .  
resources they required t o  meet the  demand. Again, however, the ca lcu la t ions  were per- 
formed f o r  t h e  two d i f f e r e n t  U308 marginal cos t  models shown i n  F i g .  6.1, and f o r  most 
cases  the  ore requirements f o r  t he  two models d i f f e r e d  owing t o  d i f f e r e n t  reac tor  mixes 
associated with the  two d i f f e r e n t  pr ice  s t ruc tu res .  High-cost U308 favored the choice 
o f  f u e l - e f f i c i e n t  ( b u t  high cap i t a l  c o s t )  r eac to r s ,  whereas lower-cost U308 favored the  
continued use of LWRs. 

That i s ,  i t  was assumed t h a t  t he  power systems could a f ford  any amount of 

The r e s u l t s  from these ca lcu la t ions  a r e  summarized i n  Tables 6.4 and 6.5. I t  i s  t o  
be noted t h a t  f o r  the LEU-LWR throwaway/stowaway opt ion  ( l L ) ,  a cumulative consumption of 
7.1 mi l l ion  ST of ore  would be required through year  2049 and the  maximum annual consump- 
t i o n  would be 183,000 ST U308. Introducing ACRs on the  throwaway cycle  would reduce both 
these  requirements,  most not iceably with an HWR, and allowing Pu  recycle  could reduce the  
cumulative U308 consumption down t o  4 mil l ion ST and the  maximum annual consumption down 
t o  82,000 ST (Case 2G). 
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Table 6.4. Cumulative U308 Consumption o f  Various Nuclear Policy 
Options Ful ly  Meeting Projected Nuclear Power Demands 

(Restriction t o  $160 per pound u308 removed.) 
~~~ 

Cumulative U308 Consumption (mill ions o f  tons) 
Through year  2025/Through Year 2049 

A C R  L E U ,  P U / U  Denatured w i t h  ACRs 
1 2 3 4 5u 5T 6 7 a 

LklR ( L )  

SSCR ( S )  

HWR (H) 

HTGR ( G )  

LWR ( L )  

SSCR (S)  

HWR (H) 

HTGR (G) 

3.41 
7.05 

3.26 
6.52 

3.10 
5.58 

3.23 
6.26 

3.41 
7.05 

3.26 
6 . 5 2  

3.10 
5.58 

3.23 
6.26 

2.39 
5.23  

2.23 
4 . 3 s  

2.72 
4.64 

2.19 
4.04 

With High-Cost U308 Supply 

2.14 2.87 2.36 2.36 
2.73 5.41 4.83 4.94 

1.99 2.70 2.35 2.14 
2.70 4.65 3.86 3.86 

2.29 2.50 2.16 2.14 
2.70 4.36 3.27 3.77 

1.97 2.58 2.32 2.34 
2.75 5.13 4 .43  4.94 

2.18 
2.82 

1.93 
2.69 

2.25 
2.61 

2.15 
2.70 

2.14 
2.83 

1.93 
2.69 

2.21 
2.55 

2.12 
2.68 

2.29 
2.86 

2.07 
2.83 

2.29 
2.87 

2.32 
3.18 

Nith Intermediate-Cost U308 Supply 

2.39 2.28 2.87 2.36 2.36 2.37 2.37 2.37 
5.23 4.40 5.41 4.91 4.94 4.38 4.38 4.48 

2.23 2.20 2.70 2.14 2.14 2.14 2.14 2.14 
4.35 4.14 4.65 3.86 3.86 3.86 3.86 3.86 

2.72 2.31 2.94 2.52 2.51 2.32 2.30 2.38 
4.64 2.71 5.40 4.32 4.37 3.66 2.70 3.37 

2.32 2.30 2.58 3.32 2.34 2.23 2.23 2.26 
4.23 4.22 5.13 4.43 4.94 4.19 4.19 4.24 

The denatured t h e r m 1  options wi th  Pu recycle (5U and 5T) would reduce t h e  cumulative 
U308 consumption even further ( b u t  not  always t h e  maximum annual consumption). 
high-cost uranium supply i s  assumed, the prefer red  ACR i s  again t h e  HWR, bu t  when the 
intermediate-cost  supply i s  assumed, t h e  prefer red  ACR i s  t h e  SSCR. 
i n  the denatured thermal opt ions ,  the t o t a l  resource requirements are genera l ly  less than 
those for  thermal systems opera t ing  solely on t h e  Pu/U recycle mode ( t h e  HTGR cases are 
the except ion) .  

When t h e  

When Pu  i s  recycled 
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Table 6.5. 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 U3O8 Consumption (thousands of tons per year) 

ACR L E U ,  P u / U  Denatured w i t h  ACRs Denatured w i t h  ACRs/FBRs 
1 2 3 4 5u 5T 6 7 8 

N i t h  High-Cost U 3 0 8  SUPPlY 

LWR ( L )  183 120 60 111 115 115 62 60 68 

SSCR ( S )  160 115 52 83 83 a3 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 U308 Supply 

LWR ( L )  1 a3 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 

The power systems tha t  include FBRs (Options 3, 6 ,  7 ,  and 8) have considerably more 
f l e x i b i l i t y  a n d  reduced cumulative o re  requirements and consumption r a t e s .  
cos t s  a r e  h i g h ,  these  opt ions reduce t h e i r  U308 requirements by increasing the  f r ac t ion  
of FBRs i n  t h e i r  r e a c t o r  mix .  

When the U308 

In summary, t o  completely s a t i s f y  the  projected demand f o r  nuclear  power through 
year  2050, L E U  throwaway systems would requi re  5.6 t o  7.1 mi l l ion  ST U308, thermal re-  
cyc le  systems would require 3.3 t o  5.4 mi l l ion  ST, and FBR-containing systems would re-  
qu i re  2.6 t o  4.4 mi l l ion  ST, t he  systems including denatured 2 3 3 U  reac tors  requir ing 
approximately the same cumulative amount of U308 a s  their Pu/U counterpar ts .  
q u a l i t a t i v e l y  support  those obtained from the  e a r l i e r  cost-constrained cases , a1 though 
lower U308 suppl ies  were ava i lab le  f o r  t he  e a r l i e r  ca lcu la t ions .  

These r e s u l t s  

6.3. Conclusions 

Under the assumptions t h a t  t he  projected nuclear  power demand i s  350 GWe i n  t he  year  
2000 w i t h  an increase of 15 GWe/year t h e r e a f t e r  t o  the  year  2050, and t h a t  nuclear power 
would not be competit ive a t  U308 prices  exceeding $160/lb, the  adequacy of several  pos- 
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t u l a t ed  denatured and nondenatured nuclear power systems based on the  secure energy center  
and dispersed reac tor  concept were analyzed. The r e s u l t s  showed the  following: 

I f  nuclear power systems were l imited t o  the  once-through LEU cycle  and t o  
3 mil l ion ST U308 below $160/lb, the  U.S. nuclear power capaci ty  would 
peak around the  year  2010. 
ava i lab le ,  t he  peak would be higher and would be delayed 20 t o  25 years .  

With the  l imi ta t ion  of 3 mil l ion ST U308 below $160/lb, a l l  once-through 
L E U  systems, regardless  of the  reac tor  types employed, would r e s u l t  i n  

approximately the same maximum i n s t a l l e d  nuclear capaci ty  (about 440 GWe). 
W i t h  6 mil l ion ST U308 below $160/lb ava i l ab le ,  adding ACRs t o  the  cycle  
( i . e . ,  SSCRs, HWRs, o r  HTGRs) would increase the  maximum i n s t a l l e d  nuclear  
capaci ty  above t h a t  of an all-LWR system. 

Thermal Pu/U recycle  systems have the  c a p a b i l i t y  of increasing the  maxi- 
mum i n s t a l l e d  nuclear capaci ty  over t h e  once-through cycle .  
l imi ta t ion  of 3 mil l ion ST U308 below $160/lb, t he  bes t  thermal P u / U  
recycle  system could support  twice the maximum i n s t a l l e d  capaci ty  of 
the once-through cycle.  
thermal Pu/U recycle  systems could support  the  nuclear demand. 

With f a s t  breeders added t o  the  Pu/U recycle  system, the  nuclear  power 
demand could be f u l l y  met under both ore supply assumptions. However, 
a l l  Pu/U recycle  systems would have r e l a t i v e l y  low energy support  r a t i o s  
because a l l  Pu-fueled reac tors  would be r e s t r i c t e d  t o  the  energy center .  

Thermal recycle  systems t h a t  include denatured 2 3 3 U  reac tors  would have 
the c a p a b i l i t y  o f  supporting more i n s t a l l e d  nuclear  capaci ty  than ther-  
mal Pu/U recycle  systems; however, achieving this c a p a b i l i t y  would 
require Pu u t i l i z a t i o n .  

Thermal recycle  systems t h a t  include denatured 2 3 3 U  reac tors  and u t i l i z e  
P u  could a t t a i n  r e l a t i v e l y  h i g h  energy support  r a t i o s ,  espec ia l ly  i f  the  
systems a1 so included "denatured 235U'l reac tors .  

Essent ia l ly  a l l  systems t h a t  use f a s t  transmuters t o  produce 2 3 3 U  
f o r  denatured thermal reac tors  could f u l l y  meet t he  projected nuclear  
power demand under  both U308 supply assumptions. However, because o f  
t h e i r  dependency on Pu  u t i l i z a t i o n ,  the systems l imited t o  3 mil l ion 
ST U308 below $160/lb would have r e l a t i v e l y  low energy support  r a t i o s .  

To completely s a t i s f y  the projected nuclear  power demand, LEU throw- 
away/stowaway systems would reqc i re  5.6 t o  7.1 mi l l ion  ST U308, thermal 
recycle  systems (both denatured and nondenatured) would requi re  3.3 t o  
5.4 mi l l ion  ST, and FBR-containing systems would requi re  2.6 t o  4.4 
mi l l ion  ST. 

I f  6 mil l ion ST u308 below $160/lb were 

0 

0 

Under the 

W i t h  6 mil l ion ST U3O8 below $160/lb,  some 

0 

0 

0 
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7.0.  CONCLUSIONS AND RECOMMENDATIONS 

Depending on the  degree t o  which the  p r o l i f e r a t i o n  concern i s  addressed, various 
nuclear power s t r a t e g i e s  could be developed between the  cur ren t  no-reprocessing opt ion (and 
hence no recyc le)  and opt ions t h a t  would permit the unconstrained recycle  of plutonium. 
s t r a t e g y  based on the denatured 2 3 3 U  fuel  cycle  would r e t a i n  important advantages of both 
these  extremes: I t  would employ recycled f i s s i l e  mater ia l ,  and thus would extend the 
ef fec t iveness  of t he  resource base. 
fuel  would have an inherent  i so topic  b a r r i e r ,  plus a rad ia t ion  b a r r i e r ,  t h a t  would be 
d i f f i c u l t  t o  circumvent. 
weapons-usable mater ia l  from the  spent  denatured fuel  would be considerably more d i f f i c u l t  
than e x t r a c t i n g  an equivalent  amount of f i s s i l e  material  from spent  L E U  fue l .  
some components and f a c i l i t i e s  i n  t he  denatured 233U cycle  would not have inherent  pro- 
tec t ion  f ac to r s ,  they could be r e s t r i c t e d  t o  secure (guarded) energy centers .  

A 

A t  the  same time i t  would include reac tors  whose f r e sh  

The cycle  would a l so  have an added advantage i n  t h a t  e x t r a c t i n g  

And while 

Before any proposed new fuel  cycle  can be implemented, however, i t  must be examined 
in  the  l i g h t  of prac t ica l  considerat ions,  such as  when the necessary reac tors  and fue l s  
could be on l i n e ,  whether an economic supply of U3O8 would be ava i l ab le ,  and how the  tech- 
nical  o r  i n s t i t u t i o n a l  ba r r i e r s  required to  ensure nonprol i ferat ion could be p r a c t i c a l l y  
implemented. 
insofar  a s  possible  w i t h i n  the  c o n s t r a i n t s  of the study, and several  postulated nuclear 
power systems u t i l i z i n g  denatured 2 3 3 U  fuel  were analyzed t o  determine whether they could 
meet a projected U.S. nuclear power growth demand of 350 GWe in the year  2000 followed by 
a ne t  increase of 15 GWe/year u p  t o  the  year 2050. Two d i f f e r e n t  U308 supply models were 
employed: 
i c a l l y  competit ive cos t  of $160/lb, and another t h a t  assumed t h a t  6 mi l l ion  ST U308 would 
be ava i lab le .  
s imi la r  analyses  were performed f o r  a number of nondenatured power systems. 

In t h i s  inter im study of the  denatured cycle  a l l  these f ac to r s  were considered 

one t h a t  assumed t h a t  only 3 mil l ion ST U308 would be ava i lab le  a t  an econom- 

So t h a t  the  denatured cycle  could be compared with o ther  fuel  cyc les ,  

From the  perspect ive o f  an overview, the various nuclear power systems can be c l a s s i -  
( a )  no-recycle opt ions,  ( b )  c l a s s i ca l  recycle  opt ions,  
These, i n  t u r n ,  can be subdivided i n t o  opt ions t h a t  

An 

f i ed  under three  major categories:  
and ( c )  denatured recycle  opt ions.  
u t i l i z e  LWRs only and those t h a t  u t i l i z e  LWRs i n  combination with ACRs and/or FBRs. 
in tegra ted  assessment of these var ious options i s  presented i n  matrix form i n  Table 7 .1 ,  
with each option character ized on the  bas i s  of the  following c r i t e r i a :  

( 1 )  

( 2 )  Potent ia l  f o r  commercialization of the  reac tor / fue l  cycle  components. 

( 3 )  

Nuclear p ro l i f e ra t ion  res i s tance  r e l a t i v e  t o  other  systems. 

Technical f e a s i b i l i t y  on a reasonable schedule (and a t  reasonable cos t s )  f o r  
research,  development, and demonstration of the  reac tor / fue l  cycle  components. 

(4) Capabi l i ty  of the  system f o r  meeting long-term nuclear energy demands 

(5 )  Economic f e a s i b i l i t y .  



7.1. No-Recycle Opt ions 

Case A i n  Table 7.1 i s  t h e  c u r r e n t l y  employed once-through low-en r i ched  uranium c y c l e  

i n  LWRs, which rep resen ts  the  o n l y  s i g n i f i c a n t  commercial p o s s i b i l i t y  i n  t h e  near  term. 

c u r r e n t  o r e  and s e p a r a t i v e  work p r i c e s ,  t h i s  c y c l e  i s  economica l l y  c o m p e t i t i v e  w i t h  o t h e r  

energy sources , and i t  has f a v o r a b l e  p r o l i f e r a t i o n - r e s i s t a n c e  c h a r a c t e r i s t i c s :  i t s  f r e s h  
f u e l  c o n t a i n s  an i n h e r e n t  i s o t o p i c  b a r r i e r ;  and w h i l e  i t s  spen t  f u e l  c o n t a i n s  p lu ton ium, 

t h e  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  p roduc ts  and thus has a r a d i a t i o n  

b a r r i e r .  The p r i n c i p a l  drawback o f  t h e  c y c l e  i s  t h a t  t o  s a t i s f y  t h e  n u c l e a r  demand postu-  
l a t e d  i n  t h i s  s t u d y  would r e q u i r e  t h e  consumption o f  5.6 t o  7.1 m i l l i o n  tons o f  U30,. 

i t  would r e q u i r e  t h a t  90,000 t o  130,000 t o n s  o f  U3O8 be mined and m i l l e d  annua l l y ,  which 

under c u r r e n t  c a p a b i l i t i e s  seems un feas ib le .  P o s s i b i l i t i e s  e x i s t  f o r  reduc ing  these  
requi rements (see Appendix C ) ,  b u t  even w i t h  improvements, t h e  c y c l e  would be l i m i t e d  by  

t h e  a v a i l a b i l i t y  and p r o d u c i b i l i t y  of U3O8 i n  t h e  n e x t  cen tu ry ,  

A t  

A l s o  

I n  Case B y  ACRs ( i .e . ,  HWRs, HTGRs, o r  SSCRs) o p e r a t i n g  on once-through LEU o r  MEU(235)/Th 

f u e l  would be added t o  t h e  LEU-LWRs a l r e a d y  commerc ia l ized.  

t h rough  LEU c y c l e ,  a l l  t h e  ACRs cons ide red  i n  t h i s  s tudy  would u t i l i z e  l e s s  U308 than  LWRs 

(see Table 4.1) ,  p a r t i c u l a r l y  t h e  HWR, f o r  wh ich  t h e  uranium would be o n l y  s l i g h t l y  enr iched,  

When operated on t h e  MEU(235)/Th once- through c y c l e ,  t h e  HTGR a l s o  would use l e s s  f u e l  t han  

t h e  LWR on t h e  LEU once-through c y c l e .  

p o s s i b l y  HTGRs on MEU(235)/Th f u e l  would be resource  e f f i c i e n t .  However, as made c l e a r  

i n  S e c t i o n  5, cons ide rab le  e f f o r t  and expend i tu res  would be r e q u i r e d  t o  commerc ia l ize t h e  
ACRs, and i f  MEU(235)/Th f u e l  were t o  be used, a d d i t i o n a l  f u e l  R,D&D would be necessary. 

And even then t h e  g e n e r i c  drawback o f  once- through c y c l e s  would remain - t h a t  i s ,  t h e  

u n c e r t a i n t y  i n  t h e  s i z e  o f  t h e  economica l l y  recove rab le  resource  base. 

as c o s t s  f o r  e x t r a c t i n g  t h e  resource  base i n c r e a s e  ( t o  above $100/ lb  li308, f o r  example), 

commerc ia l i za t i on  o f  t h e  ACRs would become more a t t r a c t i v e .  
MEU(235)/Th i n  LWRs would be uneconomic because of h i g h  f i s s i l e  l o a d i n g  requi rements and 
would n o t  be considered except  t o  i n i t i a t e  a s t o c k p i l e  of 2 3 3 U . ]  

When opera ted  on t h e  once- 

Thus t h e  s u b s t i t u t i o n  o f  ACRs on LEU f u e l  and 

On t h e  o t h e r  hand, 

[The imp lemen ta t i on  o f  

I f  e i t h e r  t h e  c o n t i n u a t i o n  o f  Case A o r  t h e  imp lemen ta t i on  o f  Case B i s  adopted 
as a l ong - te rm p o l i c y ,  p lans  should be i n c l u d e d  t o  p r o v i d e  c e n t r a l i z e d  and secure r e g i o n s  

w i t h i n  wh ich  spent  f u e l  c o u l d  be s t o r e d  and enr ichment  f a c i l i t i e s  c o u l d  be operated.  As 
t i m e  passes, sa feguard ing  t h e  spent  f u e l  d i scha rged  from o p e r a t i n g  r e a c t o r s  w i l l  assume 
g r e a t e r  impor tance s i n c e  a l l  t h e  elements w i l l  c o n t a i n  Puf t h a t  w i l l  become i n c r e a s i n g l y  

a c c e s s i b l e  as t h e  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  of t h e  spent  f u e l  decays. 

elements, however, would have much l e s s  Pu t h a n  t h e  LEU e lements. ]  And i n  t h e  event  t h a t  

r e c y c l i n g  were e v e n t u a l l y  dec ided upon, such c e n t e r s  would be ready sources o f  Pu and 
233U,  as w e l l  as fo re runners  of t h e  f u e l  c y c l e  energy c e n t e r s  f o r  recyc le -based  o p t i o n s .  

[The MEU(235)/Th 

f 

7.2. C l a s s i c a l  Reference Recyc le Opt ions 

I f  g rowth  o f  nuc lear-based e l e c t r i c a l  g e n e r a t i o n  i s  t o  be s u s t a i n e d  i n d e f i n i t e l y ,  t h e  

b reed ing  and r e c y c l i n g  o f  a r t i f i c i a l  f i s s i l e  m a t e r i a l  w i l l  be mandatory. 
o f  t h e  n u c l e a r  i n d u s t r y ,  i t  has been assumed t h a t  t h e  Pu now be ing  produced i n  t h e  2 3 8 U  

con ta ined  i n  t h e  LWR f u e l  elements e v e n t u a l l y  would be c h e m i c a l l y  e x t r a c t e d  f rom t h e  spen t  

W i t h  t h e  g rowth  



51 

T a b l e  7.1. I n t e g r a t e d  Assessment o f  V a r i o u s  N u 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  Power Growth Demand 

R,D&D Cost and Time o f  
Economics P r o l i f e r a t i o n  Resistance Implementation/Comnercialization Comerc i a1 I n t r o d u c t i o n  A b i l  i t y  t o  Meet Power Demands Reactor/Fuel Cycle Combination 

A LWRs on LEU c y c l e  

B LEU-LWRs fo l l owed  by 
advanced conver ters  on 
4ELl (SEU) c y c l e  o r  on 
MEU( 235)/Th c y c l e  

C Once-through LEU-LWRs 
fo l lowed by LWRs w i t h  Pu 
recyc le 

D Once-through LEU-LWRs 
fo l lowed by LWRs and FBRs 
w i t h  Pu recyc le  

E Dispersed LWRs operat ing on 
LEU and denatured 2 3 3 U  fue l  
w i th  U recyc le;  energy- 
center  thermal transmuters 
(LWRS) w i t h  Pu recyc le 

F Dispersed LWRs and advanced 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

c o n i e r t e r s  operat ing on LEU 
and denatured 2 3 3 U  f u e l  w i t h  
U recyc le;  energy-center 
thermal transmuters (LWRs 
and advanced conver ters)  
w i t h  Pu r e c y c l e  0 

G Dispersed LWRs and advanced 
converters operat ing on LEU 
and denatured 2 3 3 U  f u e l  
U recyc le ;  energy-center 
f a s t  transmuters w i t h  Pu 
recyc 1 e 

Probably best  t o  the e x t e n t  t h a t  non-nuclear 
weapons s ta tes  cont inue t o  forego na t i ona l  
f u e l  recyc le  
Fresh f u e l  has i s o t o p i c  b a r r i e r ;  spent f u e l  
contains r a d i o a c t i v e  f i s s i o n  products 
Spent f u e l  s t o c k p i l e  con ta in ing  Pu i s  a 
r i s k ;  requ i res  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  above 
HTGRs on MEU/Th c y c l e  would reduce Pu pro- 
duct ion by f a c t o r  o f  5 over LEU-LWRs bu t  
f r e s h  f u e l  would have h igher  2 3 5 U  content 

HWRs on SEU cyc le  about equal t o  LWRs on LEU 
cyc le  i n  Pu product ion 

(20% ) 

Recycled Pu i n  f r e s h  f u e l  chemical ly sepa- 
rab le;  probably acceptable i f  Pu can be 
l i m i t e d  t o  nuclear weapons s ta tes  and t o  
secure i n t e r n a t i o n a l  f u e l  se rv i ce  centers 
Option requi res techn ica l  and i n s t i t u t i o n a l  
b a r r i e r s  f o r  Pu-fueled reactors  (%30%) 
Spent f u e l  contains r a d i o a c t i v e  f i s s i o n  
products 
Increased r i s k  over Case C because system 
tends t o  become Pu dominated 
Leads t o  s i g n i f i c a n t  Pu inven to r ies  
and requ i res  extens ive Pu t ranspor-  
t a t i o n  f o r  dispersed reac to rs  
Requires technica l  and i n s t i t u t i o n a l  
b a r r i e r s  

"Fresh" denatured f u e l  has i s o t o p i c  and 
r a d i o a c t i v e  ba r r i e rs ;  spent f u e l  contains 
r a d i o a c t i v e  f i s s i o n  products 
Spent denatured f u e l  conta ins less Pu than 
spent LEU f u e l  ( f a c t o r  o f  2.5 l e s s )  
Requires technica l  and i n s t i t u t i o n a l  
b a r r i e r s  t o  l i m i t  Pu t o  secure energy 
centers 
Reduces Pu-fueled reac to rs  by f a c t o r  o f  2 
compared w i t h  Case C 
Fresh and spent denatured f u e l  advantages 
same as f o r  Case E 
Requires technica l  and i n s t i t u t i o n a l  
b a r r i e r s  
Use 6 f  HWRs o r  HTGRs s u b s t a n t i a l l y  reduces 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Pu product ion r e l a t i v e  t o  Cases C-and E 
Pu produced i n  denatured HWRs and HTGRs may be 
discarded w i t h  minor l oss  o f  f u e l  e f f i c i e n c y  
Very s i m i l a r  t o  Case E except t h a t  15 t o  50% 
o f  reac to rs  may be Pu-fueled FBRs, depending 
on choice o f  cyc les 

0 

No-Recycle Options 

I n  wide c o m e r c i a l  use 0 Low cos t  0 Least resource e f f i c i e n t  
Concern e x i s t s  about f u e l  * Gradual imDrovements in t roduced from Year 0 Peaks ou t  betweemvears 2010 and 2030 
supply 1980 t o  year 2000 
Emphasis on improved LWRs and 
U308 resource development 
needed 

L i t t l e  commercial i ncen t i ve  t o  IJ Up t o  $2 b i l l i o n  f o r  advanced converter 
in t roduce advanced converter R, D&D 
Known t o  be t e c h n i c a l l y  Advanced converters in t roduced i n  1990's 
f e a s i b l e  
Concern e x i s t s  about long-term 
f u e l  supply 

Class ica l  Reference Recycle Options 

Acceptable t o  p r i v a t e  sector 
Requires completion o f  Generic R&D 
Environmental Impact Statement In t roduc t i on  i n  l a t e  1980's 
on Mixed Oxide Fuel 

* Over $1 b i l l i o n ,  mainly f o r  f u e l  cyc le  

Preferred by p r i v a t e  sector 
FBR l i c e n s i n g  and c o m e r c i a l -  
i z a t i o n  may be d i f f i c u l t  0 FBRs n o t  ava i l ab le  before 2000 

FBR R,R&D up t o  $10 b i l l i o n  
Fuel cyc le  R,D&D $1.6 t o  $3 b i l l i o n  

Denatured Recycle Options 

Fuel cyc le  somewhat more com- 
p lex  than Pu/U cyc le,  bu t  func- 
t i o n a l l y  equiva lent  I n t r o d u c t i o n  i n  1990's 
Requires government i ncen t i ve  

Up t o  $0.5 b i l l i o n ,  PWRs and BWRs 
Fuel cyc le  R,D&D $1.8 t o  $3.3 b i l l i o n  

Same as Case E 
Advanced conver ters  l i k e  

0 

0 Fuel cyc le  same as i n  Case E 
I n t r o d u c t i o n  i n  l a t e  1990's 

Up t o  $2.5 b i l l i o n  f o r  advanced 
I t o  conver ters  

t o  be a t t r a c t i v e  i f  FBRs are 
unavai lab le 

Same as Case E 
P r i v a t e  sector  l i k e l y  t o  accept 
government mandate 
Should 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  year  2000 
thermal - t o - f a s t  reac to r  r a t i o  t o  
a l l ow  s i t i n g  f l e x i b i l i t y  

0 Up t o  $10 b i l l i o n  f o r  FBRs 
0 Converter R,D&D a s  i n  Cases E and F 

Fuel cyc le  $2  t o  $3.6 b i l l i o n  

and dec l ines thereaf ter  unless l a r g e  
amounts o f  low-grade U308 a r e  exp lo i t ed  
Peak could be increased and delayed 10 
t o  15 years w i t h  reac to r  improvements 
and reduced t a i l s  assay 

usefulness o f  once-through c y c l e  up 
t o  10 years over standard LWRs 

Advanced converters cou ld  extend 

0 Gains 10-15 year r e l a t i v e  t o  Case A ;  
somewhat l ess  r e l a t i v e  t o  improved A 

Superior a b i l i t y  t o  respond t o  power 
growth greater  than t h a t  considered i n  
t h i s  study 

0 Divorce from mining poss ib le  

Somewhat b e t t e r  than Case C due t o  
s u p e r i o r i t y  o f  2 3 3 U  as thermal reactor  
f u e l  

Can f u l l y  satis.fy assumed demand through 
year 2050 f o r  p l e n t i f u l  U308 supply; 
e s p e c i a l l y  t r u e  i f  HWR conver ters  used 

As good as Case D above fo r  assumed 
power demand 
Divorce from U mining l e s s  l i k e l y  than 
f o r  Case D above 

0 

Economics c lose ly  l i n k e d  t o  U308 p r i c e  
Very favorable a t  c u r r e n t  U308 p r i ces  

Uncer ta in  c a p i t a l  costs c loud near-term 

Advanced converters favored a t  h igh 
i n t e r e s t  

U308 p r i ces  -(>$100/lb) 

0 Pre fe r red  over Case A a t  h iqh U308 
(>$1 O O / l  b )  

Economics uncer ta in  because o f  FBR 
costs ,  bu t  probably acceptable 

Close t o  Case C 

Poss ib l y  lowest cost  f o r  U30B p r i c e  
range of $100-$200/1 b, espec ia l l y  
f o r  HTGR converter 

0 Economics s i m i l a r  t o  Case D above 
0 If F8R costs  are high, can compen- 

sate by reducing the f r a c t i o n  o f  FBRs 
i n  the  mix and inc reas ing  the mining 
r a t e  
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elements and used i n  the  f a b r i c a t i o n  of replacement LWR cores ,  and a s  the  Pu/U cycle  
matured, FBRs would be added. 

While recycl ing Pu in  LWRs alone would extend the  usefulness  of the uranium resource 

This progression i s  represented by Cases C and D in Table 7 . 1 .  

base, Case C ,  l i k e  o ther  a l l - thermal  systems, would be inherent ly  l imi ted  in  t h a t  the  
amount of f i s s i l e  mater ia l  produced ( P u  ) would always be l e s s  than the amount of f i s s i l e  
mater ia l  burned up ( 2 3 5 U ) .  
Case A and a few years  over Case B .  However, t h i s  option has the advantage t h a t  i t  could 
be implemented e a r l i e r  than the  Case B opt ion s ince  i t  requires  only t h a t  the  already wel l -  
advanced Pu/U fuel  cycle  R&D be completed and commercialized. The perceived disadvantage 
of the  system i s  t h a t  f o r  i t  t o  be p r o l i f e r a t i o n  r e s i s t a n t  t he  Pu-fueled reac tors  (on the  
order  of 30%) and e s s e n t i a l l y  a l l  the  o ther  components of the  fuel  cycle  would have t o  be 
located in  secure energy centers .  
of power produced outs ide  the center  t o  the  power produced in s ide  the  cen te r )  would be 
r e l a t i v e l y  low. And s ince  energy centers  could not be s i t e d  a s  conveniently as  s ing le  
r eac to r s ,  long-distance e l e c t r i c  power transmission could both decrease the  e f f ic iency  of 
the system and increase the  cos t s .  
$100/lb,  Case C could be preferred over Case A .  

f 

The overa l l  e f f e c t  would be t o  gain several  years  over 

As a r e s u l t ,  the  system's energy support  r a t i o  ( r a t i o  

S t i l l ,  i f  U308 pr ices  were t o  increase  t o  more than 

With f a s t  breeders included i n  t he  Pu/U cycle  (Case D ) ,  the  projected power demands 
could be f u l l y  met and a pos i t ive  growth r a t e  could be an t ic ipa ted  f a r  i n to  the  fu ture .  
The system would become se l f - sus ta in ing  and eventual ly  could be divorced from the  uranium 
resource base,  thus el iminat ing the  necess i ty  f o r  fu r the r  mining. However, comnerciali- 
zat ion of t he  FBR probably could not be accomplished before the  year  2000, and la rge  cos ts  
t o  complete the  r e a c t o r  and fuel  cycle  R , D & D  could be expected. Also, t h i s  option would 
tend t o  have an even lower energy support  r a t i o  than Case C .  

7.3. Denatured Recycle Options 

The three  denatured recycle  opt ions ,  Cases E ,  F, and G i n  Table 7 . 1 ,  a r e  a l l  basi-  
In each case the  sys- c a l l y  the  same, d i f f e r i n g  pr imari ly  in  the reac tor  mix u t i l i z e d .  

tem i s  s t ruc tured  with p r o l i f e r a t i o n  r e s i s t a n c e  a s  a primary c r i t e r i o n  and i t  r e l i e s  
heavi ly  on the  energy-center and d ispersed- reac tor  concept. 
t o r s  ( u p  t o  85%) u t i l i z e  denatured 2 3 3 U  o r  L E U  fuel  and thus can be dispersed outs ide the  
energy center  t o  loca t ions  where they a r e  most needed (see  F i g .  3 .1 ) .  Components located 
in  the  energy center  would include Pu-fueled thermal o r  f a s t  transmuters dedicated to  the  
production of 2 3 3 U  plus a l l  t he  f a c i l i t i e s  required f o r  fuel  f a b r i c a t i o n ,  reprocessing, 
e t c .  T h u s  t he  Pu would be r e s t r i c t e d  t o  and destroyed within the energy center  and a l l  
the  f resh  fuel  ou ts ide  the  center  would have i so top ic  ba r r i e r s  t h a t  would preclude iso-  
l a t i o n  of t h e  233U or 235U through chemical processing. 
233U fuel  would have a rad ioac t ive  b a r r i e r  due  t o  the  decay daughters of t he  232U impurity 
t h a t  i s  unavoidably produced along w i t h  t h e  2 3 3 U .  Although the spent  denatured fuel  would 
contain P u ,  the amount would be l e s s  than one-half t h a t  i n  spent  LEU fue l .  
would have the usual protect ion of f iss ion-product  r a d i o a c t i v i t y  while i t  was being 
returned t o  the  center .  

A l a rge  f r ac t ion  of the reac- 

In addi t ion ,  t h e  f r e sh  denatured 

Moreover, i t  



53 

Case E i s  a denatured r e c y c l e  o p t i o n  t h a t  would u t i l i z e  LWRs o n l y .  I n  t h i s  r e s p e c t  

i t  i s  comparable t o  Case C; however, i n  Case C t h e  LWRs would be u s i n g  o n l y  LEU and Pu/U 

f u e l ,  whereas i n  Case E t h e y  would be u s i n g  LEU, MEU(233)/Th ( i . e . ,  denatured 233U), and 

Pu/Th f u e l .  As a r e s u l t ,  t h e  fue l  c y c l e  would be more complex and i t s  R,D&D c o s t s  would 

be h ighe r ,  p a r t i a l l y  because of t h e  n e c e s s i t y  f o r  deve lop ing  remote o p e r a t i o n s  t o  handle t h e  

r a d i o a c t i v e  2 3 3 U  (+ 232U) f u e l .  A lso,  i n  o r d e r  f o r  t h e  LWRs t o  accommodate MEU(233)/Th and 

Pu/Th f u e l ,  a d d i t i o n a l  LWR R&D would be r e q u i r e d .  An advantage t h a t  t h i s  case has o v e r  

Case C i s  t h a t  2 3 3 U  i s  s u p e r i o r  t o  e i t h e r  2 3 5 U  o r  Pu as a f u e l  f o r  thermal  r e a c t o r s  and 

thus  t h e  system p robab ly  would b e t t e r  meet t h e  p r o j e c t e d  power demand. However, l i k e  Case 

C y  t h i s  o p t i o n  i s  i n h e r e n t l y  l i m i t e d  by t h e  absence o f  FBRs. A lso,  w i t h  t h e  R,D&D s t i l l  

r equ i red ,  t h e  o p t i o n  would r e q u i r e  app rox ima te l y  10 more y e a r s  than  Case C f o r  deployment, 

and then  o n l y  w i t h  s t r o n g  government i n c e n t i v e s  and suppor t .  

Case F d i f f e r s  f r o m  Case E i n  t h a t  some of t h e  LWRs b o t h  i n s i d e  and o u t s i d e  t h e  energy 
c e n t e r  would be r e p l a c e d  w i t h  ACRs; thus,  before t h i s  o p t i o n  c o u l d  be made a v a i l a b l e ,  t h e  

R,D&D o f  t h e  ACRs would have t o  be completed. T h i s  would c o n s i d e r a b l y  i nc rease  t h e  c o s t s  
o f  t h e  system, as w e l l  as t h e  requi rements f o r  government suppor t ,  b u t  a t  t h e  same t i m e  t h e  

p r o j e c t e d  power demand c o u l d  p robab ly  be f u l l y  met. 
i n c r e a s e  t o  $100 t o  $200 p e r  pound, t h i s  o p t i o n  would be economica l l y  a t t r a c t i v e  compared t o  

t h e  p reced ing  op t i ons .  S t i l l  i t  would be an a l l - t h e r m a l  system t h a t  would be u s i n g  more 

f u e l  t han  i t  produced, and i t s  long-range f e a s i b i l i t y  would be i n t i m a t e l y  t i e d  t o  t h e  

recove ry  c o s t s  o f  t h e  uranium resource base. 

I n  f a c t ,  i f  t h e  U308 p r i c e  were t o  

I n  Case G t h e  energy c e n t e r  would u t i l i z e  f a s t  t ransmuters r a t h e r  than  thermal  t r a n s -  

muters. 

d u c t i o n  i t  would be e q u i v a l e n t  t o  t h e  c l a s s i c a l  FBR Pu/U o p t i o n  (Case D) ,  a l t hough  indepen- 

dence f rom t h e  resource  base would n o t  be as p robab le  as i t  would be f o r  Case D. 
t h i s  system would use e s s e n t i a l l y  a l l  t h e  r e a c t o r  and f u e l  types cons ide red  i n  t h i s  s tudy,  

i t s  deployment would r e q u i r e  t h a t  a l l  t h e  r e a c t o r  R,D&D and a l l  t h e  f u e l  c y c l e  R,D&D 

mentioned f o r  t h e  o t h e r  c y c l e s  be c a r r i e d  ou t .  As a r e s u l t ,  i t s  c o s t s  would be h i g h e r  than  

those  f o r  Case D and i t s  imp lemen ta t i on  would r e q u i r e  a s t r o n g  government mandate. 
were implemented, however, i t s  p r o l i f e r a t i o n - r e s i s t a n c e  c h a r a c t e r i s t i c s  would a l l o w  a l a r g e  

f r a c t i o n  o f  t h e  power-producing r e a c t o r s  t o  be d i spe rsed  o u t s i d e  t h e  energy c e n t e r  t o  

l o c a t i o n s  where t h e y  were most needed, whereas i n  Case D most o f  t h e  r e a c t o r s  would be 

r e s t r i c t e d  t o  t h e  c e n t e r .  

T h i s  system c o u l d  f u l l y  meet t h e  p r o j e c t e d  power demand, and thus i n  energy pro-  

Because 

I f  i t  

As was s t a t e d  i n  Chapter 6, i t  was n o t  p o s s i b l e  i n  t h i s  s tudy  t o  e v a l u a t e  t h e  dena- 
t u r e d  233U f u e l  c y c l e  o r  any o f  t h e  o t h e r  c y c l e s  i n  d e t a i l  on t h e  b a s i s  o f  economics due 

t o  t h e  u n c e r t a i n t i e s  i n  u n i t  c o s t  f a c t o r s .  However, t h e  economics o f  t h e  denatured c y c l e  

appear t o  b e  e q u i v a l e n t  t o ,  o r  s l i g h t l y  b e t t e r  than, those o f  t h e  c l a s s i c a l  Pu/U c y c l e  f o r  

moderate g rowth - ra te  scenar ios  ( t h a t  i s ,  scenar ios  t h a t  would r e q u i r e  t h e  use o f  f a s t  and 

thermal r e a c t o r s  i n  comb ina t ion ) .  Whi le  t h e  R,D&D cos ts  and f u e l  c y c l e  u n i t  c o s t s  o f  t h e  

denatured c y c l e  were assumed t o  be h i g h e r  than  those o f  t h e  Pu/U c y c l e ,  power systems 

u t i l i z i n g  denatured 233LJ f u e l  t y p i c a l l y  would a l l o w  a l a r g e r  f r a c t i o n  o f  t h e  r e a c t o r s  t o  

be thermal  r e a c t o r s  (LWRs o r  ACRs), which would have lower  c a p i t a l  c o s t s  than  f a s t  r e a c t o r s .  

Th i s  i s  d i r e c t l y  due t o  t h e  f a c t  t h a t  2 3 3 U  can be used i n  thermal  r e a c t o r s  more e f f i c i e n t l y  

t han  i n  f a s t  r e a c t o r s .  
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Neither did t h i s  study s ing le  out  any one ACR as  an obvious s e l e c t i o n  f o r  f u r t h e r  
development and conversion t o  a l t e rna te  fue l s  (MEU/Th and Pu/Th f u e l s ) .  
t he  HTGR,  p a r t i c u l a r l y  the  HWR, appear t o  have c e r t a i n  super ior  fuel  u t i l i z a t i o n  charac te r -  
i s t i c s  r e l a t i v e  t o  the SSCR or  LWRs ( see  Section 4 ) .  B u t  t he  SSCR could be deployed f a s t e r  
and w i t h  s i g n i f i c a n t l y  lower R , D & D  cos t s ,  the  more so i f  the  PWR on which the  SSCR design i s  
based had already been converted,  which i t  undoubtedly would be. As discussed in  Section 5 ,  
developing an a l te rna te- fue led  PWR would be much l e s s  d i f f i c u l t  than developing an ACR due 
to  the  backlog of LWR experience and the  reduced risk associated w i t h  a previously demon- 
s t r a t e d  reac tor  system. And the  cap i t a l  cos t  of an a l te rna te- fue led  LWR would be somewhat 
lower than the cap i t a l  cos t  of an A C R .  Thus, t he  improved performance of an ACR must be 
weighed aga ins t  t he  increased R , D & D  and cap i t a l  cos ts  and the delay i n  in t roduct ion .  

Both the  HWR and 

The reac tor  data  i n  Section 4 and the  system analyses i n  Section 6 ind ica t e  t h a t  f a s t  
transmuters would have more favorable  resource c h a r a c t e r i s t i c s  a s  2 3 3 U  producers than 
would thermal transmuters.  The log ica l  transmuter candidate  would be a Pu-fueled f a s t  
reac tor  with a thorium blanket .  I t  should be noted, however, t h a t  a more rapid growth i n  
energy demand could d i c t a t e  t h a t  c l a s s i ca l  Pu/U breeders a l so  be included in  the system o r  
even tha t  f a s t  reac tors  operat ing on denatured 233U be used. In these  cases  the  nuclear 
power capaci ty  could grow independently o f  t he  resource base. 

In summary, the  denatured cycle  appears t o  possess advantages r e l a t i v e  t o  the  Pu/U 
cyc le ,  b u t  several  important a reas  requi re  f u r t h e r  study. In p a r t i c u l a r ,  t he  refinement 
of the  denatured ACR charac te r iza t ion  i s  of prime importance, both t o  evaluate  various 
reac tor  options and t o  study the overal l  use of ACRs a s  opposed t o  LWRs. Also, system 
in te 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  w i t h  the  use of s p e c i a l l y  
designed transmuters a s  a source of denatured f u e l ,  deserves more de t a i l ed  study. Charac- 
t e r i z a t i o n s  of improved f a s t  transmuters,  improved LWRs, reoptimized ACRs and LMFBRs, as  
well a s  a charac te r iza t ion  of t he  L i g h t  Water Breeder Reactor (LWBR), have been developed 
under the  Nonproliferation AI  t e rna t ive  Systems Assessment Program (NASAP) and a DOE Pro- 
l i f e r a t i o n  Res is tan t  Large Core Design Study (PRLCDS) and should be u t i l i z e d  i n  any f u r t h e r  
s tud ie s  t h a t  a r e  performed. 

F ina l ly ,  

7 . 4 .  Overall Conclusions and Recommendations 

The denatured 233U fuel  cycle  emerges from this assessment a s  a po ten t ia l  a l t e r n a t i v e  
t o  the  conventional Pu/U cycle ,  w i t h  advantages t h a t  can be charac te r ized  a s  follows: 

0 The denatured 2 3 3 U  cycle  o f f e r s  pro1 i f e r a t i o n - r e s i s t a n c e  advantages 

r e l a t i v e  to  the  Pu/U cycle  i n  t h a t :  
an i so top ic  b a r r i e r  t h a t  would preclude i so l a t ion  of the 2 3 3 U  through 
chemical processing; the f resh  fuel  would have a r a d i o a c t i v i t y  b a r r i e r  
due t o  the  daughter products of i t s  2 3 2 U  impurity;  and the  spent  fuel  
would contain r e l a t i v e l y  small amounts of P u .  By con t r a s t ,  t he  Pu/U 
cyc le ,  e s p e c i a l l y  when including f a s t  breeder r eac to r s ,  would tend 

the  f r e sh  denatured fuel  would have 



toward an equi l ibr ium in  which a l l  the f resh  fuel  would contain 
chemically ex t rac tab le  Pu and the spent  fuel  would contain increasing 
amounts of P u .  

Because 2 3 3 U  i s  a more e f f i c i e n t  fuel f o r  thermal reac tors  than e i t h e r  
2 3 5 U  o r  P u ,  power systems employing denatured 2 3 3 U  fuel  could meet 
moderate growth-rate demands w i t h  a l a rge r  f rac t ion  of thermal reac tors  
than power systems based on the  Pu/U cycle .  
the  overal l  cap i ta l  cos ts  of the  power system s ince  thermal reac tors  have 
s i g n i f i c a n t l y  lower capi ta l  cos ts  than f a s t  reac tors .  

I f  denatured power systems were t o  include ACRs as  well a s  LWRs, the 
dependence on f a s t  reac tors  could be further minimized due t o  the  
improved resource u t i l i z a t i o n  of ACRs compared t o  LWRs. 

economy would depend, of course,  on the reac tor  mix s ince  the ACRs 

would have higher cap i t a l  cos t s  than the LWRs. 

Under the  mandate of a p r o l i f e r a t i o n - r e s i s t a n t  system based on the 
secure energy-center and d i  spersed-reactor  concept,  denatured power 
systems could be divorced from the resource base and s t i l l  support  
dispersed reac tors  whereas power systems operat ing on the Pu/U cycle  
a lone could not. 

This would tend t o  minimize 

The degree of 

The disadvantages of the  denatured 2 3 3 U  cycle  a r e  the following: 

e The cycle  would be more complex than the Pu/U cyc le ,  and s ince  the  
required 2 3 3 U  must f i r s t  be produced i n  transmuters,  the r a t e  a t  which 
reac tors  fueled w i t h  denatured 233U could be introduced would be inher- 
en t ly  l imited.  The Pu/U cycle  i s  c lose r  t o  commercialization and Pu i s  
already being produced i n  cur ren t ly  operat ing reac tors .  

Because the  Pu/lJ cycle  technology i s  well advanced, i t  i s  the preferred 
cycle  both o f  t he  U.S. industry and foreign governments; therefore ,  
t h e i r  re luctance t o  embrace an a l t e r n a t i v e  which i s  l e s s  developed and 
i s  considered pr imari ly  on the  bas i s  of i t s  nonprol i ferat ion advan- 
tages would have to  be overcome. 

The R,D&D cos ts  f o r  developing the denatured 2 3 3 U  fuel  cycle  would be 
s i g n i f i c a n t l y  higher than those f o r  the Pu/U cycle .  
required,  even higher cos t s  would be incurred. 

I f  ACRs were a l s o  

Other important conclusions from this study a r e  a s  follows: 

The LWR-LEU once-through cycle  i s  l i k e l y  t o  dominate nuclear power 
production through the year  2000, which should provide time t o  develop 
e i t h e r  the  denatured cycle  o r  the  Pu/U cycle  f o r  t he  recycle  mode. 

0 Denatured 2 3 3 U  fuel can be used i n  LWRs, SSCRs, HWRs, HTGRs, and FBRs 

without major changes from t h e i r  present  conceptual designs.  
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0 A f t e r  t h e  necessary R,D&D i s  completed, t h e  denatured 2 3 3 U  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 fue l  c y c l e .  

W i t h  t h e  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  t h e  y e a r  2000 and a n e t  i n c r e a s e  o f  15 GWe/yr 
t h e r e a f t e r )  can be met as w e l l  by  power systems o p e r a t i n g  on t h e  denatured 

f u e l  c y c l e  as i t  can b y  power systems u s i n g  t h e  Pu/U c y c l e .  

Pu/U c y c l e  w i t h  FBRs 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 .  

0 

However, t h e  

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  improved LWRs, ACRs, and f a s t  r e a c t o r s  o p e r a t i n g  on 

a l t e r n a t e  f u e l s  ( s p e c i f i c a l l y  denatured 2 3 3 U  f u e l  and Pu/Th f u e l )  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  b reeder  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). 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  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. 

These f u r t h e r  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: 

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  t h e  use o f  MEU(235)/Th, 

MEU(233)/Th (denatured 2 3 3 U ) ,  and Pu/Th f u e l s  i n  LWRs and HWRs ( t h e  

l a t t e r  i n  coopera t i on  w i t h  Canada). 
t h e  LWBR f u e l  c y c l e .  

S t u d i e s  t o  c o n s i d e r  denatured 233U o r  235U f u e l s  as candidates 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 techno logy  s t u d i e s ,  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  LMFBR program and t h e  GCFBR program (Gas Cooled 
F a s t  Breeder Reactor) .  

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  co rne r  rods  o f  t h e  
BWR f u e l  assembly. 

T h i s  program m i g h t  a l s o  i n c l u d e  
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APPENDIX A .  232U PRODUCTION AND DECAY PROCESSES 

The production of 233U from thorium r e s u l t s  i n  the  concomitant production of 2 3 2 U  

( see  Fig. A.l)  which probably would not be i so top ica l ly  separated from the  2 3 3 U  before the  
f resh  denatured fuel  was fabr ica ted .  

prominent being a 2.6-MeV gamma ray associated w i t h  the  decay of 208Tl .  
denatured 233U fuel would be rad ioac t ive ,  and would be increasingly more rad ioac t ive  with 
the  passing of time. 
both w i t h  respec t  to  p r o l i f e r a t i o n  and to  the development o f  the  fuel  cyc le ,  as  has been 
discussed in  Section 2. 

As the 232U decays through 228Th  and i t s  daughter 
* products t o  s t a b l e  *08Pb ( s ee  Fig. A . 2 ) ,  numerous gamma rays would be emit ted,  the  most 

T h u s  the  f resh 

This c h a r a c t e r i s t i c  of the  fuel  would have several  ramif ica t ions ,  

ORNL-DWG 77-15745 

(n,2n) I 

Fig. A.1. Important Reaction Chains 
Leading t o  the  Production o f  232U and 233U. 

232” ORNL-DWG 65.550113 

a 7 2 y  

* 
ZZeTh 

Fig. A.2. Decay of 232U and 232Th.  
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APPENDIX E. TIME-INTEGRATED DOSES DUE TO INHALED U AND PU ISOTOPES 

Es t ima tes  o f  t h e  t i m e - i n t e g r a t e d  doses ( 5 0 - y r  doses) t h a t  can be expected t o  be de- 
l i v e r e d  t o  t h e  bone by t h e  i n h a l a t i o n  o f  t h e  i m p o r t a n t  f u e l  i s o t o p e s  a r e  compared i n  Table 

B . l .  A l though t h e  va lues g i v e n  f o r  2 3 2 U  and 2 3 3 U  a r e  based on l i m i t e d  exper imen ta l  data,  

i t  i s  apparent  t h a t ,  i n  terms o f  dose p e r  ug inha led ,  t h e  t o x i c i t y  o f  2 3 2 U  i s  h i g h e r  than  
t h a t  o f  any o f  t h e  o t h e r  i s o t o p e s  l i s t e d  excep t  238Pu. 

23311 a l s o  has a r e l a t i v e l y  h i g h  t o x i c i t y ,  b u t  one t h a t  i s  c o n s i d e r a b l y  l ower  than  t h e  
t o x i c i t y  o f  any of t h e  p l u t o n i u m  i s o t o p e s .  It shou ld  be p o i n t e d  o u t ,  however, t h a t  t hese  

t o x i c i t i e s  a r e  based on t h e  assumpt'ion t h a t  a l l  bone-seeking r a d i o n u c l i d e s  a r e  f i v e  t imes  

more e f f e c t i v e  i n  i n d u c i n g  bone tumors than  i s  226Ra, and some ev idence e x i s t s  t h a t  2 3 2 U  
and 2 3 3 U  a r e  n o t  t h a t  damaging. 

When compared w i th  235U o r  238U, 

Table B . l .  T ime- In teg ra ted  ( 5 0 - y r )  Dose D e l i v e r i e s  t o  Bone by I n h a l e d  
Uran i  um and P1 u t o n i  um Iso topes  

E f f e c t i v e  H a l f  Dose t o  Bone 
S p e c i f i c  A c t i v i t y a  L i f e  i n  Boneb ( i-ems/ug 

I s o t o p e  ( C i / g )  (days 1 i n h a l e d )  

2321) 21.42 X IO0 
2 3 3 ~  9.48 x 10-3 

23811 3.33 x 10-7 

23 5u 2.14 X 

238Pu 17.4 X 100 
239Pu 6.13 X 10-2 

24OPu 2.27 X 10-1 

3.0 X 102 2.4 x 103 

3.0 X 102 4.3 x le5 

3.0 X 102 6.3 X 1 0 6  

2.3 X lp 9.9 x 104 

7.2 X 104 4.0 X l@ 

7.1 X lo'+ 1.5 x i o3  

3.0 X 102 2.1 x 10-1 

1 C i  = 3.70 x 1O1O d i s i n t e g r a t i o n s  p e r  second. 

t h e  n u c l e i  t o  change form. 

a 

bTime r e q u i r e d  f o r  one -ha l f  o f  a g i v e n  q u a n t i t y  t o  d i s i n t e g r a t e ,  t h a t  i s ,  f o r  one-half of 

The f r a c t i o n  o f  t h e  contaminant  232U i n  denatured 233U f u e l  would, o f  course,  be much 

lower  than  t h e  combined f r a c t i o n  o f  p l u t o n i u m  i s o t o p e s  i n  Pu/U f u e l .  
o f  dose commitments have been performed s p e c i f i c a l l y  f o r  denatured 233U f u e l ,  an upper 

l i m i t  can be es t ima ted  f rom c a l c u l a t i o n s  f o r  HTGR f u e l  c o n t a i n i n g  93% 2 3 3 U  i n  U. As 

r e c y c l e  progresses,  t h e  232U c o n t e n t  o f  HTGR f u e l  c o u l d  i n c r e a s e  t o  a maximum o f  perhaps 
1000 ppm 232U i n  U, i n  which case t h e  dose commitment t o  t h e  bone r e s u l t i n g  f rom t h e  

i n h a l a t i o n  o f  

a f t e r  t h e  f u e l  has been processed. 
p o t e n t i a l  dose commitment would i nc rease  f o r  a p e r i o d  of app rox ima te l y  10 y e a r s  ( t o  about  

3 X mrem/ug i n h a l e d )  a f t e r  which i t  would decrease. S ince denatured 2 3 3 U  f u e l  i s  

d i l u t e d  w i t h  r e l a t i v e l y  n o n t o x i c  238U, i t  would c o n t a i n  p r o p o r t i o n a t e l y  l e s s  232U and would 
be somewhat l e s s  t o x i c  than  h i g h l y  e n r i c h e d  HTGR fue l .  

s i g n i f i c a n t l y  more hazardous and LEU f u e l  would be s i g n i f i c a n t l y  l e s s  hazardous. 

Whi le  no c a l c u l a t i o n s  

9 o f  t h e  f u e l  would be abou t  4 X mrem i f  i n h a l e d  immed ia te l y  

Because of t h e  i n g r o w t h  of 232U daughters ,  however, t h e  

By c o n t r a s t ,  Pu/U f u e l  would be 
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APPENDIX C. EFFECT OF IMPROVED LWR DESIGNS AND ENRICHMENT TECHNOLOGY 

Whi le  n o t  cons ide red  i n  t h e  system analyses d iscussed i n  Sec t i on  6, i t  i s  p o s s i b l e  

t o  improve 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  o f  energy 

produced - p o s s i b l y  as much as 30% on t h e  once-through c y c l e .  I n  o r d e r  t o  e s t i m a t e  t h e  

e f f e c t  t h a t  such improvements c o u l d  have, a s e r i e s  of c a l c u l a t i o n s  was r u n  t o  determine 

what t h e  U308 requi rements o f  LWRs would be a t  p o i n t s  i n  t h e  f u t u r e  i f  t h e i r  des igns were 

g r a d u a l l y  improved. 

o f  t h e  uranium enr ichment  t a i l s  was considered. 
A t  t h e  same t i m e  t h e  e f f e c t  o f  a gradual  decrease i n  t h e  2 3 5 U  c o n t e n t  

I n  these c a l c u l a t i o n s  i t  was assumed t h a t  t h e  LWR U308 u t i l i z a t i o n  would be improved 

i n  sequen t ia l  increments of 10%. Reactors  s t a r t i n g  up between 1981 and 1991 were assumed 

t o  need 90% o f  t h e  U308 r e q u i r e d  by  t h e  s tandard  LWR, those  s t a r t i n g  up between 1991 and 
2001 would r e q u i r e  80%, and those  s t a r t i n g  up a f t e r  2001 would r e o u i r e  70%. I t  was a l s o  

assumed t h a t  i n  those same decades t h e  improvements would be r e t r o f i t t e d  i n  a l l  o p e r a t i n g  
LWRs ( w i t h  no downtime cons ide red ) .  

2 3 5 U  f r a c t i o n  o f  0.0020 i n  1980 and g r a d u a l l y  decreased t o  0.0005 b y  2010 and remained 

cons tan t  t h e r e a f t e r .  

The reduced t a i l s  schedule began w i t h  the  s tandard  

The r e s u l t s  o f  t h e  c a l c u l a t i o n s ,  summarized i n  Table C . l ,  i n d i c a t e  t h a t  w i t h  improved 

LWR designs a lone,  t h e  U308 consumption l e v e l  would be reduced 25% by  y e a r  2029. If, i n  

a d d i t i o n ,  t h e  decreased t a i l s  enr ichment  were r e a l i z e d ,  t h e  t o t a l  U308 consumption c o u l d  

be reduced by 36%.* The U3O8 consumption of LWRs on once-through c y c l e s  would t h e n  be 

comparable t o  t h a t  o f  t h e  s tandard  LWR o p e r a t i n g  on t h e  Pu/U r e c y c l e  mode ( o r  on denatured 

23311 f u e l ) .  

Table c.1. Comparison o f  U308 U t i l i z a t i o n  o f  Standard and Improved 
LWRs Operat ing on ThrowawaylStowaway Opt ion Wi th  and Wi thou t  

Improved Tai  1 s 

ST U,O,/GWe 

Standard LWR Technoloqy Improved LWR Technoloqy 
Normal Improved Normal Improved 

Year T a i l s  T a i  1 s T a i  1 s T a i  1 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  2 3 8 U ;  improved t a i l s  as- 
sumed 0.05 w/o 2 3 5 U  i n  2 3 8 U ;  75% c a p a c i t y  f a c t o r .  

* 
T h i s  would r e q u i r e  a l a r g e  i nc rease  i n  SWU requi rements,  however. 
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