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A fuel cycle t h a t  employs 233U denatured w i t h  2 3 8 U  and mixed w i t h  thorium f e r t i l e  
material i s  examined with respect to  i t s  p ro l i fe ra t ion- res i s tance  charac te r i s t ics  and i t s  
technical and economic f e a s i b i l i t y .  The ra t iona le  f o r  considering the denatured 233U fuel 
cycle i s  presented, and the impact of the denatured fuel on the performance of Light-Water 
Reactors , Spectral-Shift-Control led Reactors, Gas-Cool ed Reactors, Heavy-Water Reactors, 
and Fast Breeder Reactors i s  discussed. The scope o f  the R , D & D  programs t o  commercialize 
these reactors and their associated fuel cycles i s  a l so  summarized and the resource require- 
ments and economics of denatured 2 3 3 U  cycles a re  compared t o  those of the  conventional h / U  
cycle. In addition, several nuclear power systems t h a t  employ denatured 2 3 3 U  fuel and are 
based on the energy center concept a re  evaluated. 
reactors fueled w i t h  denatured o r  low-enriched uranium fuel a re  supported by secure energy 
centers i n  which sens i t ive  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  reac tors )  and repro- 
cessing. A summary chapter presents the most s ign i f i can t  conclusions from the study and 
recommends areas f o r  future work. 

Under t h i s  concept, dispersed power 

These a c t i v i t i e s  

-7 
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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 Scien 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  which 
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 considered 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  m i g h t  

even e l i m i n a t e  t h e  n s c e s s i t y  for  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 ,  Combustion 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 s s u e d  i n  December, 1978, as ORNL-5388 
(Interim Assessment of the Denatured 2 3 3 U  FueZ CycZe: FeasibiZity and NonproZiferation 
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 2 3 5 U ,  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  increase.  

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  2 3 5 U  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 s o t o p e .  

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 2 3 3 U ,  which i s  produced by t h e  neu t ron  
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 o res  d im in i sh ,  t h e  cos ts  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 s o t o p e s  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 Pu f . 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  o f  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 t h e  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 e n r i c h e d  t o  o n l y  a 

s l i g h t l y  h i g h e r  c o n c e n t r a t t o n  o f  235U (3-4%). 

o p e r a t i o n s  by v i r t u e  o f  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 

t h e  c u r r e n t  U.S. p o l i c y  o f  a "once-through" cyc le ,  t h e  Pu remains l ocked  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). 

f Thus Pu i s  a byp roduc t  o f  a l l  t hese  r e a c t o r  

f 
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f u e l  elements, b u t  if t h e  elements were reprocessed, i t  c o u l d  be c h e m i c a l l y  separated and 

recyc led ,  t o g e t h e r  w i t h  t h e  unburned 235U, i n  rep lacement  elements. 

however, t h a t  t h e  CANDUs and t h e  LWRs c o u l d  s u s t a i n  themselves, s i n c e  b o t h  a r e  thema2 
r e a c t o r s  which f o r  reasons d iscussed l a t e r  cannot  p r a c t i c a l l y  be developed i n t o  "breeders"  

( r e a c t o r s  t h a t  produce more f u e l  t han  they  use) .  

plement t h e  supp ly  o f  2 3 5 U  f o r  thermal  r e a c t o r s .  

f a s t  r e a c t o r s *  whose f i s s i l e  cores a r e  surrounded w i t h  2 3 8 U  " b l a n k e t s "  can ove r  a p e r i o d  

o f  t i m e  breed enough Pu 
f u e l  supp ly  o f  thermal  r e a c t o r s .  It was, o f  course,  t h e  e x p e c t a t i o n  t h a t  t h i s  would occu r  

t h a t  prompted t h e  U.S.  i n d u s t r y ' s  i n t e r e s t  i n  t h e  c o n s t r u c t i o n  o f  commercial p l a n t s  f o r  r e -  

p rocess ing  t h e  LWR low-enr iched uranium f u e l s  (LEU f u e l )  and p r o v i d e d  t h e  i n c e n t i v e  f o r  
t h e  development o f  f a s t  breeder  r e a c t o r s ,  p a r t i c u l a r l y  t h e  L iqu id -Me ta l  Fas t  Breeder Reac- 

t o r  (LMFBR). 

o f  p l u t o n i u m  i n  t h e  r e c y c l e  elements, has been r e f e r r e d  t o  as moving toward a "p lu ton ium 

economy. I' 

T h i s  does n o t  mean, 

Bu t  r e c y c l e d  f u e l  c o u l d  be used t o  sup- 
Moreover, i t  has been demonstrated t h a t  

f t o  r e p l a c e  t h e i r  own f u e l  and a t  t h e  same t ime  supplement t h e  

The e v o l u t i o n  o f  an LMFBR-type f u e l  cyc le ,  w i t h  an i n c r e a s i n g  c o n c e n t r a t i o n  

Whi le  t h e  p r i m a r y  emphasis i n  t h e  U.S. has been on t h e  uranium-based p l u t o n i u m  c y c l e  

( a l s o  r e f e r r e d  t o  as t h e  Pu/U c y c l e ) ,  t h e  development of a thorium-based c y c l e  has a l s o  

been pursued - t o  t h e  e x t e n t  t h a t  a p r o t o t y p e  thermal  High-Temperature Gas-Cooled Reactor  
(HTGR) t h a t  c o n t a i n s  t h o r i u m  i n  i t s  c o r e  i s  a l r e a d y  o p e r a t i n g  ( t h e  F o r t  S t .  V r a i n  p l a n t  
l o c a t e d  a t  P l a t t e v i l l e ,  Colorado) .  C u r r e n t l y  t h e  r e a c t o r  f u e l  i n  t h e  HTGR c y c l e  c o n s i s t s  
o f  h i g h l y  e n r i c h e d  uranium ( ~ 9 3 %  235U i n  U )  i n t e r m i x e d  w i t h  232Th ( r e f e r r e d  t o  as an HEU/Th 

c y c l e ) ,  b u t  i f  t h e  c y c l e  were c l o s e d  so t h a t  t h e  spen t  f u e l  elements c o u l d  be reprocessed, 
t h e  2 3 3 U  b r e d  i n  t h e  232Th c o u l d  be e x t r a c t e d  and used i n  new HTGR elements. 

e v o l u t i o n  o f  t h e  c l o s e d  HTGR c y c l e  c o u l d  r e s u l t  i n  an i n c r e a s i n g  c o n c e n t r a t i o n  o f  233U 
i n  t h e  r e c y c l e  elements, a l t hough ,  again,  t h e  HTGR c o u l d  n o t  p r a c t i c a l l y  be developed i n t o  

a comp le te l y  s e l f - s u s t a i n i n g  r e a c t o r .  

Thus, t h e  

Whi le  o u r  f i s s i l e  f u e l  supp ly  c o u l d  be enhanced by d e p l o y i n g  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 ,  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 "  as t h e  c u r r e n t l y  used once-through LEU cyc le .  T h e i r  concern c e n t e r s  on t h e  f a c t  

t h a t  i n  these f u e l  c y c l e s  weapons-usable f i s s i l e  m a t e r i a l  i s  c h e m i c a l l y  e x t r a c t a b l e  f rom t h e  
f r e s h  f u e l  elements. The f e a r  i s  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 m i g h t  s e i z e  t h e  f r e s h  
f u e l  elements as t h e y  a r e  b e i n g  t r a n s p o r t e d  t o  r e a c t o r s ,  o r  even s t e a l  them f rom t h e  r e a c t o r  
s i t e s  themselves, i n  o r d e r  t o  e x t r a c t  f i s s i l e  m a t e r i a l  f rom t h e  elements and f a b r i c a t e  

n u c l e a r  weapons, however crude. Fresh LEU f u e l  i n  t h e  once-through c y c l e  i s  n o t  cons ide red  
t o  be a t t r a c t i v e  f o r  d i v e r s i o n  because any 235U c h e m i c a l l y  e x t r a c t e d  f r o m  t h e  f u e l  would be 

so d i l u t e d  w i t h  238U t h a t  i t  would n o t  be usab le  i n  weapons f a b r i c a t i o n .  The uranium would 

f i r s t  have t o  undergo i s o t o p i c  enrichment, which i s  t e c h n o l o g i c a l l y  d i f f i c u l t  and f o r  which 

few f a c i l i t i e s  i n  t h e  w o r l d  c u r r e n t l y  e x i s t .  These arguments were o b v i o u s l y  a ma jo r  f a c t o r  

i n  t h e  U.S. A d m i n i s t r a t i o n ' s  d e c i s i o n  i n  A p r i l  1977 t o  d e f e r  c o m m e r c i a l i z a t i o n  o f  t h e  Pu/U- 
fue led  LMFBR i n  t h e  U n i t e d  States.  

*Contrary  t o  p o p u l a r  misconcept ion,  t h e  word " f a s t "  i s  n o t  meant t o  i m p l y  a f a s t  b reed ing  
r a t e .  
moving w i t h i n  t h e  r e a c t o r  cores. 

I n s t e a d  " the rma l "  and " f a s t "  d e s c r i b e  t h e  r e l a t i v e  energ ies  (speeds) o f  t h e  neu t rons  
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Another pro l i fe ra t ion  concern t h a t  has been expressed i s  t h a t  the  f i s s i l e  material 
extracted when spent reactor fuel elements a re  reprocessed could be diverted t o  clandestine 
weapons-fabrication operations. T h i s ,  along w i t h  other concerns, led the Administration 
t o  place a moratorium on reprocessing. 
U.S. commercial power reactors and when plutonium-containing spent elements a re  removed 
from the reactors they a re  stored on s i t e ,  where they a re  protected from diversion both by 
in s t i t u t iona l  safeguards and by t h e i r  h i g h  fission-product radioactivity.  However, as  the 
number of spent fuel elements increases and their rad ioac t iv i ty  decreases, more permanent 
storage arrangements will  have t o  be made. 

As a r e s u l t ,  only once-through cycles a re  used i n  

In cont ras t  t o  the once-through LEU cycle, both the Pu/U cycle and the HEU(233)/Th 
cycle mandate reprocessing. T h u s  there i s  a point in  both cycles a t  which f i s s i l e  material 
would be chemically i so la ted  from a l l  other materials i n  the spent fuel elements.* Also ,  

the fresh fuel elements i n  both cycles would contain chemically separable f i s s i l e  fuel (See 
Table 1 .1 ) .  In the Pu/U cycle the fresh fuel would cons is t  of a mixture of plutonium and 
uranium ( P u f ,  plus 2 3 5 U  di luted w i t h  2 3 8 U )  from which weapons-usable Pu  could be ex- 
t rac ted ,  and i n  the HEU/Th cycle the fresh fuel would cons is t  of a mixture of uranium and 
thorium ( 2 3 3 U ,  235U, a small amount of 2 3 8 U ,  and 2 3 2 T h )  from which weapons-usable 2 3 3 U  

and 2 3 5 U ,  with the 2 3 8 U ,  could be co-extracted. 
taining 2 3 3 U  i s  radioactive,  which would cause handling problems.) 

f 

(As  noted l a t e r ,  however, any fuel con- 

Table 1.1. Comparison of Principal F i s s i l e  and F e r t i l e  Nuclides i n  Some Reactor Fuels 

Fuel Fresh Fuel Nuclidesa Spent Fuel Nuclides 

L E U  (no recyc1e)b 23511, 2380 23511, P u f ,  23811 

L E U  (with recycle) 23511, P u f ,  23% 2 3 5 u ,  P u f ,  23% 
Pu/U (with recycle) P u f ,  238u  ( ( + 2 3 5 U ) C  p u f ,  2 3 8 ~  (+235U)C 

HEU/Th (no recycl e ) b  2 3 5 ~ ~  2 3 2 ~ h  2 3 3 u ,  2 3 5 u ,  232Th  

HEU/Th (wi t h  recycle) 2 3 3 ~ ~  2 3 5 u ,  2 3 2 ~ h  2 3 3 u ,  2 3 5 ~ ~  2 3 2 ~ h  

a p u f  = 239pu + 241pu. 

"Once- t h rough I' sys tem . 
'%ntil the cycle becomes self-sustaining, 2 3 5 U  will be included, 

W i t h  the  above objections in  mind ,  several groups have offered "a l te rna t ive"  nuclear 
fuel cycles which they view as being more pro l i fe ra t ion  r e s i s t an t  than e i t h e r  the Pu/U 
cycle o r  the HEU/Th cycle. 
the once-through LWRs more uranium e f f i c i e n t  t o  implementing the Pu/U recycle mode w i t h  
"full-scope" safeguards. 
2 3 3 U  recycle more acceptable. 

For uranium-based cycles, these a l te rna t ives  range from making 

For thorium-based cycles, the a1 te rna t ives  a re  aimed a t  making 

* I t  has been suggested t h a t  de l ibera te ly  "spiking" o r  otherwise contaminating the  f iss i le  
material w i t h  radioactive materials would discourage diversion. 
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One thorium-based a l t e rna t ive  t h a t  has been proposed i s  the cycle now comonly re- 
ferred to  as  the "denatured 233U'1 cycle. 
research team i n  the Program on Nuclear Policy A1 t e rna t i  ves a t  Princeton Universi ty , the 
cycle would be s t ruc tured  so t h a t  i t s  f resh  fuel would have the  same i so topic  ba r r i e r  
t h a t  ex i s t s  in  LEU fresh fue l .  That i s ,  the 233U would be mixed w i t h  2 3 8 U ,  w i t h  the 2 3 3 U  
concentration kept a t  a level su f f i c i en t ly  low f o r  the mixture t o  be unusable f o r  weapons 
fabrication. The 2 3 8 U  content would be l imited to  t h a t  required t o  "denature" the  2 3 3 U ,  
the remainder of the fuel being comprised of 232Th  so t h a t  additional 2 3 3 U  would be bred 
during reac tor  operations. 

Suggested in  1976 by Feiveson and Taylor,' a 

While Feiveson and Taylor outlined t h e i r  concept of the f u l l  cycle,  they made no 
attempt t o  de t a i l  a spec i f i c  cycle nor t o  provide a technical assessment of the capa- 
b i l i t i e s  of power systems u t i l i z ing  denatured 2 3 3 U  f ue l .  However, w i t h  i n t e r e s t  in  
thorium-based cycles increasing, the Department of Energy in  1977 i n i t i a t e d  a multi- 
i n s t i t u t iona l  study of the  denatured 233U cycle which concentrated on the  following 

The isotopics of denatured 2 3 3 U  fuel , par t icu lar ly  as they provide 
inherent pro l i fe ra t ion- res i s tance  cha rac t e r i s t i c s  o r  impact the de- 
sign of the fuel cycle; 

The s t ruc tu re  of a denatured 2 3 3 U  fuel cycle,  i .e. ,  the types of 
reactors and fue l s  t h a t  would be included, the support f a c i l i t i e s  
t h a t  would be required, and the r e l a t ive  locations of the various 
components; 

The impact of denatured 2 3 3 U  and other fue ls  i n  the cycle on the  
performance of the reactors;  

The technical and economic f e a s i b i l i t y  of commercially deploying 
the denatured 2 3 3 U  fuel cycle; and 

The adequacy o f  postulated nuclear power systems u t i l i z i n g  denatured 
fuel f o r  meeting power demands. 

Because a nuclear data base f o r  the denatured 2 3 3 U  cycle was la rge ly  nonexistent, 
and the  designs of the reactors in  which denatured fuel would be used were a l so  incomplete, 
the r e su l t s  of the study a re  necessarily preliminary. However, as  will  be apparent from 
the following summary, many ins t i t u t iona l  and technical requirements f o r  implementing 
the  denatured 2 3 3 U  fuel cycle have been c l a r i f i e d  and a broad view o f  i t s  p o s s i b i l i t i e s  
and l imi ta t ions  has been provided. 

~ 

l H . A .  Feiveson and T.B. Taylor, "Security Implications of Alternative Fission Futures," 
BUZZ. Atomic Scientists, p.  14 (December 1976). 

i- 

P- 

i 

r- 
L 

f- 

i 



5 

2.0. ISOTOPICS OF DENATURED 233U FUEL: NONPROLIFERATION AND FUEL CYCLE IMPLICATIONS 

As p o i n t e d  o u t  above, " f resh"  denatured 2 3 3 U  fue 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 firmly 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 he re fo re ,  

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 235U, 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  m ix  (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  

Tha t  i s ,  i t  would be determined 

J u s t  what t h e  e x a c t  percentage o f  23311 

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 t u d y  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  f u e 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  232U.' 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 roduc t i on ,  t h i s  i s o t o p e  

would be p r e s e n t  because i t  i s  unavoidably  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  per  se. 

232U 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 I n  add i -  

t i o n ,  t h e  spen t  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  chains 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 r d e r s  o f  magnitude l a r g e r  than  those produced by  t h e  232U c h a i n .  

produced i n  t h e  238U.  

The i s o t o p i c s  of t h e  denatured 2 3 3 U  f u e l  c y c l e  a r e  unique 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 -  

l o w i n g  d i scuss ion .  
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As used here,  " f r e s h "  f u e l  i s  any f u e l  prepared 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, " l ow  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 232U i s  produced and subsequent ly  decays a r e  shown i n  Appendix A. 
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2.1. Nonproliferation Advantages 

Isotopic Barrier of Fresh Fuel 

The isotopic ba r r i e r  provided by the 238U denaturant i s  the primary nonproliferation 
fea ture  of the denatured 233U fuel cycle,  the premise being t h a t  the isotope separation 
(enrichment) f a c i l i t i e s  required t o  upgrade the uranium t o  weapons material would not be 
ava i lab le  t o  subnational t e r r o r i s t  groups and, w i t h  some possible exceptions, probably 
would not be available t o  non-nuclear na t iona l i s t  s t a t e s ,  

While the isotopic ba r r i e r  i s  formidable, i t  i s  not absolute,  especially since en- 
richment technology i s  currently undergoing rapid development. Whereas 10 years ago a l l  
enrichment operations were performed a t  large gaseous diffusion p lan ts ,  today the gas 
centrifugation technique i s  practical  i n  small-scale plants and could be applied t o  both 
2 3 3 U  and 2 3 5 U  fresh fue ls .  
2 3 5 U  f ue l s .  For example, because of i t s  lower mass, 2 3 3 U  would be more eas i ly  separated 
from 2 3 8 U  than 2 3 5 U  would be, assuming equal enrichments of the feed material. 
2 3 3 U  has a lower f a s t  c r i t i c a l  mass and thus a smaller amount would be needed, l e s s  enrich- 
ment capacity would be required to  produce a weapons worth of 2 3 3 U  from 2 3 3 U / 2 3 8 U  feed than 
t o  produce a weapons worth of 2 3 5 U  from 2 3 5 U / 2 3 8 U  feed, again assuming equal enrichments of 
the  feed material .  And f i n a l l y ,  l e s s  e f f o r t  would be required t o  upgrade 1 2 %  2 3 3 U  material 
t o  90% enrichment than would be required t o  upgrade 3-4% 2 3 5 U  material (such as LWR-LEU 
fuel ) t o  90% enrichment. 

Relatively speaking, 2 3 3 U  fue ls  would be e a s i e r  t o  enrich than 

Also, because 

In considering the  enrichment of diverted fresh fuel ,  however, i t  i s  t o  be recognized 
t h a t  t he  current s ta tus  of centrifuge technology i s  such t h a t  much advanced planning and 
long and undetected operations would be necessary to  enrich a su f f i c i en t  amount of weapons- 
grade material from any low-enriched fue l .  
uranium increased, so a l so  would the concentration of 232U increase, resu l t ing  i n  a 
highly radioactive product unless the isotopic separation included the removal of 2 3 2 U .  
To completely remove the 2 3 2 U  would require an increased centrifuge capacity,  the to t a l  f o r  
2 3 3 U  recycle fue ls  approaching 50% t o  90% of t h a t  required t o  enrich LEU fuel (3.2 w t %  2 3 5 U ) .  
T h u s  the problems encountered i n  enriching denatured 2 3 3 U  fuel would appear to  be suffi-  
c i en t ly  d i f f i c u l t  t o  suggest t h a t  some other fuel m i g h t  be a be t t e r  choice. On the o ther  hand, 
i t  a l so  must be recognized t h a t  enrichment technologies t h a t  will  e x i s t  i n  the next 20 t o  25 
years will  be considerably advanced over the current technologies. Moreover, i f  means were 
available f o r  handling the radioactive fuel - t h a t  i s ,  i f  the 2 3 2 U  contamination were accept- 
able - then the  centrifuge capacity required t o  enrich the denatured 233U fuel t o  weapons 
grade would be reduced t o  only 3% t o  20% of the  capacity required t o  enrich L E U  fue l .  

Moreover, as  the  concentration of 2 3 3 U  i n  the 

Radiation Barrier of Fresh Fuel 

The 232U-induced gamma a c t i v i t y  i n  denatured 233U fuel will  cons t i tu te  an e f f ec t ive  
radiation ba r r i e r  against  seizure of the fresh fue l .  
the nuclear data required f o r  calculatinq the concentrations of 23% i n  denatured fue ls  
(usually characterized as so many par t s  per mill ion) were not su f f i c i en t ly  developed f o r  
accurate calculations t o  be performed; however, estimates have been made f o r  some fue l s  
w i t h  the  data a t  hand. 
denatured HTGR fuel ( a f t e r  equilibrium recycle) t o  about 1600 ppm 2 3 2 U  i n  U f o r  recycled 
denatured LMFBR fuel.  

A t  the time this study was performed, 

The r e su l t s  range from approximately 40 pprn 2 3 %  i n  U f o r  
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In order t o  estimate the deterrence value of the 2 3 2 U  content of the fresh fue l ,  i t  i s  
necessary t o  cor re la te  the  23211 concentrations w i t h  gamma-ray dose ra tes  and the dose ra tes  
in turn with potential  harm t o  would-be d iver te rs .  The highest level of deterrence, of 
course, would be provided by a gamma-ray dose t h a t  i s  immediately incapacitating (grea te r  
than 10,000 rem). 
material being handled, t he  maximum dose r a t e s  t h a t  could be expected from fresh denatured 
fuel ( f a s t - r eac to r  bred material)  would be on the  order of 100 rem/hr, and thus disabling 
doses would not occur. However, doses in  the  range of 200 t o  600 rem can cause eventual 
death, and the 100 rem/hr dose r a t e  could discourage diversion by a l l  except those indi-  
viduals who  were e i t h e r  disdainful of or ignorant of the  f a c t  t h a t  they were risking expo- 
sure t o  le tha l  doses. 

While several fac tors  must be considered, including the quantity of 

I f  t he  fuel were successfully seized i n  s p i t e  of the radiation ba r r i e r ,  i t  would not 
be useful f o r  weapons fabrication unless i t  was enriched, which would be d i f f i c u l t  (as 
discussed above), especially i f  the 2 3 2 U  were removed i n  the process. 
removed, t he  gamma a c t i v i t y  of the  enriched product would be proportionately higher, the 
f rac t ion  of 2 3 2 U  i n  LMFBR-derived denatured fue ls  increasing t o  approximately 8000 ppm. 
Chemical processing m i g h t  be employed a f t e r  the enrichment process t o  remove the 232U 

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

I f  the 2 3 2 U  were not 

I f  the 232U were not removed in the  enrichment process, fabr ica t ion  of a weapon w i t h  
the resu l t ing  contaminated product presumably could be done by remote operation; however, 
construction and/or acquisit ion of the shielding, remote hand1 ing equipment, e tc .  would 
increase the risk of detection of a covert program before i t s  completion. And while non- 
f i s s i l e  material included i n  the  weapon would provide some shielding d u r i n g  i t s  delivery,  
additional shielding would be required t o  protect the  operator of the delivery vehicle and 
to  f a c i l i t a t e  the  loading operations. T h u s ,  the radiation ba r r i e r  would present problems 
throughout the e n t i r e  diversion process. By cont ras t ,  fresh mixed oxide Pu/U fuel would 
present a much smaller radiation problem and the currently employed fresh LEU fuel would 
present e s sen t i a l ly  none a t  a l l .  

In addition t o  discouraging diversion per s e ,  the presence of the  2.6-MeV gamma ray 
emitted from 233U-containing fue ls  would provide a useful handle f o r  detecting material both 
during and a f t e r  diversion. 
purpose a re  already available.  
Sc i en 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 distance 
of 30 cm from a 20-9 sample of Pu02. 
for  a s imi la r  sample of 2 3 3 U  containing 100 ppm 2 3 2 U  1 2  days following chemical extraction 
of the  daughter products, and, of course, the  dose r a t e  would increase manyfold as  the 
daughter population b u i l t  u p  again. Also, t he  efficiency of the  detector could be improved 
i f  t he  detector window were set  t o  cover only the  strong 2.6-MeV gamma ray i n  the spectrum. 
T h u s ,  w i t h  respect t o  de t ec t ab i l i t y ,  the  rad ioac t iv i ty  of the  fuel would be a de f in i t e  
advantage. 

Adequate detection systems t h a t  could be adapted f o r  this 
In pa r t i cu la 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 Attractiveness of Spent Fuel 

Like a l l  spent reactor fuel elements, spent denatured 2 3 3 U  fuel elements would con- 
ta in  f i s s i l e  material ,  some of which would be chemically separable (see Table 1 .1 ) ;  however, 
the elements would be protected from diversion, a t  l ea s t  i n i t i a l l y ,  by t h e i r  high f iss ion-  
product radioact ivi ty .  

r- - 

L:' 

r 
i 

In addition t o  unburned 233U,  which would not be chemicallv separable because of the 
f 

238U denaturant, the spent fuel would contain Pu  
operations. 
fuel eleiments a f t e r  they had decayed t o  a manageable radiation l eve l ,  or i f  they could 
devise a processing system t h a t  could be operated remotely or semiremotely, then the plu- 
tonium could be chemically separated. However, the choice of denatured fuel fo r  t h i s  
purpose seems highly unlikely since the amount of 2 3 8 U  included in  the denatured elements 
would be only about one-fifth the amount included in L E U  elements. Thus t o  ex t r ac t  a 
given amount of plutonium from spent denatured elements would require processing more ele-  
ments than would be necessary t o  obtain an equivalent amount of plutonium from LEU elements.* 

produced in the 238U during reactor 
I f  a t e r r o r i s t  or na t iona l i s t  group could arrange t o  seize and process the 

Spent denatured 2 3 3 U  would also contain 233Pa, which i s  an intermediate isotope in 
the 2 3 3 U  production process i n i t i a t e d  by the 2 3 2 T h ( n , y )  reaction. 
and  since i t  has a r e l a t ive ly  long h a l f - l i f e  (27 .4  days),  theoret ical ly  i t  could be chemi- 
ca l ly  separated from the spent fuel and allowed t o  decay t o  2 3 3 U  a f t e r  the separation. 
However, the chemical separation would have t o  be i n i t i a t e d  short ly  upon discharge of the 
elements from the reactor while the fission-product radioact ivi ty  i s  very intense,  which 
i s  highly improbable. Moreover, the discharge concentration of 233Pa i s  low ( typ ica l ly  
5% of the discharge 2 3 3 U ) ,  which means a large quantity of heavy metal would have t o  be 
processed t o  recover a s ign i f i can t  quantity of 233Pa.  
would be comparable t o  the amount of plutonium t h a t  could be recovered a f t e r  the elements 
had cooled. Therefore, i t  would seem t h a t  i f  any d ive r t e r  group were t o  seize spent de- 
natured fuel f o r  i t s  f i s s i l e  content, p l u t o n i u m  would be the choice, even though, as noted 
above, the plutonium content of the denatured fuel would be r e l a t ive ly  small. 

233Pa decays t o  233U, 

Even then the amount recovered 

Reduced Accessibil i ty of  Isolated F i s s i l e  Isotope 

The intense a c t i v i t y  associated with 2 3 3 U  would require t h a t  the fuel fabrication 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 additional safeguard feature in tha t  access to  the f i s s i l e  material would 
be severely r e s t r i c t ed .  

While t h i s  would introduce 

2.2. Fuel Cycle Impact 

The presence of the gamma-emitting 2 3 2 U  chain in  denatured 2 3 3 U  fuel would adversely 
a f f ec t  the design of the fuel cycle in several important ways. 
preclude nondestructive assays ( N D A )  of the fuel because the gamma-ray s ignals  from the 
fuel would be dominated by the 2 3 2 U  decay gamma rays t h a t  could n o t  be properly accounted 
f o r  without a detai led history of the sample. 
by the 238U d i lut ion.  

F i r s t  i t  would effect ively 

Also, the desired signal would be reduced 

r 
i i  

L 

i- , 

L - 1  

r- 

i 

C' 

i 

r ' 
I 
L 

*The number o f  elements varies w i t h  the type of reactor;  f o r  PWRs about three times as  many 
denatured 2 3 3 U  elements would be required. f-' 

L ,  
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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 b e t a  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 s o t o p e s  d i f f e r  f rom those  i n  o t h e r  cyc les ,  t hese  

hazards m i g h t  a l s o  r e q u i r e  s p e c i a l  cons ide ra t i on ,  

O the r  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 i f  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 spe rsed  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  in s i t u  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  of 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 depos i ted  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  i so tope , *  

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  " w o r s t  case" scenar ios ,  t h e y  would be i n -  
haled. 

dose f rom i n g e s t e d  heavy me ta 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 from i n h a l e d  heavy me ta l  i s o t o p e s  i s  o r d e r s  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 
.F 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 s o t o p e s  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  t h a n  2 3 5 U  o r  2 3 8 U ) ,  b u t  i t  i s  c o n s i d e r a b l y  l o w e r  t h a n  t h e  t o x i c i t y  o f  any o f  t h e  

p l u t o n i u m  i so topes .  

2 3 3 U  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  

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 spe rsed  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  232U 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 h e  Pu/U f u e l  

Fo 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 o  
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would be c o n s i d e r a b l y  more t o x i c .  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  

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 than  

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 .  
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 .  

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-conta 
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 
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 .  However, t h e  r a d i o l o g i c a l  
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  
decay products ,  and thus must be considered i n  t h e  f u e l  c y c l e  development 

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  impac t  on t h e  

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 

h i g h l y  e n r i c h e d  

On t h e  o t h e r  

n i n g  f u e l s  i s  n o t  
commitment t o  

hazards 
t o  232Th and i t s  

f u e l  c y c l e  des ign  

f o l  1 ows : . 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  238U 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 h o u g h  n o t  an a b s o l u t e  one) 

t h a t  would decre?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 g  n a t u r a l  uranium o r  low-enr iched 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 233U f u e 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  o f  p l u t o n i u m  i n  t h e  spen t  denatured f u e l  would r e p r e s e n 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 
spen t  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 .  

e 

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  spen t  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 of 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  f rom 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  cyc le ,  t h e  t o x i c i t i e s  o f  232U, 2 3 3 U ,  

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  

. 
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3.0. STRUCTURE OF THE D E N A T U R E D  2 3 3 U  FUEL CYCLE 
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L ., 

The preceding discussion of fers  the denatured fuel cycle as a p ro l i fe ra t ion- res i s tan t  
a l te rna t ive  t o  the Pu/U cycle fo r  producing and recycling an a r t i f i c i a l  f i s s i l e  isotope 
- 2 3 3 U  - in power reactors. 
nuclear power systems, 2 3 3 U  i s  a par t icu lar ly  e f f i c i en t  fue l .  
are thermal neutrons, 2 3 3 U  releases more energy per atom of fuel destroyed (by f i ss ion  o r  
transmutation) t h a n  e i the r  239Pu or 235U, and i t  a lso produces more neutrons per atom of 
fuel destroyed than the other f i s s i l e  isotopes. 
thermal reactors u t i l i z ing  233U not only would generate more energy t h a n  thermal reactors 
operating on other fue ls  b u t  a lso would have more excess neutrons avai lable  fo r  breeding 
additional fue l .  

2 3 3 U  i s  less  a t t r a c t i v e  f o r  f a s t  reactors. 

For thermal reactors ,  such as those t h a t  dominate today's 
When the f iss ioning neutrons 

Thus for equivalent amounts of fue l ,  

The impetus f o r  developing f a s t  reactors 
has always been due t o  t h e i r  potential role  as  breeders, which requires a high production 
of excess neutrons, and when the f iss ioning neutrons are  f a s t  neutrons the neutron pro- 
duction of 2 3 3 U  i s  well below tha t  of 239Pu.  As a r e su l t ,  Pu-fueled f a s t  reactors sur- 
rounded by f e r t i l e  2 3 8 U  blankets have always been favored fo r  breeder desiqns rather  than 
233U-fueled f a s t  reactors surrounded by f e r t i l e  232Th blankets. Cihile the l a t t e r  are  theo- 
r e t i c a l l y  feas ib le ,  t he i r  production of excess fuel would be low or even marginal. 

The r e l a t ive  ineffectiveness of 233U-fueled f a s t  reactors as 2 3 3 U  breeders means, of 
course, tha t  they could n o t  be depended upon t o  produce an adequate supply of 2 3 3 U  f o r  the 
denatured fuel cycle. Nor could 233U-fueled thermal reactors ,  s ince,  as discussed e a r l i e r ,  
s ta te-of- the-ar t  thermal reactors cannot prac t ica l ly  be developed as breeders regardless of 
the f i s s i l e  isotope they ut i l ize . '  On the other hand, a c lass  of thermal reactors t h a t  a re  
now being considered fo r  development and are  referred t o  as "advanced converter reactors 
(ACRs)" are  expected t o  have breeding (conversion) ra t ios* t h a t  would reduce t h e i r  require- 
ments fo r  an exogenous source of f i s s i l e  fue l ,  which means tha t  they would probably be good 
candidates f o r  operation on denatured 2 3 3 U  fuel .  
and since none of the reactors appear t o  be capable of burning 233U and simultaneously 
producing an excess of *33U, reactors u t i l i z ing  some other fuel would have t o  be developed 
as 2 3 3 U  producers. 
require the deployment of dl 'fferent types of reactors operating on d i f fe ren t  types of 
fue l s ,  and i t  could not be expected t h a t  a l l  the fue ls  would have inherent prol i ferat ion-  

S t i l l ,  some makeup 233U would be required, 

Thus, implementation of the f u l l  denatured 2 3 3 U  fuel cycle would 

'Although not considered i n  t h i s  study, current e f fo r t s  are  under way t o  develop a Light 
Water Breeder Reactor (LWBR) t h a t  u t i l i z e s  and produces 2 3 3 U .  

*The breeding r a t i o  and the conversion r a t i o  a re  both defined as the r a t i o  a t  a spec i f ic  
point in time of the r a t e  a t  which f i s s i l e  material i s  produced in a reactor  (by excess 
neutrons n o t  required t o  sustain the f i ss ion  process) t o  the r a t e  a t  which f i s s i l e  material 
i s  destroyed i n  the reactor .  The term breeding r a t i o  i s  used f o r  those reactors fo r  which 
the r a t i o  i s  greater  than 1 (as for  f a s t  breeders), and conversion r a t i o  i s  used f o r  those 
fo r  which the r a t i o  i s  l e s s  than 1 .  If  the r a t i o  i s  g rea te r  than 1 ,  then, a t  l e a s t  
theore t ica l ly ,  the reactor  i s  producing enough fuel t o  sustain i t s e l f .  
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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 .  As a r e s u l t ,  t e c h n i c a l  and/or  i n s t i t u t i o n a l  b a r r i e r s  would be 
necessary t o  ensure t h a t  t h e  f u e l s  w i t h o u t  an i n h e r e n t  r e s i s t a n c e  were n o t  s u b j e c t  t o  

d i v e r s i o n .  

S i m i l a r  b a r r i e r s  would a l s o  be requ i red ,  o f  course, f o r  t h e  v a r i o u s  s teps  i n  t h e  f u e l  
c y c l e  a t  which f i s s i l e  m a t e r i a l  would be i s o l a t e d .  

c y c l e  - t h a t  i s ,  t h e  l o c a t i o n s  o f  t h e  v a r i o u s  components i n  t h e  c y c l e  and t h e i r  a t t e n d a n t  

t e c h n i c a l  and i n s t i t u t i o n a l  b a r r i e r s  - would be a m a j o r  c o n s i d e r a t i o n .  

Thus t h e  s t r u c t u r e  o f  t h e  denatured f u e l  

3.1. Reactor  Types Used i n  Denatured Fuel Cyc le  

J u s t  as t h e  i n i t i a l  r e c y c l i n g  o f  p l u t o n i u m  would be i n  LWRs a l r e a d y  i n  o p e r a t i o n ,  t h e  
i n i t i a l  use o f  denatured 2 3 3 U  f u e l  would be i n  LWRs, f o l l o w e d  by  i t s  i n t r o d u c t i o n  i n t o  

o t h e r  t ypes  o f  thermal  r e a c t o r s .  

thermal  r e a c t o r s  would be t h e  ACRs t h a t  a r e  c u r r e n t l y  r e c e i v i n g  a t t e n t i o n  as systems w i t h  
a p o t e n t i a l  f o r  s i g n i f i c a n t l y  improved f u e l  u t i l i z a t i o n  c h a r a c t e r i s t i c s .  

a r e  p r i m a r i l y  based on t h r e e  des ign  concepts: 

e a r l i e r ,  has a l r e a d y  passed t h e  p r o t o t y p e  stage; t h e  p r e s s u r i z e d  heavy-water CANDU, which 
has been commerc ia l ized by Canada; and t h e  S p e c t r a l - S h i f t - C o n t r o l l e d  Reactor  (SSCR), which 

i s  b a s i  c a l  l y  a p r e s s u r i  zed-water r e a c t o r  (PWR) whose r e a c t i v i t y  c o n t r o l  system u t i  1 i zes 

heavy w a t e r  i n s t e a d  o f  s o l u b l e  boron t o  compensate f o r  l ong - te rm r e a c t i v i t y  changes d u r i n g  
t h e  o p e r a t i n g  cyc le .  

I n  t h i s  s t u d y  i t  has been assumed t h a t  t h e  o t h e r  t ypes  o f  

These r e a c t o r s  

t h e  gas-cooled HTGR, which, as ment ioned 

Whi le  t o  d a t e  t h e  ACRs have n o t  y e t  been demonstrated on t h e i r  own r e f e r e n c e  f u e l s ,  

t h e i r  f e a s i b i l i t y  appears assured (see S e c t i o n  5 )  and t h e i r  a d a p t a t i o n  t o  denatured 233U 
f u e l  would n o t  r e q u i r e  m a j o r  a l t e r a t i o n s  t o  t h e i r  designs. 

ACRs t o  t h e  denatured LWRs would no doubt  improve t h e  o v e r a l l  f u e l  e f f i c i e n c y  o f  t h e  cyc le .  
However, s i n c e  none o f  t hese  r e a c t o r s  would ope ra te  i n  s e l f - s u s t a i n i n g  modes, t h e y  would 
each r e q u i r e  an exogenous source o f  233U.  
undoubtedly  be produced by a r e a c t o r  t h a t  burned some f u e l  o t h e r  than  233Ue 

Thus t h e  a d d i t i o n  o f  denatured 

F o r  reasons s t a t e d  above, t h e  233U would 

The obv ious (and o n l y )  l ong - te rm cho ice  f o r  t h e  f u e l  i n  a 2 3 3 U  producer  i s  t h e  o t h e r  

a r t i f i c i a l  f u e l  - plutonium. 

elements, p l u t o n i u m  would be a v a i l a b l e  i n  t h e  cyc le .  Feiveson and T a y l o r  suggested t h a t  a 
p l u t o n i u m - f u e l e d  f a s t  r e a c t o r  w i t h  a 232Th b l a n k e t  m i g h t  be used as a 233U-product ion 

dev ice,  and t o  d i s t i n g u i s h  t h i s  t y p e  o f  r e a c t o r  f rom t h e  c l a s s i c a l  f a s t  breeder ,  t h e  t e r m  
" t ransmute r "  was co ined  a t  ORNL. However, a thermal  r e a c t o r  t h a t  i s  f u e l e d  w i t h  p l u t o n i u m  
and c o n t a i n s  232Th w i t h i n  i t s  c o r e  c o u l d  a l s o  be a 233U producer ,  and t h i s  t y p e  o f  r e a c t o r ,  
whether  based on an LWR des ign  o r  one of t h e  ACR designs, i s  a l s o  b e i n g  r e f e r r e d  t o  as 

t ransmuter .  

a means f o r  d i s p o s i n g  of t h e  p l u t o n i u m  produced i n  t h e  f u e l  cyc le ,  which would be a 
n o n p r o l i f e r a t i o n  advantage. 

And s i n c e  238U would be i n c l u d e d  i n  t h e  denatured f u e l  

I n  any case, u t i l i z i n g  p lu ton ium- fue led  r e a c t o r s  i n  the system would p r o v i d e  

The p r i n c i p a l  r e a c t o r s  i n  t h e  denatured f u e l  c y c l e  then  would be thermal  r e a c t o r s  

o p e r a t i n g  on denatured 233U f u e l  (LWRs and p o s s i b l y  ACRs) and thermal  and/or  f a s t  r e a c t o r s  

u t i l i z i n g  p l u t o n i u m  t o  produce 233U (.i.e. , t ransmute rs ) .  
requi rements f o r  233U and p lu ton ium, i t  m i g h t  a l s o  be necessary f o r  t h e  c y c l e  t o  i n c l u d e  

p lu ton ium- fue led  "breeder- t ransmuters ,'I which would c o n t a i n  b o t h  232Th and 238U i n  t h e i r  

Depending on t h e  r e l a t i v e  
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blankets. 
although a cons t ra in t  i n  the overall system would be t h a t  the 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. 
Finally,  depending on the  demand f o r  power, the cycle could a l so  require f a s t  reactors 
t h a t  would operate on denatured fuel and contain 232Th  i n  t h e i r  blankets. 
discussed more f u l l y  in Section 4,  these "denatured f a s t  breeder reactors" would produce. 
more f i s s i l e  fuel than they would consume, b u t  the fuel they produced would cons is t  of 
233U plus 239Pu .  
of 2 3 3 U  produced would not be su f f i c i en t  t o  replace the 2 3 3 U  consumed. 
2 3 3 U  f a s t  reactor would a l so  require an exogenous source of 233U. 

"breeder" could be used advantageously. 

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

As will  be 

The 239Pu  could not be recycled in  the denatured reac tor ,  and the  amount 
T h u s  the denatured 

Even so,  t h i s  type of 

3.2. Other Components of Fuel Cycle 

With the  requirement f o r  reactors 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 features of both the  conventional p l u t o n i u m  
cycle and the  conventional thorium cycle. For example, f a c i l i t i e s  would have t o  be avail-  
able f o r  reprocessing uranium/plutonium fue ls  by the already well-developed Purex process. 
In addition, f a c i l i t i e s  would have t o  be available f o r  reprocessing uranium/thorium fue ls  
by the Thorex process, o r ,  depending on the form of the  fuel elements, w i t h  a modified 
version of the Thorex process. 
types of elements would be needed, as well as  waste storage 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 reactors and several other fuel cycle components and/or 

The proposal by the  Princeton team, and others before themY2 
operations would not have inherent pro l i fe ra t ion- res i s tan t  cha rac t e r i s t i c s ,  they would 
require special protection. 
i s  tha t  the f a c i l i t i e s  f a l l i n g  i n  this category be cent ra l ly  located i n  secure (guarded) 
energy parks. 
outside the parks t o  locations where they were needed f o r  producing power. 

The reactors operating on denatured 233U fuel would, of course, be dispersed 

A schematic indicating the locations of the various components i n  a typical power 
system operating on the denatured 233U fuel cycle i s  shown i n  F i g .  3.1. 
and other s ens i t i ve  support f a c i l i t i e s  a re  confined t o  the energy center and the  fuel 
assemblies transported outside the center a r e  limited t o  fresh denatured assemblies. 
the plutonium produced i n  the dispersed reactors i s  returned t o  the center in the highly 
radioactive spent fuel elements. 
muters ins ide  the  center t o  produce 233U f o r  the outside reactors.  
plutonium ex i s t s  outside the energy center. 
s imi la r ly  returned t o  the center i n  the radioactive spent fuel elements, or, i f  denatured 
f a s t  breeder reactors a re  used, i n  radioactive blanket elements. 

2"A Report on the International 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. Lilienthal 
(Chairman), Washington, D. C . ,  March 16, 1946, pp. 127-213, Department o f  Sta t e  Publi- 
cation 2493. 

The transmuters 

All 

The plutonium i s  then extracted and burned i n  the trans- 
As a r e s u l t ,  no "freSh" 

The 233U produced outside the center i s  
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MAKEUP 

%NATURED FUEL ASSEMBLIES (NO Pu) - t (U-233, 1-238, T~-232) OXIDE I I DISPERSED REACTORS 

I R R A D I A T E D  FUEL 

(pu t u-233) 
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3ODUCT 
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F IXATION 
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Fig. 3.1. Schematic o f  Nuc lea r  Power S stem C o n s i s t i n g  o f  an Energy Center  and 
Dispersed Reactors Opera t i ng  on Denatured 2 3  3 U Fuel. 

Whi le  n o t  i n d i c a t e d  i n  F ig .  3.1, t h e  power system would a l s o  i n c l u d e ,  an l e a s t  i n i -  

t i a l l y ,  LWRs o p e r a t i n g  on t h e  conven t iona l  " n a t u r a l l y  denatured" LEU 2 3 5 K  c y c l e ,  w i t h  
t h e  p l u t o n i u m  produced i n  t h e  spent  f u e l  elements be ing  r e c y c l e d  w i t h i n  t h e  c e n t e r .  
Another p o s s i b i l i t y  i s  t h a t  LWRs o p e r a t i n g  on MEU(235)/Th f u e l  m i g h t  be i nc luded .  I n  

MEU(235)/Th f u e l  t h e  235U enr ichment  would be i nc reased  above t h e  3 t o  4% i n  LEU f u e l  b u t  
would remain below t h e  20% l i m i t  t h a t  has been s e t  as t h e  d i v i d i n g  l i n e  between low  and 
h i g h  enr ichment  f o r  235U. 

r e p l a c e d  w i t h  232Th, compensating f o r  t h e  l o w e r  f i s s i o n  c ross  s e c t i o n  o f  232Th r e l a t i v e  t o  
238U.* (Note: 

i n t o  c u r r e n t l y  o p e r a t i n g  LWRs would be a means f o r  i n i t i a t i n g  a s t o c k p i l e  o f  2 3 3 U  and a t  

t h e  same t i m e  reduc ing  t h e  p r o d u c t i o n  o f  p l u t o n i u m  by such reac to rs .  
i n  Sec t i ons  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 pena l t y . )  

The inc reased  enr ichment  would a l l o w  some o f  t h e  238U t o  be 

Even i f  t h e  d e c i s i o n  t o  u t i l i z e  2 3 3 U  f u e l s  i s  de fe r red ,  i n t r o d u c i n g  t h o r i u m  

However, as d i scussed  

A l s o  n o t  i n d i c a t e d  i n  F ig .  3.1 i s  t h e  p o s s i b i l i t y  t h a t  ACRs o p e r a t i n g  on some f u e l  

o t h e r  than  denatured 2 3 3 U  f u e l  m i g h t  be i n c l u d e d  i n  t h e  system. 
e n r i c h e d  235U f u e l  c o u l d  be used as d i spe rsed  r e a c t o r s  w h i l e  those  o p e r a t i n g  on h i g h l y  

e n r i c h e d  f u e l s  o r  p l u t o n i u m  would be i n c l u d e d  i n  t h e  energy centers .  F i n a l l y ,  F ig .  3.1 

does n o t  i n d i c a t e  t h e  p o s s i b l e  i n c l u s i o n  o f  t h e  c l a s s i c a l  breeders w i t h i n  t h e  energy c e n t e r .  

*Neutrons produced by " f e r t i l e  f i s s i o n s "  always c o n t r i b u t e  t o  t h e  c h a i n  r e a c t i o n ,  and thus  
t h e  r e l a t i v e  c o n t r i b u t i o n s  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  2 3 8 U  i n  r e a c t o r  cores. 

Those o p e r a t i n g  on low- 
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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  symbiosis." 

When t h e  system reached m a t u r i t y ,  no e x t e r n a l  source o f  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 be 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 ven  power system would depend on t h e  
t ypes  o f  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 h e y  were n e t  f i s s i l e  consumers 
( thermal  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 .  
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 . "  

I n  a d d i t i o n ,  however, t h e  growth p o t e n t i a l  

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.  

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  m a j o r  f r a c t i o n  o f  t h e  system and t h e  growth r a t e  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 233U 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 1 would have no n e t  f i s s i l e  g a i n  and thus i t s  

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 23% 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 r l i r e  an exogenous source o f  233U. 

most l i k e l y  dev i ces  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.  

0 

The 

The p l u t o n i u m  produccd i n  t h e  238U dena tu ran t  c o u l d  
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0 The denatured reactors and the transmuters would operate " in  
symbiosis," each producing the fuel needed by the other .  
mature system, no external f i s s i l e  source would be required, 
although t o  reach th i s  stage other types of reactors might have 
t o  be added (e.g. c lass ica l  breeders). 

The Pu-fueled reactors and other  components in the cycle lacking 
inherent pro1 i ferat ion-resis tance charac te r i s t ics  would be con- 
s t ra ined t o  a secure (guarded) energy center .  Other components - 
par t icu lar ly  the reactors operating on denatured 233U fuel - would 
be dispersed outside the energy center  t o  locations where they were 
needed. 

The symbiotic nature of the denatured 233U fuel cycle would 
mandate a tradeoff analysis of growth potential versus energy 
support r a t i o  ( r a t i o  o f  power produced outside the energy 
center  t o  the power produced inside the center ) .  
thermal/thermal systems (thermal reactors inside center/thermal 
reactors outside center ) ,  the growth potential 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 ia l )  o f  the f a s t  reactors t o  
be sacr i f iced  fo r  a higher energy support ra t io .  
systems would provide the highest growth po ten t ia l .  

In  a 
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4.0. IMPACT OF ALTERNATE FUELS ON REACTOR PERFORMANCE 

The denatured 2 3 3 U  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 o f  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 t ypes  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 of 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  U3O8 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, of course, t h e  use of 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  o f  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  
f u e 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 u n r e a 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 p e r f o r m i n g  "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  U308 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 of 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  impac t  

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  
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4.1. A l t e r n a t e  Fuel Types Considered 

I n  examin ing 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  use fu 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 ,  recycZe systems) 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 systernsl. 

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 c y c l e ,  sometimes r e f e r r e d  t o  

as t h e  "denatured 235U'1  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 fue l  i n t o  r e a c t o r s  un less  t h e  f u e l  c y c l e  was 
assumed t o  be i n  a stowaway mode - t h a t  i s ,  un less  i t  was p lanned t o  recove r  t h e  2 3 3 U  

* 
Separa t i ve  work u n i t s  (SWUs) a r e  d imensionless and a r e  used t o  show t h e  r e l a t i v e  amounts 
o f  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 in the spent fuel a t  some l a t e r  date,  i n  which case subsequent ( b u t  n o t  concurrent) 
reprocessing would occur. 
do not include plans fo r  recovering the unburned uranium ( 2 3 5 U  o r  2 3 3 U )  or plutonium. 

By contrast ,  once-through cycles operating on a throwaway mode 

Because the denatured 2 3 3 U  fuel cycle mandates the recovery and recycling of the 2 3 3 U ,  
i t  cannot be used in a once-through mode. 
which the primary f u e l ,  or even the "topping" f u e l ,  i s  plutonium. 
plutonium i s  used in  a reactor - thermal or f a s t  - the system i s  a recycle system. 

since plutonium i s  the only fuel seriously considered for  f a s t  reactors (although denatured 
Z33U might a lso be used), a l l  fas t - reactor  systems are  recycle systems. 

course, t h a t  a l l  once-through systems are  thermal systems. 

Neither, of course, can any of the cycles in 

And 
Thus, whenever 2 3 3 U  o r  

I t  follows, of 

When fuels  are  being considered fo r  use in p ro l i f e ra t ion - re s i s t an t  power systems 
based on secure energy centers,  they must a lso be c l a s s i f i ed  as dispersible or energy- 
center-constrained, the dispers ible  fuels  being those t h a t  have inherent prol i ferat ion-  
r e s i s t an t  cha rac t e r i s t i c s .  Dispersible fuels  would include a l l  fuels  in which the 235U 
enrichment i s  maintained below the 20% l imi t  o r  the 2 3 3 U  enrichment i s  maintained below 
the 12% l imit .  
uranium would a l l  be dispers ible  fuels .  
or 233U or  plutonium would be energy-center-constrained fue l s ,  e.g. , the HEU(235)/Th and 

HEU(233)/Th fuels  and the Pu/U and Pu/Th fuels .  
apparent t h a t  the energy support r a t i o  of a power system, which has been defined as the 
r a t i o  of the power produced outside the center t o  the power produced inside the center,  i s  
equivalent t o  the r a t i o  of the power produced by reactors operating on dispers ible  fuels  t o  
the power produced by reactors operating on energy-center-constrained fuels .  

LEU fue l ,  the MEU(235)/Th and MEU(233)/Th fue l s ,  SEU fuel and  natural 
Conversely, fuels  containing highly enriched 235U 

Viewed from t h i s  perspective, i t  i s  

4.2.  Reactor Designs Calculated 

The thermal reactors f o r  which mass flow calculations were collected include the LWRs 
( b o t h  PWRs and BWRs), the three types of reactors under primary consideration as advanced 
converters (HTGRs, HWRs, and SSCRs), and a gas-cooled reactor ident i f ied as the Pebble Bed 
Reactor ( P B R ) .  The f a s t  reactors are  the standard LMFBR with i t s  homogeneous core,  plus 
an "advanced" LMFBR i n  which some blanket assemblies are intermixed with fuel assemblies 
(heterogeneous core).  

In each case the reactor design used f o r  the analysis was a current design optimized 
for the r eac to r ' s  reference fuel , and thus reactor performance improvements t h a t  could 
r e s u l t  from redesign t o  accommodate the a l t e rna te  fue l s  are  not reflected.  The assumptions 
included a 75% plant capacity f ac to r ,  a 0.2 w t . %  235U content in the uranium t a i l s ,  a 0.5% 
loss in the conversion process (U308 + UF6), a 1% loss  in the fuel fabrication process, a 1% 
loss i n  reprocessing, and no c red i t  f o r  the end-of-life f i s s i l e  inventory. 

Light-Water Reactors (PWRs and BWRs) 

The analyses f o r  PWRs were based on the Combustion Engineering System 80TM design f o r  
a 3800-MWt (1300-MWe) reactor,  and most of the calculations were performed by Combustion 
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Engineering, with a few additional r e su l t s  provided by ORNL. 
LWRs were performed by General Electr ic  and included calculations f o r  "mixed l a t t i c e s "  in 
which MEU/Th pins (and  a lso Tho2 pins) were introduced w i t h i n  only a few o f  the LEU fuel 
assemblies ra ther  t h a n  th roughou t  the core.* (Note: 
considered l a t e r ,  only the PWR was used.) 

The analyses f o r  BWR-type 

In the "denatured power systems" 

Spectral-Shift-Controlled Reactors (SSCRs) 

and since the SSCR design i s  based on a PlJR, the CE PWR System 80TM design was again used. 
The advantage of the SSCR i s  t ha t  the heavy water used f o r  long-term reac t iv i ty  control 
s h i f t s  the neutron spectrum t o  higher energies a t  which they are preferent ia l ly  absorbed 
in  f e r t i l e  materials. 
increase in the amount of f i s s i l e  material bred by the reactor.  

The mass flow calculations f o r  SSCRs were also performed by Combustion Engineering, 

Thus the loss of neutrons t o  poisons i s  decreased with a concomitant 

Heavy-Water Reactors (HWRs) 

The fuel requirements f o r  HWR-CANDUs were calculated by Argonne National Laboratory. 
A current-generation 7200-MWe CANDU design was assumed f o r  a l l  cases except the natural-  
uranium fuel case, f o r  which an older design rated a t  approximately 600 MWe was used. 
The CANDU u t i l i z e s  D20 as moderator and coolant in separate closed systems. 
management scheme which allows on-line refueling t h a t  minimizes downtime and promotes 
e f f i c i e n t  use of the fuel by requiring l e s s  excess fuel t o  o f f s e t  "parasi t ic"  neutron 
absorption in f i s s ion  products during long-term operations. 

I t  has a fuel 

Gas-Cooled Reactors (HTGRs and PBRs) 

The fue l -u t i l i za t ion  character is t ics  of HTGRs were calculated by General Atomic, with 
some ver i f icat ion calculations carried o u t  a t  ORNL. 
(1344-MWe) reactor with a core power density of 7.1 Wt/cm . 
design concept was developed in West Germany and i s  represented by the 46-MWt Arbeitgemein- 
shaf t  Versuch Reacktor ( A V R ) ,  were performed by a physics design group a t  KFA Jul ich,  West 
Germany. 
density of 5 MW/m . 

The assumed design was a 3360-MWt 
3 The analyses fo r  the P B R ,  which 

The design was assumed t o  be a 3000-MWt (1000-MWe) reactor hav ing  a core power 
3 

Unlike any of the other reactors,  the HTGR and PBR u t i l i z e  a thorium-based reference 
fuel - currently a mixture of highly enriched uranium and thorium [i.e.,  HEU(235)/Th fuel 
which with recycle becomes HEU(233)/Th]; however, some consideration i s  being given t o  
converting t h e i r  designs t o  MEU/Th fuel .  
the PBR i s  t ha t  in the HTGR prismatic fuel elements are  loaded into a graphite block whereas 

*Concurrent w i t h  t h i s  study, investigations were made as par t  of NASAP (Nonproliferation 

The principal difference between the HTGR and 

A1 ternat ive Systems Assessment Program) t o  determine how much improvements in design and 
operating s t r a t eg ie s  would increase in s i tu  u t i l i za t ion  of bred fuel in LNRs operating on 
the once-through cycle. While such improvements were n o t  considered as an integral  part  
of t h i s  study, a brief calculation of the e f f ec t s  o f  an assumed 30% improvement i n  U3O8 
u t i l i za t ion  i s  discussed 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  material a r e  introduced into a 
spherical core. 
w i t h  spent fuel elements being removed from the bottom of the core. 
"denatured power systems" considered l a t e r ,  only the HTGR i s  used.) 

An important feature  of t he  PBR design i s  t h a t  i t  allows on-line refueling 
(Note: In the 

Liquid-Metal Fast Breeder Reactors (LMFBRs) 

Preliminary analyses of the impact of a l t e rna te  fuels  on LMFBRs were performed by 
Argonne National Laboratory, Hanford Engineering Development Laboratory, and Oak Ridge 
National Laboratory. Although differ ing in de t a i l  , each group selected as a reference 
design the "c l a s s i ca l "  LMFBR consisting of a Pu/U-oxide-fueled core surrounded by axial  
and radial  blankets of f e r t i l e  2 3 8 U .  
t i l e  combinations were calculated by replacing the reference core and blanket materials 
with appropriate a l t e rna te  materials. 
t o  account f o r  the different  thermophysical properties of the a l t e rna te  materials. 

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

No attempt was made t o  optimize any of the designs 

In addition t o  the calculations f o r  these "homogeneous" LMFBRs (homogeneous cores) ,  
calculations were carried o u t  a t  O R N L  t o  determine the e f f ec t  of intermixing fuel and 
blanket assemblies within the core. This reactor model i s  commonly referred t o  as the 
"heterogeneous" LMFBR. 
could be compared d i r ec t ly ,  only the ORNL-calculated fuel u t i l i za t ion  and production data 
are included i n  t h i s  summary. 
was assumed, and the heterogeneity was accomplished by using al ternat ing concentric f i s s i l e  
and f e r t i l e  annuli in the core model. 

So t h a t  the r e su l t s  f o r  the homogeneous and heterogeneous LMFBRs 

I n  b o t h  s e t s  of calculat ions,  an oxide-based 1200-MWe plant 

4 .3 .  Comparisons of Various Reactor-Fuel Combinations 

Thermal Reactors 
As discussed above, thermal reactors may operate on a once-through cycle or in a 

recycle mode. 
cycle, the economic f e a s i b i l i t y  o f  some fue l s  exis t ing only w i t h  the  l a t t e r .  Table 4.1 
shows, f o r  example, t h a t  of the thermal reactors operating on once-through throwaway 
cycles,  the HWR-CANDU u t i l i z ing  SEU fuel would require the smallest  U308 resource commit- 
ment. 
on natural uranium fue l ,  w i t h  the HWR requiring l i t t l e  o r  no separative work. 

The once-through cycle, i n  t u r n ,  may be a throwaway cycle or a stowaway 

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

Signif icant ly ,  neither the HTGR nor the PBR requires a higher U308 commitment f o r  the 
MEU(235)/Th once-through cycle than f o r  the LEU case. T h i s  i s  primarily due t o  a h i g h  
b u r n u p  design which allows most of the 233U produced by these reactors t o  be burned in 
s i t u  and contributes s ign i f i can t ly  t o  both the power and the conversion r a t io .  
design of the PBR would also permit recycle of the f e r t i l e  elements without intervening 
reprocessing and thus would fur ther  reduce the ore (and SWU) requirements f o r  the 
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 Fue ls  

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 

BWR/LEU 6,051 

Once-Through MEU( 235)/Th Fue ls  
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 , 920a 

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)/Tt? 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 

7,521a 
- 
- 

4,143 

4,387 

7,160a 
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-coo led  r e a c t o r s  and t h e  HWR a r e  t h e  SSCR and LWRs on LEIJ f u e l .  

If, 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  wh ich  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  e lements 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  
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  wou ld  f 
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change. 

fue 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 Tab le  4.2). 
t h i r d  o f  t h e  235U charge i n  each of t hese  r e a c t o r s  would be recove rab le .  

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 

It 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  r e c o v e r a b l e  o n l y  

when t h e  spen t  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  of t h e  r e a c t o r .  Thus, on an economic bas i s ,  when MEU(235)/Th f u e l  
i s  used, t h e  expected f u t u r e  v a l u e  o f  t h e  r e c o v e r a b l e  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. 

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 o 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  

f i s s i l e  uranium c o n t e n t  o f  t h e  spent  f u e l  i s  denatured ( d i l u t e d  w i t h  238U)  and hence i s  
p r o t e c t e d  by t h e  i n h e r e n t  i s o t o p i c  b a r r i e r .  
f i s s i l e  m a t e r i a l  most s u b j e c t  t o  d i v e r s i o n .  

c y c l e  i n  p l a c e  o f  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  HldR-CANDU a l s o  i s  a l ow  p l u t o n i u m  producer, 

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  
Tab le  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 ion  
o f  Thermal Reactors Opera t i ng  on Once-Through C y c l e 9  

2351) F i s s i l e  Discharge (MT/GWe) Net  F i s s i l e  

Charge Consurnpti on 
(MT/GWe ) 2 3 5 u  23311 PUf T o t a l  (MT/GLJe) Reactor  

LEU Fuel 

H W R ~  17.5 1.77 - 5.49 7.3 10.2 

P B R ~  18.1 2.79 - 1.89 4.7 13.4 

HTGR 19.5 3.25 - 2.16 5.4 14.1 

SSCR 22.3 5.46 - 5.88 11.3 11.0 

PWR 24.7 6.45 - 5.22 11.7 13.0 

HWR 32.6 10.08 14.28 0.75 25.1 7.5 

PBR' 16.6 1.17 2.73 0.42 4.3 12.3 

HTGR 18.0 1.35 2.31 0.69 4.4 13.6 

PWR 33.8 11.52 7.80 2.13 21.4 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 .  

'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 .  

MEU(235)/Th Fuel  

t imes  29 years.  
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The picture  f o r  MEU(235)/Th fuel changes again i f  the recovery of the spent fuel 
f i s s i l e  material i s  performed concurrently w i t h  the reactor operation - t ha t  i s ,  i f  repro- 
cessing i s  permitted and the recovered f i s s i l e  material i s  recycled in  the reactors during 
t h e i r  l i fe t imes.  Table 4.1 shows tha t  f o r  MEU(235)/Th fuel w i t h  2 3 3 U  recycle, the demands 
f o r  U308 and separat ive work units a re  great ly  reduced fo r  reasons apparent i n  Table 4.3. 
W i t h  233U being recycled i n  the  reactors ,  subs tan t ia l ly  l e s s  2 3 5 U  charge i s  required - 
approximately 30% le s s  f o r  the PWR and the HTGR and approximately 70% l e s s  fo r  the HWR. 
In most cases the net consumption of f i s s i l e  material is  a l so  reduced. 
as  pointed out e a r l i e r ,  2 3 3 U  i s  a more e f f i c i en t  fuel f o r  thermal reactors  than 2 3 5 U .  

T h i s  is because, 

The grea te r  eff ic iency of 2 3 3 U  fuel i s  par t icu lar ly  obvious when the f i s s i l e  fuel re- 
quirements of a given thermal reactor  operating on MEU(235)/Th fuel w i t h  2 3 3 U  recycle a re  
compared w i t h  those of the same reactor  operating on MEU(233)/Th fuel w i t h  2 3 3 U  recycle 
( t h a t  i s ,  the denatured 2 3 3 U  cycle). As  shown i n  Table 4.4, on MEU(233)/Th fuel the net 

Table 4.3. 
(of Thermal Reactors Operating on MEU(235)/Th Fuels w i t h  U Recyclea 

Estimated 30-Year F i s s i l e  Fuel Uti l izat ion and Productiqn 

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

Reactor (MT/GWe) 2351) Pu f (MT/ G We ) 
Consumpti on 

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 

Calculated as  i n i t i a l  charge f o r  f i r s t  year plus annual charge fo r  equilibrium a 
core times 29 years. 

bData fo r  HTGRs deduced from Table 6 , l -3  of main report. 

Table 4.4. Estimated 30-Year F i s s i l e  Fuel Uti l izat ion and Production 
of Thermal Reactors Operating on MEU(233)/Th Fuelsa with U Recycleb 

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

(MT/GWe) f 233U Charge 
Reactor ( MT/GWe ) 2.3311 Pu 

H T G R ~  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 

HWR 25.7 21.9 1 .o 3.8 

~~~ ~ ~~ ~~~ 

Denatured 2 3 3 U  fue l .  

core times 29 years. 
Data fo r  HTGRs deduced from Table 6.1-3 of main report .  

a 

bCalculated a s  i n i t i a l  charge f o r  f i r s t  year plus annual charge f o r  equilibrium 

e 

1 

L ,  
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f i s s i l e  f u e l  requi rements o f  a g i ven  r e a c t o r  a r e  c o n s i d e r a b l y  reduced o v e r  those f o r  t h e  

same r e a c t o r  on MEU(235)/Th f u e l .  
r e q u i r e d  f o r  t h e  MEU(235)/Th c y c l e  can be ob ta ined  f rom t h e  resource  base, t h e  2 3 3 U  r e q u i r e d  

f o r  t h e  MEU(233)/Th c y c l e  cannot. 
produces i t s e l f  must be "manufactured" by ano the r  r e a c t o r ,  and t h e  manu fac tu r ing  process 
w i l l  make demands on t h e  resource base - i n d i r e c t l y  if n o t  d i r e c t l y  - u n t i l  such t i m e  as 

a s e l f - s u s t a i n i n g  s y m b i o t i c  system o f  r e a c t o r s  has evolved. 

I t  i s  t o  be re-emphasized, however, t h a t  w h i l e  t h e  235U 

Thus any 233Ll r e q u i r e d  by a r e a c t o r  i n  excess o f  what i t  

Ps discussed p r e v i o u s l y ,  one p o s s i b l e  techn ique  f o r  manu fac tu r ing  233U i s  t o  use 

thermal t ransmuters t h a t  ope ra te  on p l u t o n i u m  and produce 2 3 3 U  v i a  n e u t r o n  a b s o r p t i o n  i n  

t h e  t h o r i u m  i n c l u d e d  i n  t h e i r  cores. 
on Pu/Th f u e l  (Table 4.5) i n d i c a t e s  t h a t  t h e  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 h e  PWR o r  t h e  SSCR. 

f i s s i l e  f u e l  t han  t h e y  would produce, which means t h a t  a power system c o n s i s t i n g  s o l e l y  o f  
thermal  t ransmute rs  and denatured thermal  r e a c t o r s  would n o t  be s e l f - s u s t a i n i n g .  

made more obv ious by comparing Tables 4.4 and 4.5. Table 4.4 shows, f o r  example, t h a t  

ove r  i t s  l i f e t i m e  a PWR o p e r a t i n g  on denatured 233U [ t h a t  i s ,  on t h e  MEU(233)/Th c y c l e ]  
would r e q u i r e  % l o  E4T 2 3 3 U  pe r  GWe, w h i l e  Table 4.5 shows t h a t  t h e  o n l y  thermal  t ransmute r  

t h a t  c o u l d  produce t h i s  amount would be t h e  HWR-CANDU. Bu t  t h e  HWR t ransmuter ,  i n  t u r n ,  

would r e q u i r e  app rox ima te l y  19.9 MT of Pu and none of t h e  r e a c t o r s  o p e r a t i n g  on denatured 

2 3 3 U  even approach an adequate Pu p roduc t i on .  Under i t s  c u r r e n t  design, t h e  HTGR would 

n o t  be an e f f i c i e n t  t ransmuter ,  l a r g e l y  because i t  consumes much o f  t h e  233U i t  breeds 
in situ. 

A comparison o f  t h e  v a r i o u s  thermal  r e a c t o r s  o p e r a t i n g  

I n  a l l  cases, o f  course, t h e  r e a c t o r s  would u t i l i z e  more 

T h i s  i s  

f 

f 

r 

L '  

r- 

L 

Table 4.5. 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 ion  o f  
Thermal Transmuters (Pu/Th Fuel  ) 

~ ~~~ 

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

Reactor  (MT/GWe) Pu 23311 (MT/GWe) E f f  i ciencya 

H W R - C A N D U ~  26.9 7.0 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 

f Pu Charge 

r-- 

L- 

Tons o f  p l u t o n i u m  " t ransmuted"  i n t o  t o n s  o f  233U. a 

bBased on annual mass f l ow  data i n  Table 6.1-3 o f  main r e p o r t .  
r- 

L. 1 

F a s t  Reactors  

The f a s t  r e a c t o r s  were cons ide red  as p o s s i b l e  cand ida tes  f o r  two r o l e s :  as power 
r e a c t o r s  o p e r a t i n g  on denatured 233U f u e l  ; and as t ransmute rs  b u r n i n g  p l u t o n i u m  t o  produce 
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2 3 3 U .  

2 3 3 U / U  enr ichments t o  pa ramete r i ze  t h e  impact  o f  t h e  f u e l  on t h e  r e a c t o r  performance, and 
t h e  t ransmute r  FBRs were analyzed b o t h  f o r  a P U / ~ ~ ~ U  co re  d r i v i n g  a Tho, b l a n k e t  and f o r  

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

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

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  233U/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  2 3 3 U  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  t h e  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 12% 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  2 3 3 U  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  233U 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% 2 3 3 U / 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  smal 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  o f  t h e  denatured LMFBR w i l l  always be cons ide rab ly  

degraded below t h a t  f o r  t h e  r e f e r e n c 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 i f  Th b l a n k e t  elements were i n t r o -  

f 

T h i s  suggests t h a t  s i g n i f i c a n t  per-  

c y c l e .  

Because o f  t h e  s u p e r i o r  b r e e d i n g  p o t e n t i a l  of a 239Pu-fue led system r e l a t i v e  t o  a 
233U-fueled system i n  a f a s t  n e u t r o n  spectrum, t h e  f a s t  r e a c t o r  i s  i d e a l l y  s u i t e d  t o  t h e  

r o l e  o f  a p l u t o n i u m - f u e l e d  t ransmute r  ( o r  b reeder - t ransmute r ) .  Moreover, i n  c o n t r a s t  t o  

Tab le  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* 

2331) Pu O v e r a l l  Breeding 
Fuel '  Component Component R a t i o  

233U( 12%)/U 0.41 0.71 1.12 
233U(20%)/U/Th 0.70 0.39 1.09 

2 3 3  (1 O O % ) / T ~  1.02 - 1.02 

2 3  3U (40%)/U/Th 0.90 0.15 1.05 

~ 

*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  FBR 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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c -  

t h e  thermal t ransmuters,  t h e  f a s t  r e a c t o r s  r e s u l t  i n  a n e t  o v e r a l l  f i s s i l e  m a t e r i a l  ga in.  

Table 4.7 shows t h a t  such r e a c t o r s  can have a n e t  f i s s i l e  p r o d u c t i o n  t h a t  i s  comparable 

t o  t h a t  o f  c l a s s i c a l  f a s t  breeders, b o t h  i n  t h e  homogeneous-core c o n f i g u r a t i o n  and i n  t h e  

heterogeneous-core c o n f i g u r a t i o n  ( t h e  l a t t e r  w i t h  i n t e r n a l  b l a n k e t  elements). 

I n  t h e  ca$e o f  t h e  homogeneous-core breeder- t ransmuter ,  t h e  r e a c t o r  b o t h  s u s t a i n s  
i t s e l f  ( though o n l y  m a r g i n a l l y )  and produces 233U, i t s  o v e r a l l  "breeding"  r a t i o  ( i . e . ,  n e t  
f i s s i l e  p r o d u c t i o n  p e r  GWe) be ing  approx ima te l y  t h e  same as t h a t  f o r  t h e  r e f e r e n c e  Pu/U 

cyc le .  When a homogeneous Pu/Th c o r e  i s  used ( n e x t  t o  l a s t  e n t r y  i n  Tab le  4.7), t h e  233U 

p r o d u c t i o n  i nc reases  a lmost  a f a c t o r  o f  4, b u t  t h i s  i s  achieved by  t h e  " s a c r i f i c i a l "  con- 
sumption o f  p lu ton ium.  
2 3 3 U  p r o d u c t i o n  and maximum t o t a l  f i s s i l e  p r o d u c t i o n  on homogeneous-core r e a c t o r s .  

v e r t i n g  t o  heterogeneous cores would i n c r e a s e  t h e  n e t  f i s s i l e  p r o d u c t i o n ,  b u t  aga in  t h e  

g a i n  would be a t  t h e  expense o f  an i nc reased  p l u t o n i u m  consumption. On t h e  o t h e r  hand, 

numerous advanced LMFBR concepts c u r r e n t l y  under s tudy  c o u l d  s i g n i f i c a n t l y  impact  t h e  

performance parameters o f  such systems. 

Thus, these two r e a c t o r  t ypes  r e p r e s e n t  a t r a d e o f f  between maximum 
Con- 

Table 4.7. 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 ion  o f  
LMFBRs Opera t i ng  on Puf Fuel i n  Combination w i t h  2 3 8 U  and/or  232Th 

Fuel 

Net  F i s s i l e  P roduc t i on  
f (MT/GbJe) 

f 
2 3 3 ~  T o t a l  

B lanketa Pu Charge 
( A / R / I )  (MT/GWe) Pu 

~ ~ 

C l a s s i c a l  Breeders 

Pu/U (Re f . )  u/u 24.1 + 5.6 0 + 5.6 
Pu/U u/u/u 35.2 t 1 0 . 3  0 +10.3 

Breeder-Transmuter 

Pu/U U/Th 24.1 + 0.9 t 4 . 6  + 5.5 

Transmuters 

Pu/U U/Th/Th 37.5 - 7.1 16.1 + 9.0 
Pu/Th Th/Th 27.6 -14.8 17.5 + 2.7 

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

a - A x i a l / E a d i a l / n t e r n a l  ( i f  any) .  

b E d i t o r ' s  Note: These comparisons o f  n e t  f i s s i l e  p r o d u c t i o n  a r e  n o t  meant t o  
i m p l y  t h a t  a heterogeneous LMFBR co re  des ign  i s  s u p e r i o r  t o  a homogeneous des ign  
s i n c e  many o t h e r  f a c t o r s  e n t e r  i n t o  t h e  comparisons o f  t h e  o v e r a l l  systems. 

L -  
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4.4,  Conclusions 
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_1 

Since optimization of the various reactors fo r  the par t icu lar  fue ls  considered was 
beyond the scope of t h i s  study, the r e su l t s  presented above are  subject t o  several uncer- 
t a in t i e s .  
cycles on reactor  performance are  believed t o  be valid: 

Nevertheless, cer ta in  general conclusions on the impact of the various fuel 

0 For once-through throwaway systems , the  various systems studied are  
ranked in order of optimum resource u t i l i za t ion  as follows: the HWR on 
the LEU cycle or  on natural uranium; the HTGR and PBR on e i t h e r  the L E U  
cycle or  on the MEU/Th cycle; and the SSCR and PWR on the LEU cycle. 

the MEU/Th cycle the SSCR and PWR require more uranium than they do on 
the LEU cycle and hence do not merit fur ther  consideration fo r  once- 
th rough  operation. 

On 

.I For once-through stoz~away systems, i n  which the f i s s i l e  material in the 
spent fuel i s  expected t o  be recovered a t  some future  date, the re la t ive  
ranking of the systems would depend on the ultimate dest inat ion of the 
f i s s i l e  material. I f  future  nuclear power systems are  t o  be thermal 
recycle systems, then ear ly  emphasis should be placed on reactors and 
fuel cycles t h a t  have a high 2 3 3 U  discharge. 
t o  be f a s t  recycle systems, then emphasis should be placed on reactors 
and fuel cycles tha t  will provide a plutonium inventory. 

If  the future  systems are 

0 For thermal recycle systems, the preferred basic f i s s i l e  material i s  
2 3 3 U .  
exogenous source of the f i s s i l e  material; therefore ,  i t  i s  l ike ly  
tha t  the MEU(235)/Th cycle would be implemented f i r s t  to  i n i t i a t e  
the production of 2 3 3 U .  
be recycled; thus the system would evolve towards the MEU(233)/Th 
cycle, which i s  the denatured 2 3 3 U  cycle as defined in t h i s  study. 
However, i t  i s  to  be emphasized t h a t  these reactors will not pro- 
duce enough 233U t o  sustain themselves and separate 2 3 3 U  production 
f a c i l i t i e s  must be operated. 
sidered as a 2 3 3 U  production f a c i l i t y .  

However, implementation of a 2 3 3 U  fuel cycle will require an 

Both the unburned 2 3 5 U  and the 2 3 3 U  would 

A Pu/Th-fueled reactor  has been con- 

For f a s t  recycle systems, the preferred basic f i s s i l e  material i s  
f pu , 

in the core sharply reduces the breeding performance of f a s t  reactors .  
However, f a s t  reactors using plutonium fuel and thorium blankets 
would be e f f i c i e n t  233U production f a c i l i t i e s .  

Using 2 3 3 U  a s  the primary f i s s i l e  material or placing thorium 



5.0. IMPLEMENTATION OF DENATURED FUEL CYCLE 

As d e f i n e d  i n  t h i s  s tudy,  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  of 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 231U 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 ions .  
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  these 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 they  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  reprocess ing ,  and waste t rea tment  (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 re fe rence 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  adapt ing  any o f  these 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 tudy  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 lementa t ion  

o f  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  mlist 

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  

Whi le  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 descr ibed i n  t h i s  s tudy,  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-magnitude cos ts .  
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 ime es t imated t o  be required t o  soZve technica2 probZerns. 
i cens i  ng 
t h e  i n t r o -  

as f o l l o w s ,  
t h  a d d i t i o n a l  

Such es t imates  were made and a r e  r e p o r t e d  below. I t  should be 

That  i s ,  no a l lowances were made f o r  impediments t o  commerc ia l i za t ion ,  such as 
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 ,  

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 
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  da te  o f  s t a r t u p  o f  t h e  f i r s t  u n i t ,  w 
r e a c t o r s  i n t r o d u c e d  a t  a rnaximwn r a t e  o f  1,2,4,,..units each biennium: 

1987 - LWRs o p e r a t i n g  on "denatured 235U11  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 233U, and Pu/Th f u e l s .  

1995 - HWRs o p e r a t i n g  on any of s e v e r a l  proposed f u e l s .  

- HTGRs o p e r a t i n g  on any o f  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 ly  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 ordered 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  demonst ra t ion  
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 o f  each r e a c t o r  on i t s  own re fe rence  fue 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  re ference fue l  i s  d i v i d e d  i n t o  t h r e e  areas: 

I n  

(1)  

(2) 
( 3 )  

P roo 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 ) ;  

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 ) ;  

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 l 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  a l 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)  

O f  t h e  r e a c t o r s  considered 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  step, 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  demonstrat ion 

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 ,  

r e f e r e n c e  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  

I 

I 

J 
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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 zgch 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  
phys i cs  d a a  base f o r  thor ium-based systems 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 co re  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 o f  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 f u e l s ,  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  spen t  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 .  

$100M and $200M. 
o r d e r  o f  magnitude. 

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

The government subs idy  c o u l d  t o t a l  between 

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 

*See S e c t i o n  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 .  



S p e c t r a l  -Sh i f t -Con t ro 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  w e l l  e s t a b l i s h e d  by heavy-water r e a c t o r  
o p e r a t i n g  exper ience  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). 

I.\ 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- 
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. Then t h e  c a p i t a l  r i s k  would be 

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 w a t e r  cos ts .  Because t h e  

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 $10M t o  $60M. 

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 

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

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

The t o t a l  government sub- 

Inc 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 here t h a t  t h e  U.S. HWR would 
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  

t h e  des ign  t o  a l a r g e r  p l a n t  (1000 MWe), and t o  

As w i t h  t h e  SSCR, government suppor t  would 
f e r r i n g  t h e  Canadian technology t o  t h e  U.S. and 

be based on t h e  CANDU and deployed under 
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 -  

p r e s e n t  CANDU des ign  t o  SEU f u e l ,  t o  extend 

a c q u i r e  U.S. l i c e n s i n g .  

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 -  

upgrading 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  $200M 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 i s  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-Cooled 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  requ i remen ts  would be i n  t h e  range of $200M 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  of 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 u n l i k e  t h e  o t h e r  r e a c t o r s  considered, t h e  HTGR has a thorium-based r e f e r e n c e  

f u e l ,  i t  i s  p o s s i b l e  t h a t  a denatured c y c l e  c o u l d  be des igna ted  as t h e  r e f e r e n c e  c y c l e  
so t h a t  t h e  demonstrat ion p l a n t  would be a denatured system. 
a d d i t i o n a l  c o s t s  r e q u i r e d  t o  c o n v e r t  t h e  HTGR t o  a denatured f u e l  m i g h t  be s m a l l e r  t han  

those r e q u i r e d  t o  c o n v e r t  LWRs t O  thorium-based f u e l s .  
c o s t s  o f  c o n v e r t i n g  t h e  HTGR t o  a Pu/Th system were n o t  cons idered. )  

I f  t h i s  were done, t h e  

(As w i t h  t h e  o t h e r  r e a c t o r s ,  t h e  

Fas t  Breeder Reactors (FBRs) 

FBR R,D&D requi rements and c o s t s  were n o t  i n c l u d e d  i n  t h i s  s t u d y  s i n c e  updated d a t a  

f o r  t h e  LMFBR b o t h  on i t s  r e f e r e n c e  c y c l e  and on t h e  denatured 233U and Pu/Th c y c l e s  were 

be ing  developed under o t h e r  programs. 

Summary o f  Reactor  R,D&D Costs 

The es t ima ted  c o s t s  f o r  r e a c t o r  R,D&D a r e  summarized i n  Table 5.1. 

Table 5.1. Es t ima ted  Cost  Ranges f o r  Development and Commerc ia l i za t i on  
o f  LWRs on MEU/Th Fuels  and ACRs on Reference Fuels  

cos ts  
($MI Commen t s  

LWR; MEU/Th Fue ls  
Research, design, component development, l i c e n s i n g  

Large-scale demons t ra t i  on 

SSCR; LEU Fuel  
Research, design, component development, l i c e n s i n g  

Large-scal  e demons t ra t i  on 

F i r s t  u n i t  

Next  f o u r  u n i t s  (commerc ia l )  

HWR; SEU Fuel  
Research, design, component development, l i c e n s i n g  

La rge -sca le  demonstrat i  on 
F i r s t  u n i t  
Next  f o u r  u n i t s  (commerc ia l )  

HTGR; HEU/Th Fuel  

Research, design, component development, l i c e n s i n g  

La rge -sca le  demonstrat ion 
F i r s t  u n i t  

Next  f o u r  u n i t s  (commerc ia l )  

50-1 50 

50-200 

100-350 

50-100 

150 

100 

300-350a 

200-400 

800 

2 9 800 

1.4, 000a3 

200-300 

eo0 
2,800 

%4,O0Ob 

Government-subsi d i  zed. 

Demonstrat ion i n  c u r r e n t - g e n e r a t i o n  LWR; 
25% government-subsid ized.  

Government-subsidi zed. 

Demonstrat ion designed f o r  e i t h e r  po i son  
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 ;  r e -  
qu i rements f o r  l a t t e r  (i.e., -$150M) 
government-subsid i  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  $10M - $60M i f  LWRs 
a l r e a d y  converted. 

Government-subsidized. 

50% government-subsidized. 
25% government-subsidized. 

A d d i t i o n a l  i nc remen ta l  c o s t  t o  c o n v e r t  
t o  MEU/Th f u e l s  app rox ima te l y  equal t o  
t h a t  f o r  LWR convers ion.  

Government-subsi d ized.  

50% government-subsid i  zed. 

25% government-subsid i  zed. 

I f  MEU/Th f u e l  s e l e c t e d  as reference 
fue l ,  a d d i t i o n a l  i nc remen ta l  c o s t  proh-  
a b l y  l e s s  than c o s t  o f  c o n v e r t i n g  LWR 
t o  MCU/Th f u e l s .  

aExcludes 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 a c c e l e r a t e d  development schedule; i f  o n l y  t h e  f i r s t  u n i t  o f  t h e  f o u r  commercial U n i t s  
r e q u i r e d  a subsidy,  t h e  c o s t  would be $2,000M t o  $2,50OM. 

1 

i 
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5.2. Fuel Recycle Research and Development Requirements and Costs 

r- 

C 

Since the denatured 2 3 3 U  fuel  cycle would consis t  of reactors operating on d i f f e ren t  
fuels  in  symbiosis, i t  i s  possible t h a t  an integrated recycling technology could be 
developed t o  handle the various fuels  required i n  the  system. 
s t ra tegy i s  developed to  es tabl ish what reactors would be used and what regulatory require- 
ments would be imposed a t  the various points of the fuel cycle,  as well as the s i ze  of the 
commercial industry, i t  would be inadvisable even t o  attempt t o  describe an integrated 
system, much l e s s  to  project i t s  R&D requirements and costs.  Thus, a t  t h i s  point,  we 
can only describe the s t a tus  of the various areas of recycle technology f o r  the d i f f e ren t  
types of fuel and make very preliminary estimates of the requirements t o  complete the 
individual cycles. The technological areas included are as fol 1 ows : 

However, unti l  a U.S. 

(1)  Fuel f ab r i ca t i on / re fab r i ca t i on  (fuel material preparation, rod fabricat ion,  
and element assembly). 

Fuel qual i f icat ion ( i r r ad ia t ion  performance tes t ing and evaluation).  ( 2 )  

( 3 )  Fuel reprocessing (headend treatment, solvent extract ion,  product conversion, 
and off-gas treatment).  

( 4 )  Waste treatment (concentration, calcinat ion,  v i t r i f i c a t i o n ,  and radioactive-gas 
treatment).  

Fuel Fabrication/Refabrication and Qual i f i ca t ion  

The technology fo r  fabricating uranium-based metal-clad oxide pe l l e t  fue l s  such as 
those used in LWRs and HWRs i s  complete. 
r icated,  the work has been a t  p i l o t  plant scale  and a s ign i f i can t  amount of R&D i s  s t i l l  
required to  commercialize Pu/U fuel .  
s t r a t e d ,  and methods must be developed fo r  verifying and control1 i n g  the cha rac t e r i s t i c s  of 
Pu/U fue l s ,  recovering contaminated scrap, and performing nondestructive assays of powders , 
fuel rods, and wastes. 
plant must be demonstrated, and the i r radiat ion performance of P u / U  fue l s  produced in 
commercial -scale processes and equipment must be shown t o  be sa t i s f ac to ry .  

While Pu/U oxide pe l l e t  fue l s  have also been fab- 

In pa r t i cu la r ,  a pel le t iz ing process must be demon- 

In addition, the remote operation of a large-scale fabr icat ion 

The technology fo r  fabricating thorium-based metal-clad oxide p e l l e t  fuels  i s  l e s s  
complete t h a n  t ha t  f o r  Pu/U fue l s ,  requiring s ign i f i can t ly  more e f f o r t  in  a l l  the afore- 
mentioned areas .  
operations and maintenance a t  a l l  points in the cycle where radioactive 232U i s  present. 

Also, the developmental e f f o r t  will  be complicated by the need f o r  remote 

The technology fo r  fabricating urani um oxide or urani um carbide mi crospheres embedded 
in a graphite fuel element, such as  are used in the HTGR,  i s  well advanced; however, addi- 
t ional R&D pr ior  t o  construction of a h o t  demonstration f a c i l i t y  i s  needed in the areas 
of refabrication equipment scaleup, recycle of scrap material , control of e f f luen t s ,  assay 
of fuel-containing materials,  and qual i f icat ion of recycle fuel .  
be required t o  fabr icate  denatured uranium fuels  f o r  HTGRs because of a higher uranium 
content of the f i s s i l e  p a r t i c l e  and an increased production of plutonium during i r r ad ia t ion .  

Further work will  a l so  
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Fuel Reprocessing 

The w e l l  -estab1 i shed  Purex process c o n t a i n s  t h e  b a s i c  techno logy  f o r  rep rocess ing  U 

and Pu/U m e t a l - c l a d  ox ide  p e l l e t  f u e l s  w i t h  l ow  burnup; however, a commercial rep rocess ing  
p l a n t  t h a t  conforms t o  c u r r e n t  U.S. f e d e r a l  and s t a t e  requi rements has n o t  been operated.  
N e i t h e r  has an i n t e g r a t e d  p l a n t  f o r  f u e l s  w i t h  h i g h  burnup been demonstrated. S p e c i f i c  

areas s t i l l  needing a t t e n t i o n  a r e :  o p e r a t i o n  and maintenance o f  t h e  mechanical headend 

equipment; methods f o r  h a n d l i n g  h i g h l y  r a d i o a c t i v e  r e s i d u e s  f o l l o w i n g  d i s s o l u t i o n  o f  h igh -  

burnup f u e l  ; techniques f o r  r e d u c i n g  r a d i o a c t i v e  o f f - g a s  r e l e a s e s  t o  conform t o  a n t i c i p a t e d  

r e g u l a t i o n s ;  and convers ion  processes f o r  Pu f rom power r e a c t o r  f u e l s .  

The Thorex process f o r  rep rocess ing  Th-based o x i d e  p e l l e t  f u e l s  i s  n o t  as advanced as 

t h e  Purex process. 

burnup i n  l i m i t e d  q u a n t i t i e s ,  i t  i s  s t i l l  t o  be t e s t e d  i n  a l a r g e  p l a n t  w i t h  h igh-burnup f u e l .  

Whi le  t h e  Thorex process has been used t o  process o x i d e  f u e l s  o f  l o w  

I n  t h e  Thorex process t h e  headend t rea tmen t  w i l l  d i f f e r  f o r  t h e  m e t a l - c l a d  f u e l  and 
t h e  graphi te-based HTGR f u e l .  Fo r  t h e  m e t a l - c l a d  f u e l s  a d d i t i o n a l  R&D w i l l  be r e q u i r e d  
t o  develop techniques f o r  removing t h e  z i r c o n i u m  meta l  c ladd ing ,  and i f  f l u o r i d e  i s  r e -  

q u i r e d ,  s i g n i f i c a n t  waste-handl ing problems may be encountered. 
development work i s  needed i n  t h e  crushing,  burn ing,  and p a r t i c l e  s e p a r a t i o n  o p e r a t i o n s  

and i n  t h e  t rea tmen t  o f  14C-conta in ing of f -gases,  

For  t h e  HTGR-type f u e l  , 

Developmental work i s  a l s o  needed i n  seve ra l  areas o f  t h e  s o l v e n t  e x t r a c t i o n  process 

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

c l a r i f i c a t i o n ;  techniques f o r  c o n t a i n i n g  220Rn and o t h e r  r a d i o a c t i v e  gases; recove ry  o f  

f u l l y  i r r a d i a t e d  t h o r i u m  i n  l a r g e - s c a l e  a c i l i t i e s ,  p a r t i t i o n i n g  o f  f u e l  s o l u t i o n s  con- 

t a i n i n g  U, Pu, and Th; recove ry  and hand i n g  of h i g h l y  r a d i o a c t i v e  p r o d u c t  streams; and 

process and equipment des ign  i n t e g r a t i o n .  

These i n c  ude: f u e l  d i s s o l u t i o n ,  f e e d  adjustment  and 

Wh i le  commerc ia l i za t i on  o f  these processes c o u l d  r e q u i r e  f rom 12 t o  25 years,  depending 
on t h e i r  c u r r e n t  s t a t u s ,  comercia2-scaZe rep rocess ing  w i l l  n o t  n e c e s s a r i l y  be r e q u i r e d  on 
t h e  same t i m e  s c a l e  as t h e  i n t r o d u c t i o n  o f  t h e  r e c y c l e  f u e l s ,  s i n c e  i n i t i a l l y  t h e  demand f o r  

r e c y c l e  f u e l  c o u l d  be met by p i l o t  or p r o t o t y p e  p l a n t s .  I n  f a c t ,  commercial rep rocess ing  
would n o t  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  back log  o f  spent  f u e l  had accumulated. 

Waste Treatment 

To t r e a t  t h e  wastes i n  a l l  c y c l e s  r e q u i r e s  t h e  development of processes f o r  concen- 

t r a t i o n ,  c a l c i n a t i o n ,  and v i t r i f i c a t i o n  o f  h i g h - l e v e l  and i n t e r m e d i a t e - l e v e l  s o l i d  and 

gaseous wastes. 
f o r  thorium-based c y c l e s  i f  f l u o r i d e s  a r e  p resen t .  
i n c l u d e d  i n  t h i s  s tudy.  

The requ i remen ts  w i l l  be s i m i l a r  f o r  a l l  c y c l e s  b u t  somewhat more complex 

No examinat ion o f  these c o s t s  was 

Summary o f  Fuel Recycle R,D&D Costs 

Est imated c o s t  ranges f o r  t h e  research,  development, and c o m m e r c i a l i z a t i o n  (demon- 

s t r a t i  on) o f  t y p i c a l  new f a b r i  c a t i o d r e f a b r i  c a t i o n  and rep rocess ing  techno1 o g i  es a r e  
g i ven  i n  Tables 5.2 and 5.3 r e s p e c t i v e l y .  To these must be added t h e  c o s t  f o r  waste 
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Table 5.2. Estimated Cost Range f o r  Development and 
Commercialization of New Refabrication Technology' 

Unescalated 
Bill ions of Dollars 

Base techno1 ogy 
Cold component t e s t ing  
Irradiat ion performance t e s t ing  

0.1 - 0.3 
0.2 - 0.4 
0.1 - 0.4 

Totalb 0.4 - 1.1 
0.7 - 1.4 Large-scal e demonstrati on' 

'Time requirements: 

bEstimated government subsidy. 
e 

8 - 10 years i f  s imilar  t o  es- 
tablished technology; 15 years f o r  new technology. 

Commercial f a c i l i t y ;  extent of government 
par t ic ipat ion d i f f i c u l t  t o  define a t  this time. 

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

Unescalated 
Bill ions of Dollars 

Base technology R&D 0.1 - 0.5 
Hot p i l o t  p ant testing 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 demonstrati on plant' 

'Time requirements: ~ 1 2  years f o r  established tech- 
nology t o  possibly 25 years f o r  new technology. 
Es t i  mated gove rnmen t s u bs i dy 
Commercial f a c i l i t y ;  extent of government 
par t ic ipat ion d i f f i c u l t  t o  define a t  t h i s  time. 

e 

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

~ -~ 

Billions of Dollars 
Reactor Type 

Pu/U Pu/Th MEU/Th HEU/Th 

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 costs  f o r  developing reprocessing and 
refabrication technologies and a portion of the 
waste treatment technology development costs ;  
excludes large-scale demonstration plant. 

treatment technology development. 
Tradi t ional ly  the costs borne by 
the government a re  those covering 
a l l  s teps  u p  t o  demonstration. 
Part  of the i n i t i a l  demonstration 
may a l so  be government supported, 
b u t  since the demonstration plant 
will  be a commercial f a c i l i t y  the 
costs could be recovered. 

Tables 5.2 and 5.3 show t h a t  
the major costs  associated w i t h  
commercialization of fuel cycles 
l i e  a t  the f a r  end of the R&D pro- 
gression. T h u s  the costs will  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 will  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 
d u r i n g  the f a c i l i t y  design and 
construction (8 to  12 years) .  
However, considerable overlap of 
these phases and the associated 
costs can be expected. 
based cycles a re  expected t o  re- 
q u i  r e  the 1 ongest developmental 
times 

The thorium- 

Table 5.4 presents the R&D 
cost  ranges i n  terms of reactor  
types and fuel recycle systems. 
Although a large uncertainty i s  
associated w i t h  each case, the 
trends a re  apparent. For a l l  
reactors ,  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 decision i s  made t o  u t i -  
l i z e  denatured 2 3 3 U  f u e l ,  the costs 
f o r  developing the fuel recycle 
faci  1 i t i e s  w i  11 be s ign i f i can t ly  
greater  than f o r  any other cycle and 
will  be compounded by the require- 
ment f o r  the simultaneous operation 
of reactors on other fuels .  



35 

I PUREX REPROCESSING, 
THOREX REPROCESSING.. 

FER Pu/Th 

5.3. Possible Procedure for Implementing Denatured 2 3 3 U  Fuel Cycle 

From the preceding discussion, i t  i s  obvious tha t  the only reactors  t ha t  could operate 
on denatured 2 3 3 U  fuel i n  the near term (by 1991) would be LWRs and SSCRs, and presumably 
LWRs would be used f i r s t .  
t o  the introduction of  commercial fuel reprocessing. 
would be introduced in LWRs t o  i n i t i a t e  the production of 2 3 3 U .  

suf fers  from very high f i s s i l e  inventory requirements (see Section 4 .3) .  I n  the second, 
non-fueled Tho2 rods would be introduced in cer ta in  l a t t i c e  locations and /o r  MEU(235)/Th 
fuel would be used in only a f ract ion of the fuel rods, the remaining fuel rods being 
conventional L E U  fuel rods. This second option s igni f icant ly  reduces the f i s s i l e  inventory 
penalty associated with fu l l  thorium loadings in LWRs and fo r  BWRs may even o f fe r  opera- 
t ional  benefi ts .  
on a stepwise basis .  

Two poss ib i l i t i e s  ex i s t  for  obtaining the required 2 3 3 U  prior  
In the f i r s t ,  an MEU(235)/Th core 

Unfortunately, t h i s  scheme 

Also, i t  would allow experience v i th  thorium-based fue ls  t o  be gained 

Although a reprocessing capabi l i ty  would be necessary t o  recover the bred 2 3 3 U ,  such 
a capdbi l i ty  would n o t  be required for  the qual i f icat ion and demonstration of the i n i t i a l  
MEU(235)/Th fue l .  
ex is t ing  L E U  f a c i l i t i e s  within 2 or 3 years ,  a n d  qua l i f ica t ion  and/or demonstration could 
be completed within an additional 5 t o  7 years. 
MEU(235)/Th fuel or with par t ia l  thorium loadings could be accomplished during the next 
decade, and the spent fuel could be stored in reposi tor ies  in secure fuel storage centers. 
A stockpi le  of 23311 and plutonium would then be in i t i a t ed .  The additional fuel cycle 
service f a c i l i t i e s ,  such as isotopic  separation, reprocessing, fuel refabricat ion and 
possibly waste i so l a t ion ,  could be introduced in to  these centers l a t e r  as the need develops, 
i n i t i a l l y  as pi lot-plant-scale  f a c i l i t i e s  followed by la rger  prototypes and then commercial- 
sca le  plants. 

Fabrication of MEU(235)/Th fuel could probably be accomplished with 

Thus, the operation of LWRs with 
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With the deployment of the pi lot-scale  reprocessing and refabrication f a c i l i t i e s ,  
recovery of P u  and U from spent fuel and the subsequent refabricat ion of Pu /Th  and 
denatured 2 3 3 U  fuels  could be demonstrated within the center. Dispersed LWRs fueled with 

denatured 233U or L E U  and energy-center LWRs ORN L. OW0 78-21716 

LWR-LEU OENATUREO LWR 

PUREX REPROCESSING, 
THOREX REPROCESSING, 

LWR/PU/Th 
I 

OENATUREO LWR, 
ADVANCE0 0 CONVERTER 

\ a. INITIALPHASE ,/--I 

---#' , ,  
' LWR-LEU \ 

/ '\ 

c. FINALPHASE 

Fig.  5.1. 
Energy Center. 

Three Phases fo r  an Evolving 

fueled w i t h  P u / T h  could then begin opera- 
t ion .  A t  t h i s  point the f i r s t  phase of a 
nuclear power system t h a t  includes reactors 
operating both in energy centers and a t  
dispersed locations outside the centers 
would be in e f f ec t .  During th i s  phase, 
which i s  represented in Fig. 5 . l a ,  the 
research and development tha t  wi 11 be 
required t o  deploy Pu-fueled FBR t rans-  
muters with thorium blankets in the energy 
centers could be pursued. 

With these advance preparations having 
been made, by the time conventional L E U  
fueling in LWRs begins t o  phase o u t  (due 
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t o  increasing depletion of an economic resource base),  the power system would evolve in to  
a fast/thermal combination (see Fig. 5 . l b ) .  
expansion for  modest energy demand growth; however, i f  the energy demand i s  such tha t  the 
fast/thermal system i s  inadequate, an a l l - f a s t  system including denatured FBRs could be 
subst i tuted as shown in Fig. 5 . 1 ~ .  The necessity of the third phase of  the energy center 
i s  uncertain a t  t h i s  time, depending on b o t h  the supply of economically recoverable U308 
and the energy demand. 

Variations of a l l  three of these phases of an energy center operating in concert 

Such a system could provide adequate capacity 

with dispersed reactors a re  represented in  the denatured power system scenarios analyzed 
in Section 6.  

5.4. Conclusions 

The preceding discussion can be summarized as follows: 

0 The rapid introduction of advanced reactor concepts operating on MEU/Th 
o r  Pu /Th  fuels  would require very large government support f o r  R & D ,  f o r  
demonstration f a c i l i t i e s ,  and fo r  lead commercial plants.  

0 The i n i t i a l  production of 2 3 3 U  f o r  the denatured 2 3 3 U  fuel cycle could be 
accomplished by introducing thorium into the LWRs current ly  operating on 
the L E U  once-through cycle. 
within the pr ivate  sector t o  convert LWRs to  thorium-based fue l s  because 
of the increased costs associated with the concomitant higher f i s s i l e  
loadings. I f  government incentives 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 begin by the mid-1980's. 
on a commercial scale  would n o t  be f eas ib l e  pr ior  t o  the year 2000, however. 

However, no economic incentive would e x i s t  

Recycle of 2 3 3 U  

0 A fuel recycle R&D program fo r  MEU/Th and Pu /Th  fue l s  should be i n i t i a t e d  
a t  the same time a decision i s  made t o  fabr icate  thorium-containing fuel 
f o r  large-scale i r radiat ion in exis t ing LWRs. Pi lot-scale  recycle f a c i l -  
i t i e s  could be required within 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 ad ia t ion  program. 

0 Fuel service/energy centers whose ultimate purpose i s  t o  u t i l i z e  plutonium 
b o t h  f o r  energy production and f o r  2 3 3 U  production would progress through 
various phases. I n i t i a l l y  these centers would be fuel storage f a c i l i t i e s .  
With the introduction of reprocessing and refabricat ion in the center ,  LWRs 
located a t  dispersed s i t e s  would be fueled with denatured 2 3 3 U .  
Pu-fueled thermal transmuters would be deployed w i t h i n  the center.  Later,  
ACRs operating on denatured fuel would be added a t  dispersed locations and 
FBRs operating on Pu /Th  fuel would be added in  the energy center.  
t o  meet long-term energy demands, an a l l - f a s t  system could evolve, with FBR 
transmuters in  the energy center and denatured FBRs a t  dispersed locations.  

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. 

seve ra 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 lans  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  of 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  supp ly  and a s p e c i f i e d  s e t  o f  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 o f  t h e  f i s s i l e  m a t e r i a l  t h rough  each s t e p  o f  t h e  
f u e l  cyc le .  
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. 

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  

The denatured power systems were d i v i d e d  i n t o  two m a j o 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  o f  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 cyc le.  ACRs o p e r a t i n g  

on LEU and/or  o t h e r  t ypes  o f  f u e 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 f u e 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 of t h e  two ma jo 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. la ,  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  Tab le  6 . l a  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 U3O8 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  U308 o r e  supp ly  models were employed, one r e p r e s e n t i n g  a c o n s e r v a t i v e  
e s t i m a t e  of 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 th  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 of U3O8, 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  is 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 u308 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  costs corresponding t o  these  two supp ly  
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*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 Sys tems 

Dispersed Energy-Center 
Case Reactors  Reactors  

Op t ion  1: Throwaway/Stowaway Op t ion  

(Spent f ue l  returned t o  energy center for  ultimate 
disposal. I 

1L LWR-LEU-S~  
LWR-LEU-E~  

1s  LNR-LEU 
SSCR-LEU 

1H LWR-LEU 

HWR-SEU 
HWR-Nat.U 

1G LWR-LEU 
HTGR-LEU-T' 

Op t ion  2 :  

(Pu recycled i n  energy center only.) 

Pu/U Recyc le Op t ion  w i t h  ACRs 

2L LWR-LEU LWR-PU/U 
2s 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: 

I& recycled i n  energy center only . )  

Pu/U Recyc le Op t ion  w i t h  ACRs/FBRs 

3L LWR-LEU LWR-Pu/U 
FBR-P~IUIU~ 

3s LWR-LEU LWR-PU/U 
SSCR-LEU FBR-Pu/U/U 

3H LWR-LEU 

HWR-SEU 
HWR-Nat .U 

HWR-PU/U 
FBR-Pu/U/U 

HTGR-HEU( 235)/Th 
HTGR-HEU( 233)/Th 
HTGR-Pu/Th 

36 LWR-LEU 
HTGR-LEU 

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 i scha rge  LWR. 
'Opti m i  zed f o r  throwaway. 

dFBR w i t h  Pu/U core,  U b lanke t .  

respectively,  a r e  plotted i n  F i g .  6.1. For 
most of the ana lys i s ,  the available U3O8 
supply i n  e i t h e r  model was r e s t r i c t ed  t o  
t h a t  costing l e s s  than $160 per pound; how- 
ever, i n  order to  determine how much ore 
would be required f o r  a l l  the options t o  
meet the  projected nuclear demand, 

Table 6.lb. Descriptions of Denatured Nuclear 
Power Systems Using Thermal Reactors Only 

Dispersed  Energy-Center 
Case Reactors  Reactors  

Opt ion  4: Denatured ACRs, Pu Throwaway 

(U only recycled; Pu stored i n  energy center for  
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-Nat. U 

HWR-MEU[233l/Th 

HTGR-LEU 
46 LWR-LEU 

HTGR-MEU 235 /Th 
HTGR-MEU [233)/Th 

Op t ion  5U: Denatured ACRs. Pu M i n i m i z a t i o n  

I& recycled i n  energy center; goal i s  t o  minimize 
amount of Pu produced and t o  "transmute" a22 Pu i n t o  
233u.  I 

5UL LWR-LEU LWR-PU/Th 
LWR-MEU(235)/Th 
LWR-MEU( 233)/Th 

SSCR-PU/Th 5us LWR-LEU 
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-MEU (233) /Th 

5UG LWR-LEU HTGR-Pu/Th 
HTGR-LEU 
HTGR-MEU (235) /Th 
HTGR-MEU (233)/Th 

Op t ion  5T: 
(Pu recycled i n  energy center; no attempt made t o  
minimize amount of Pu produced, but a l l  Pu pro- 
duced i s  "transmuted" t o  2 3 3 U . )  

5U Minus MEU(235)/Th Reactor  

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-Nat .U 
HWR-SEU 
HWR-MEU (233) /Th 

HTGR- Pu/T h 5TG LWR-LEU 
HTGR-LEU 
HTGR-MEU (233) /Th 

'Denatured 233U f u e l .  
additional calculations were performed i n  which 
the price cons t ra in t  was removed from both models. 

In addition t o  the  l imi ta t ions  on the resource base per se ,  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 capabi l i ty  of a coa l i t ion  of s t a t e s  could be grea te r ,  there i s  
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Table 6 . 1 ~ .  D e s c r i p t i o n s  o f  Denatured Nuc lea r  
Power Systems Using Both Thermal and F a s t  Reactors  

Dispersed Energy-Cen t e r  
Case Reactors  Reactors  

Op t ion  6: 

(Light Pu- to-233U t r a n s m u t a t i o n  r a t e  r e a l i z e d .  ) 
Denatured ACRs w i t h  FBR Transmuters 

6L LWR-LEU LIIR-Pu/Th 
LWR-MEU (235)/Th FBR-Pu/U/Tha 
LWR-MEU (233)/Th 

6s  LWR-LEU SSCR-PU/Th 
L W R - M E U ( ~ ~ ~ ) / T ~  FBR-Pu/U/Th 
SSCR-LEU 
SSCR-MEU (233)/Th 

6H LWR-LEU HWR-Pu/Th 
HWR-Nat.U FBR-PU/U/Th 
HWR-SEU 
HIIR-MEU (235)/Th 
HWR-MEU (233)/Th 

66 LWR-LEU HTGR-Pii/Th 
HTGR-LEU FBR-PujbITh 
HTGR-MEU (235 )/Th 
HTGR-MEU (233)/Th 

O p t i o n  7: 

(Light P u - ~ o - ~ ~ ~ U  t r a n s m u t a t i o n  r a t e  r e a l i z e d .  ) 

Denatured ACRs/FBRs w i t h  FBR Transmuters 

7L LWR-LEU LWR-Pu/Th 
LWR-MEU (235)/Th FBR-Pu/U/Th 
LWR-MEU 233 /Th 
FBR-MEU [233]/Th 

7s LWR-LEU SSCR-PU/Th 
LWR-MEU( 235)/Th FBR-PU/U/Th 
SSGR-LEU 
SSCR-MEU (233)/Th 
FBR-MEU( 233)/Th 

7H LWR-LEU HWR-PU/Th 
HWR-Nat. U FBR-Pu/U/Th 
HWR-SEU 
HWR-MEU 235)/Th 

FBR-MEU( 233)/Th 
HWR-MEU[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 P U - ~ O - ~ ~ ~ U  t r a n s m u t a t i o n  r a t e  r e a l i z e d .  ) 

Denatured ACRs/FBRs w i t h  FBR Transmuters 
Con ta in ing  Th i n  T h e i r  Cores 

8L LWR-LEU LWR-PU/Th 
LWR-MEU( 235)/Th FBR-Pu/Th/Thb 

FBR-MEU[233{/Th 
LWR-MEU 233 /Th 

BS LWR-LEU SSCR-Pu/Th 
LWR-MEU (235)/Th FBR-Pu/Th/Th 
SSCR-LEU 
SSCR-MEU( 233)/Th 
FBR-MEU (233)/Th 

BH LWR-LEU HWR-Pu/Th 
HWR-Nat.U FBR-PU/Th/Th 
HWR-SEU 
HWR-MEU 235)/Th 

FBR-MEU( 233)/Th 
HWR-MEU (233) /Th 

86 LWR-LEU HTGR-Pu/Th 
HTGR-LEU FBR-Pu/Th/Th 
HTGR-MEU (235)/Th 
HTGR-MEU (233)/Th 
FBR-MEU (233)/Th 

~ ~ ~~ 

'FBR w i t h  Pu/U core, Th b lanke t .  
bFBR w i t h  Pu/Th core,  Th b lanke t .  

no r e a l  b a s i s  f o r  s p e c i f y i n g  an upper 
l i m i t .  Recogniz ing t h i s ,  t h e  n u c l e a r  

p o l  i c y  o p t i o n s  analyzed were cons ide red  

t o  be more f e a s i b l e  i f  t h e i r  annual 
m i n i n g  and m i l l i n g  r a t e  was l e s s  than  

60,000 ST o f  U3O8 p e r  yea r ,  e s p e c i a l l y  
through t h e  1990s. (Note: The " e f f e c t i v e  
supply' '  c o u l d  be i nc reased  by assuming a 

decrease i n  t h e  235U c o n t e n t  o f  t h e  

uranium t a i l s  from t h e  enr ichment  process. 
I n  t h e  s tandard  enr ichment  process t h e  

assay f r a c t i o n  of t h e  t a i l s  i s  0.0020. 
The e f f e c t  of decreas ing t h i s  assay 
f r a c t i o n  i s  d i scussed  i n  Appendix C.) 

Severa l  o t h e r  assumptions a r e  i n h e r e n t  

Fo r  example, f o r  i n  t h e  a n a l y t i c a l  method. 
those o p t i o n s  t h a t  assumed rep rocess ing ,  t h e  
f u e l  was s t o r e d  a f t e r  d i scha rge  u n t i l  r e -  

p rocess ing  and r e f a b r i c a t i o n  c a p a b i l i t i e s  
were a v a i l a b l e ,  and a r e a c t o r  t h a t  r e q u i r e d  
Pu o r  2 3 3 U  c o u l d  n o t  be c o n s t r u c t e d  un less  

t h e  p r o j e c t e d  supp ly  o f  f i s s i l e  m a t e r i a l  was 
s u f f i c i e n t  t h roughou t  t h e  r e a c t o r ' s  l i f e -  

t ime. I n  a d d i t i o n ,  a n u c l e a r  p l a n t  des ign  
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F i g .  6.1. Marg ina l  Costs f o r  High- 
and In te rmed ia te -Cos t  U308 Supply Curves. 
The i n c r e a s i n g  c o s t s  as a f u n c t i o n  o f  t h e  
cumu la t i ve  amount mined i s  i n d i c a t i v e  o f  
a con t inuous  t r a n s i t i o n  from h i g h e r  grade 
t o  l ower  grade resources.  
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t h a t  differed from established technology could be introduced only a t  a l imited r a t e  ( typi-  
ca l ly  a t  a r a t e  of 1 ,  2 ,  4, 8, e tc .  d u r i n g  successive bienniums). 
capabi l i ty  t o  produce a par t icular  reactor  type was establ ished,  the r a t e  a t  which t h a t  
reactor could lose i t s  share of the new construction market was l imited t o  a specif ied 
fract ion per year ( typical ly  10% per year).  

And once the manufacturing 

The analyses a l so  provided detai led cost  data ,  including the to t a l  power cost  of each 

Unfortunately, however, the combined uncertaint ies  on the costs were so large 
case and the to t a l  power cost  of each reactor  type i n  each case, the l a t t e r  i n  turn being 
subdivided. 
t h a t  any conclusions about the various nuclear policy options based on economics were 
tenuous a t  best ;  therefore ,  the cost  of a nuclear u n i t  usually did not en te r  i n to  the 
decision of whether i t  could be constructed o r  not. 
(1)  i t  was avai lable  i n  the option and ( 2 )  i t  had a lower U308 consumption r a t e  than other 
units under the same option. 
t o  be su f f i c i en t ly  large so as not t o  l imi t  the growth of the nuclear system over the 
planning horizon, the u n i t  was chosen on the basis of i t s  t o t a l  power cost .  

In general, a u n i t  was selected i f  

However, f o r  those cases i n  which the U308 supply was assumed 

6.1. Systems w i t h  Price-Limited Uranium Supplies 

Typical Results 

Typical r e su l t s  from the calculations f o r  price-constrained uranium supplies a re  pre- 
Figure 6.2 shows t h a t  w i t h  the current ly  used LWR-LEU system 

I f ,  however, plutonium recycle were allowed 

sented i n  Figs .  6.2 and 6.3. 
operating on the high-cost uranium supply (Case lL ) ,  the in s t a l l ed  nuclear capacity would 
peak somewhat above 400 GWe around year 2010. 
in some of the LWRs (Case Z L ) ,  the peak would go above 600 GWe and would be delayed unt i l  
about year 2020. While both these cases would meet the c r i t e r ion  of 350 GWe i n  the year 
2000, neither could sustain the required growth r a t e  through year 2050. 

Adding an LWR t h a t  operates on denatured 233U fuel (Case 5TL) would not s ign i f i can t ly  
increase the to t a l  i n s t a l l ed  nuclear capacity above t h a t  of Case 2L, nor would i t  delay the 
peaking date. i n  
Case 2L the system's peak capacity i s  real ized by a sharp increase i n  the in s t a l l ed  capacity 
w i t h i n  the energy center ,  the r a t i o  of the outside capacity t o  the inside capacity ( tha t  i s ,  
the energy support r a t i o )  b e i n g  approximately 2.5. By contrast ,  when the peak capacity 
occurs i n  Case 5TL, the energy support r a t i o  i s  greater  than 4 and remains above 4 unt i l  
a f t e r  year 2035. 
T h u s  w i t h  Case 5TL a much larger  f ract ion of the reactors can be dispersed outside the 
center. On the other hand, i n  the near term ( t o  year  2015), there i s  no noticeable d i f f e r -  
ence i n  the energy support r a t io s  of the two systems, and i f  this period were the only per- 
iod o f  concern, then Case 2L would c l ea r ly  be the choice. 
f a c t  t h a t  t o  deploy Case 5TL would require a nuclear industry t h a t  i s  capable of reprocessing 
s ign i f i can t  amounts of fuel containing thorium and fabricat ing s ign i f i can t  amounts of fuel 
containing gamma-emitting 232U, i n  addition t o  a Pu recycling capabi l i ty ,  whereas Case 2L 
would require only the plutonium recycling capabili ty.  

However, a d i s t i n c t  difference between Case 2L and Case 5TL i s  apparent: 

By t h i s  time the support r a t i e  f o r  Case 2L has decreased s ignif icant ly .  

This statement i s  based on the 
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Fig. 6.2. Installed Nuclear Capacities Attainable by Typical Nuclear Power Systems 
Operating on High-Cost U3O8 Supply: 
Energy-Center-Constrained Reactors. 

Relative Contributions o f  Dispersed Reactors and 

25.2 S T  U308 
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Th 0 . 3 8  GW 

CF=68.2 I 
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304 k g  U235 
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Fig. 6.3. Utilization and Movement o f  Fissile Material in Typical Power System. 
(Case 8L, High-Cost U308 Supply, Year 2035.) 
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The addition of the FBRs i n  Case 8L makes a decided impact on the potential  of the  
power system. 
in s t a l l ed  nuclear capacity of the system is rapidly r i s ing .  
energy support r a t i o  of the system i s  approximately 3 and i s  increasing. 

The nuclear power demand i n  year 2050 (1100 GWe) i s  e f fec t ive ly  met and the 
Moreover, a t  year 2050 the 

I f  these systems were t o  operate on the  intermediate-cost U308 supply, i n  which case 
6 mill ion ST U3O8 would be available t o  them a t  costs l e s s  than $160 per pound, their 
in s t a l l ed  nuclear capac i t ies  would, of coGrse, be much greater.  
un t i l  about year 2040, a t  which time i t  would be approaching an in s t a l l ed  capacity of 1000 
GWe. The e f f ec t  
on the LEU-LWR throwaway system (Case 1 L )  would be t o  increase the peak in s t a l l ed  capacity 
t o  about 730 GWe and t o  delay the  peak about 20 years. 

Case 2L would not peak 

Case 5TL would peak a few years l a t e r  w i t h  a capacity of about 1000 GWe. 

Since Case 8L i s  less dependent on the U308 supply, i t s  in s t a l l ed  nuclear capacity 
f o r  the intermediate-cost fuel supply would not d i f f e r  grea t ly  from t h a t  shown f o r  the  
high-cost supply; however, the  ava i l ab i l i t y  of a more abundant economic fuel supply would 
change the character of the system - t o  the  extent t h a t  approximately 35% more U3O8 would 
be used by the  system by year 2050 and the energy support r a t i o  i n  year 2050 would increase 
from 3 t o  5.5. 

Figure 6.3 represents a "snapshot i n  time" f o r  Case 8L, the  snapshot occurring d u r i n g  
the system's 55th year of operation on the high-cost fuel supply. 
(year 2035), System 8L would require 25.2 ST of U3O8 and 21,000 SWU of enrichment per GWe, 
and 71% of the  in s t a l l ed  nuclear capacity would be outside the  energy center. The sketch 
a l so  indicates the flow of f i s s i l e  material and heavy metal through the system d u r i n g  the  
year. 

Summary of Ins ta l led  Nuclear Capacities, Energy Support Ratios and Ore/Enrichment 
Requirements 

Dur ing  the 55th year 

Summary data f o r  a l l  the options calculated f o r  price-constrained uranium supplies a re  
presented i n  Tables 6.2 and 6.3. 
a l l  the systems considered a re  presented i n  Table 6.2, together w i t h  the years i n  which 
the maximums would occur. 
systems would be i n  year 2050. 

The maximum nuclear capac i t ies  t h a t  could be a t ta ined  by 

Table 6,3 shows what t he  energy support r a t i o s  of the  d i f f e ren t  

The e f f ec t  of varying the  fuel cycle can be seen by reading across Table 6.2, and 

For the  high-cost U308 supply, i t  i s  obvious t h a t  introducing ACRs has 
the e f f ec t  of changing the ACR option w i t h i n  a fuel cycle option can be deduced by reading 
down a column. 
l i t t l e  e f f ec t  on the maximum a t t a inab le  nuclear capacity of the throwawaylstowaway cycle 
(Option 1 ) .  
time the ACRs become predominant i n  the  system, a very s igni f icant  f rac t ion  of the U308 
supply has already been cornflitted t o  the standard LWR. I t  follows t h a t  w i t h  the larger 
supply of U308, the  ACRs would have a grea te r  impact. 
cost  uranium supply, an approximately 17% grea te r  i n s t a l l ed  capacity i s  a t t a inab le  when 
HWRs a r e  added, whereas w i t h  the high-cost supply only a 3% grea te r  capacity i s  a t ta inable .  

This i s  d i r ec t ly  due to  the introduction dates assumed f o r  the ACRs. By the 

For example, w i t h  the intermediate- 
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Table 6.2. Maximum Nuclear  Capaci ty  o f  Var ious Nuclear  Power Opt ions L i m i t e d  
t o  $160 per  pound u 3 0 8  and Year i n  Which Maximum Occurs 

(Note: A capaci ty  o f  1100 GWe i n  year 2049 meets demand.) 

Maximum I n s t a l l e d  Nuclear Capacity (GWe)/Year Mmimwn Occurs 

ACR LEU , Pu/U Denatured w i t h  ACRs Denatured w i th  ACRs/FBRs 

1 2 3 4 5u 5T 6 7 8 

With High-Cost U 3 0 8  Supply 

LWR (L )  

SSCR ( S )  

HWR (H) 

HTGR (G) 

LWR (L) 

SSCR ( S )  

HWR ( H )  

HTGR (6 )  

433 
2003 

440 
2009 

444 
2011 

437 
2009 

729 
2027 

763 
2029 

852 
2035 

783 
2031 

61 1 
2021 

661 
2023 

630 
2021 

81 8 
2033 

1100 
2049 

1100 
2049 

1100 
7049 

1100 
2049 

585 71 6 

2019 2027 

660 820 
2023 2033 

756 915 
2031 2041 

545 671 
2019 2023 

637 
2021 

764 
2029 

856 
2035 

638 
2021 

With Intermediate-Cost u 3 0 8  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 1100 1087 
2049 2049 2049 

1100 1100 1084 
2049 2049 2049 

1100 1100 1100 
2049 2049 2049 

1091 1100 958 
2049 2049 2041 

1100 1100 
2049 2049 

1100 1100 
2049 2049 

1100 1100 
2049 2049 

1100 1100 
2049 2049 

1097 
2049 

1100 
2049 

1100 
2049 

1100 
2049 

Severa l  o t h e r  e f f e c t s  a r e  apparent  f rom Table 6.2. As n o t e d  e a r l i e r ,  Pu/U r e c y c l e  

i n  an a l l - t h e r m a l  system (Opt ion  2 )  s i g n i f i c a n t l y  inc reases  t h e  a t t a i n a b l e  peak power over  
t h a t  o f  t h e  throwaway system and de lays  t h e  t ime t h e  peak would be reached. 
a l though n o t  i n d i c a t e d  i n  t h e  t a b l e ,  t h i s  would be accomplished w i t h  lower  maximum annual 

u308 o r e  requi rements.  The HTGR case (26) would p r o v i d e  t h e  g r e a t e s t  l e v e l  o f  i n s t a l l e d  

c a p a c i t y  f o r  b o t h  uranium supp l ies ,  l a r g e l y  because HEU/Th-fueled HTGRs a r e  i n c l u d e d  and 
no o t h e r  r e a c t o r s  used i n  t h e  s tudy  employ HEU f u e l .  

supply ,  a l l  cases u s i n g  ACRs would e f f e c t i v e l y  meet t h e  demand. 

Moreover, 

Wi th  t h e  i n t e r m e d i a t e - c o s t  U308 

As would be expected, w i t h  FBRs added t o  t h e  Pu/U r e c y c l e  case ( O p t i o n  3 ) ,  t h e  system 

would f u l l y  meet t h e  power demands, aga in  ( i n  most cases) w i t h  reduced maxiumum annual o r e  
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Table 6.3. Energy Suppor t  Ratios in Year 2050 fo r  Various Nuclear Policy Options 
(Support Ratio = Installed Nuclear Capacity Outside Energy Center/Installed 

Nuclear Capacity Inside Energy Center) 

Support Rat io  

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 

High-Cost U 3 0 ~  S u p p l x  

LWR (L) m 1.54 0.72 m 5.69 3.74 1.27 1.46 3.09 

SSCR ( S )  m 1.47 0.76 m 6.33 3.86 2.13 2.13 3.27 

HWR (HI 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 

Intermediate-Cost u 3 0 8  Supply 

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 W 3.30 3.20 2.74 2.74 3.62 

and enrichment requirements. However, because the Pu/U recycle options are so dependent 
on Pu-fueled reactors t h a t  must be confined to  energy centers ,  the energy support r a t i o s  
f o r  a l l  cases i n  Options 2 and 3 are  r e l a t ive ly  low, (Note: I t  i s  t o  be emphasized t h a t  
the energy r a t i o  of a given system changes with time. The r a t io s  l i s t e d  i n  Table -6.3 were 
selected as "end points" of the analysis ,  some of them being higher in e a r l i e r  years and 
others being lower, as i s  apparent, f o r  example, i n  Fig.  6.2.)  

The all-thermal denatured systems (Options 4, 5U, and 5T) a l l  have denatured 2 3 3 U  ACRs 
operating outside t h e  energy center and Options 4 and 5U a l so  have the "denatured 235U1'  ACRs 
operating outside the center.  

not u t i l i z e  Pu whereas Options 5U and 5T include Pu/Th-fueled ACRs in the center.  
case of the high-cost U3O8 supply, not recycling Pu  causes Option 4 t o  peak a t  lower 
in s t a l l ed  capaci t ies  and a t  e a r l i e r  dates in a l l  cases compared t o  Options 5U and 5T. And, 
except f o r  the HWR (Case 4H), the maximum ins t a l l ed  capaci t ies  and peaking dates fo r  Option 
4 do n o t  exceed or are lower t h a n  those f o r  Option 2 - the HTGR case much lower. 
paring the ACRs i n  these cases, i t  should be noted t h a t  the r e l a t ive ly  good performance of 
the HWR (not only l'n Op t ion  4, b u t  a lso In Options 5U and 5T) i s  d i r ec t ly  dependent on the 
denatured 2 3 3 U  HWR, and of a l l  the reactor designs, the design o f  alternate-fueled HWRs 
has received the l e a s t  amount of analysis.  Therefore, a t  t h i s  point large uncertainties 
a re  associated w i t h  the  projected performance of the HWR on such fuels .  
noted tha t  the r e l a t ive ly  poor performance of the HTGR in  these options can probably be 
a t t r i bu ted  t o  the f a c t  t ha t  the nonoptimization of the reactors f o r  a l t e rna te  fue l s  would 
have a greater  impact on the HTGR than on the other reactors.  
compensated fo r  in Options 2 and 3, each of which includes HTGRs operating on t h e i r  
reference HEU/Th cycle. ) 

The primary difference in the systems i s  t ha t  Option 4 does 

In the 

In com- 

I t  should a l so  be 

(This disadvantage i s  
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The absence of the "denatured 235U11 ACR i n  Option 5T (compared t o  Option 5U) reduces 
the peak in s t a l l ed  nuclear capac i t ies  w i t h  the high-cost U308 supply i n  a l l  the cases and 
causes them t o  be realized e a r l i e r .  
r a t i o  i n  year 2050. 

I t  also s ign i f icant ly  reduces the energy support 

W i t h  the  intermediate-cost U3O8 supply, a l l  cases in  Options 4, 5U, and 5T a re  improved, 
w i t h  several meeting the power demand. 
than 60,000 ST of U308 per year i n  some years,  which could l imi t  them, especially i f  these 
large demands occurred while 60,000 ST per year was s t i l l  considered t o  be the maximum 
mining and milling ra te .  On the  other hand, i f  the m i n i n g  and mill ing ra tes  could be met, 
then w i t h  the intermediate-cost uranium supply the a1 1-thermal denatured power systems 
(especially those including plutonium u t i l i za t ion  i n  secure energy centers )  could s a t i s f y  o r  
almost s a t i s f y  the postulated nuclear energy demand through year 2050 a t  competitive costs.  

However, i n  so doing, these cases will  require more 

The denatured power systems u t i l i z ing  FBRs (Options 6, 7 ,  and 8 )  would have grea te r  

potential  nuclear growth ra tes  than the all-thermal denatured systems. With both assumed 
U3O8 supplies,  the projected power demand i s  met in e s sen t i a l ly  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 gh t ly  improved FBR designs were used. The Th- 
containing FBRs supporting dispersed denatured ACRs perform as well as  the analogous P u / U  
cycles w i t h i n  the framework of t h i s  analysis. 
blanket i s  par t icu lar ly  resource-effi c ien t .  

Of these, the FBR w i t h  a P u / U  core and T h  

The 1 

ments than 
some cases 
generally 

natured power systems u t i l i z ing  FBRs a l so  have lower U308 and enrichment require- 
any of the other options. However, w i t h  the high-cost uraniuni supply, and in 
w i t h  the intermediate-cost supply, the energy support r a t io s  in year 2050 a re  
ower than those of the all-thermal denatured systems. 

6.2. Systems w i t h  Unconstrained Uranium Supplies 

In order t o  determine what the ore and enrichment requirements of the various power 
systems would be under the  condition t h a t  the projected demand f o r  nuclear power be met, 
i r respec t ive  of the cos t ,  a l l  the cases were recalculated w i t h  no cos t  cons t ra in t  on the  
available ore.  
resources they required t o  meet the demand. Again, however, the calculations were per- 
formed f o r  t he  two d i f f e ren t  U308 marginal cost  models shown i n  Fig. 6.1, and f o r  most 
cases the  ore requirements f o r  the  two models d i f fe red  owing t o  d i f f e ren t  reactor mixes 
associated w i t h  the  two d i f f e ren t  price s t ruc tures .  High-cost U308 favored the choice 
of fue l - e f f i c i en t  ( b u t  high capi ta l  cos t )  reactors,  whereas lower-cost U308 favored the 
continued use of LWRs. 

That i s ,  i t  was assumed t h a t  the  power systems could afford any amount of 

The results from these calculations 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 option (lL), a cumulative consumption of 
7.1 mill ion ST of ore  would be required through year 2049 and the maximum annual consump- 
t ion  would be 183,000 ST U308. Introducing ACRs on the throwaway cycle would reduce both 
these requirements, most noticeably w i t h  an HWR, and allowing Pu  recycle could reduce the 
cumulative U308 consumption down t o  4 million ST and the maximum annual consumption down 
t o  82,000 ST (Case 2 G ) .  
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T a b l e  6.4. Cumulative U308 Consumption o f  Various Nuclear P o l i c y  
O p t i o n s  F u l l y  Meet ing  P r o j e c t e d  Nuclear Power Demands 

( R e s t r i c t i o n  t o  $160 per pound u308 removed.) 

Cumulative u308 Consumption ( m i l l i o n s  of t o n s )  
Through y e a r  2025/Through Year 2049 

A C R  L E U ,  Pu/U Denatured w i t h  ACRs Denatured w i t h  ACRs/FBRs 
1 2 3 4 5u 5T 6 7 8 

Li4R ( 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 
6.52 

3.10 
5.58 

3.23  
6.26 

W t h  High-Cost U308 Supply 

2.39 2.14 2.87 2.36 2.36 2.18 2.14 2.29 
5.23 2.73 5.41 4.83 4.94 2.82 2.83 2.86 

2.23 1.99 2.70 2.35 2.14 1.93 1 .93  2.07 
4.35 2.70 4.65 3.86 3.86 2.69 2.69 2.83 

2.72 2.29 2.50 2.16 2.14 2.25 2.21 2.29 
4.64 2.70 4.36 3.27 3.77 2.62 2.55 2.87 

2.19 1.97 2.58 2.32 2.34 2 .15  2.12 2.32 
4.04 2.75 5.13 4.43 4.94 2.70 2.68 3.18 

l l i t h  In te rmedia te -Cos t  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 . 2 3  2 . 2 3  2.26 
4.23 4.22 5.13 4 .43  4.94 4.19 4.19 4.24 

The d e n a t u r e d  t h e r m a l  o p t i o n s  w i t h  Pu  recycle (5U and 5T) would r e d u c e  the cumulative 
U308 c o n s u m p t i o n  even f u r t h e r  ( b u t  n o t  always t h e  maximum annual  c o n s u m p t i o n ) .  
h i g h - c o s t  uranium s u p p l y  i s  assumed,  t h e  p r e f e r r e d  ACR i s  a g a i n  the HWR, b u t  when t h e  

i n t e r m e d i a t e - c o s t  s u p p l y  i s  assumed,  t h e  p r e f e r r e d  ACR i s  t h e  SSCR. 

i n  t h e  d e n a t u r e d  t h e r m a l  o p t i o n s ,  t h e  t o t a l  resource r e q u i r e m e n t s  are g e n e r a l l y  less t h a n  
t h o s e  for thermal systems o p e r a t i n g  solely on t h e  Pu/U recycle mode ( t h e  HTGR cases are 
t h e  e x c e p t i o n )  . 

When t h e  

When Pu i s  r e c y c l e d  
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Table 6.5. Maximum Annual U308 Requirements o f  Various Nuclear Policy 
Options Fully Meeting Projected Nuclear Power Demands 

(Restriction t o  $160 per pound U308 removed.) 

Maximum U3O8 Consumption (thousands o f  tons per year) 

ACR L E U ,  Pu/U Denatured with ACRs Denatured with ACRs/FBRs 
1 2 3 4 5u 5T 6 7 8 

With High-Cost U3O8 Supply 

LWR (L)  183 120 60 111 115 115 62 60 68 

SSCR ( S )  160 115 52 83 83 83 50 50 55 

HWR ( H )  120 83 66 78 62 69 64 63 65 

HTGR ( G )  140 82 53 105 96 115 61 60 65 

With Intermediate-Cost U3O8 Supply 

LWR (L) 183 120 92 111 117 115 86 86 92 

SSCR (S)  160 115 93 83 83 83 83 83 83 

HWR ( H )  120 83 66 110 89 90 66 66 66 

HTGR ( G )  140 86 86 105 96 115 87 87 87 

The power systems t h a t  include FBRs (Options 3, 6 ,  7 ,  and 8) have considerably more 
f l e x i b i l i t y  and reduced cumulative ore  requirements and consumption ra tes .  
cos ts  a r e  high, these options reduce their U308 requirements by increasing the f rac t ion  
o f  FBRs i n  their reac tor  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, LEU throwaway systems would require 5.6 t o  7.1 mill ion ST U308, thermal re- 
cycle systems would require 3 . 3  t o  5.4 mill ion ST, and FBR-containing systems would re- 
quire 2.6 t o  4.4 mill ion ST, the systems including denatured 233U reactors requiring 
approximately the same cumulative amount of U3O8 a s  their Pu/U counterparts. 
qua l i t a t ive ly  support those obtained from the  e a r l i e r  cost-constrained cases,  a1 though 
lower U308 supplies were available f o r  the  e a r l i e r  ca lcu la t ions ,  

These r e su l t s  

6.3. Conclusions 

Under the assumptions t h a t  the projected nuclear power demand i s  350 GWe i n  the year 
2000 w i t h  an increase of 15 GWe/year t he rea f t e r  t o  the year 2050, and t h a t  nuclear power 
would not be competitive a t  U3O8 prices exceeding $160/lb, the adequacy of several pos- 



4% 

tu la ted  denatured and nondenatured nuclear power systems based on the secure energy center 
and dispersed reactor concept were analyzed. The r e su l t s  showed the following: 

a 

a 

a 

0 

a 

a 

0 

0 

I f  nuclear power systems were limited t o  the once-through L E U  cycle and t o  
3 million ST U3O8 below $160/lb, the U.S. nuclear power capacity would 
peak around the year 2010. 
ava i lab le ,  the peak would be higher and would be delayed 20 t o  25 years,  

W i t h  t he  l imi ta t ion  of 3 million ST U308 below $160/lb, a l l  once-through 
L E U  systems, regardless of the reac tor  types employed, would r e su l t  i n  
approximately the  same maximum ins t a l l ed  nuclear capacity (about 440 GWe). 
W i t h  6 mill ion ST U308 below $160/lb ava i lab le ,  adding ACRs t o  the cycle 
( i . e . ,  SSCRs, HWRs, o r  H T G R s )  would increase the maximum ins t a l l ed  nuclear 
capacity above t h a t  of an all-LWR system. 

Thermal Pu/U recycle systems have the capabi l i ty  of increasing the maxi- 
mum i n s t a l l ed  nuclear capacity over the once-through cycle. 
l imi ta t ion  of 3 million S i  U308 below $160/lb, the best  thermal Pu/U 
recycle system could support twice the maximum ins t a l l ed  capacity of 
the once-through cycle. 
thermal Pu /U recycle systems could support the nuclear demand. 

W i t h  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 ive ly  low energy support r a t io s  
because a l l  Pu-fueled reactors would be r e s t r i c t ed  t o  the  energy center.  

Thermal recycle systems t h a t  include denatured 233U reactors would have 
the  capabi l i ty  of supporting more in s t a l l ed  nuclear capacity than ther- 
mal Pu/U recycle systems; however, achieving this capabi l i ty  would 
require Pu  u t i l i za t ion .  

Thermal recycle systems t h a t  include denatured 2 3 3 U  reactors and u t i l i z e  
P u  could a t t a i n  r e l a t ive ly  high energy support r a t i o s ,  especially i f  the  
systems a l so  included "denatured 235U11 reactors.  

Essentially a l l  systems t h a t  use f a s t  transmuters t o  produce 233U 
f o r  denatured thermal reactors could f u l l y  meet the projected nuclear 
power demand under both U308 supply assumptions. However, because of 
their dependency on P u  u t i l i za t ion ,  the  systems limited t o  3 million 
ST U308 below $160/lb would have r e l a t ive ly  low energy support r a t io s .  

To completely s a t i s f y  the projected nuclear power demand, LEU throw- 
awaylstowaway systems would require 5.6 t o  7.1 mill ion ST U308, thermal 
recycle systems (both denatured and nondenatured) would require 3.3 t o  
5.4 million ST, and FBR-containing systems would require 2.6 t o  4.4 
mill ion ST. 

I f  6 mill ion ST U308 below $160/lb were 

Under the 

W i t h  6 million ST U3O8 below $160/lb, some 
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I. 1 

Depending on the  degree t o  which the pro l i fe ra t ion  concern i s  addressed, various 
nuclear power s t r a t eg ie s  could be developed between the current no-reprocessing option (and 
hence no recycle) and options t h a t  would permit the  unconstrained recycle of plutonium. 
s t ra tegy  based on the denatured 2 3 3 U  fuel cycle would re ta in  important advantages of both 
these extremes: I t  would employ recycled f i s s i l e  material ,  and t h u s  would extend the 
effectiveness of the  resource base. A t  the same time i t  would include reactors whose f resh  
fuel would have an inherent isotopic ba r r i e r ,  plus a radiation ba r r i e r ,  t h a t  would be 
d i f f i c u l t  t o  circumvent. The cycle would a l so  have an added advantage i n  t ha t  ex t rac t ing  
weapons-usable material from the spent denatured fuel would be considerably more d i f f i c u l t  
than ex t rac t ing  an equivalent amount of f i s s i l e  material from spent L E U  fue l .  And while 
some components and f a c i l i t i e s  i n  the  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 ed  t o  secure (guarded) energy centers. 

A 

Before any proposed new fuel cycle can be implemented, however, i t  must be examined 
i n  the l i g h t  of practical  considerations,  such as  when the necessary reactors and fue ls  
could be on l i ne ,  whether an economic supply of U3O8 would be ava i lab le ,  and how the  tech- 
nical or i n s t i t u t iona l  bar r ie rs  required t o  ensure nonproliferation could be prac t ica l ly  
implemented. In t h i s  interim study o f  the denatured cycle a l l  these fac tors  were considered 
insofar a s  possible within the  cons t ra in ts  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 o f  350 GWe i n  the year 2000 followed by 
a net increase of 15 GWelyear u p  t o  the year 2050. Two d i f f e ren t  U308 supply models were 
employed: 
i c a l l y  competitive cost  of $160/lb, and another t h a t  assumed t h a t  6 mill 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. 

one t h a t  assumed t h a t  only 3 million ST U308 would be available a t  an econom- 

So t h a t  the denatured cycle could be compared with other fuel cycles,  

From the perspective of an overview, the various nuclear power systems can be c l a s s i -  
f ied  under three major categories: ( a )  no-recycle options, ( b )  c lass ica l  recycle options, 
and ( c )  denatured recycle options. These, i n  turn, can be subdivided in to  options t h a t  
u t i l i z e  LWRs only and those t h a t  u t i l i z e  LWRs in combination with ACRs and/or FBRs. An 
integrated assessment of these various options i s  presented i n  matrix form i n  Table 7 . 1 ,  
w i t h  each option characterized on the basis of the following c r i t e r i a :  

(1 )  

( 2 )  

( 3 )  

Nuclear pro l i fe ra t ion  res i s tance  r e l a t ive  t o  other systems. 

Potential f o r  commercialization o f  the reactor/fuel cycle components. 

Technical f e a s i b i l i t y  on a reasonable schedule (and a t  reasonable cos ts )  f o r  
research, development, and demonstration of the reactor/fuel cycle components. 

Capability of the system f o r  meeting long-term nuclear energy demands. ( 4 )  

( 5 )  Economic f e a s i b i l i t y .  



50 

7 . 1 .  No-Recycle Options 

Case A in Table 7 .1  i s  the currently employed once-through low-enriched uranium cycle 
in LWRs, which represents the only s ignif icant  commercial poss ib i l i t y  in the near term. 
current ore and separative work prices,  t h i s  cycle i s  economically competitive with other 
energy sources, and i t  has favorable prol i ferat ion-resis tance character is t ics :  i t s  fresh 
fuel contains an inherent isotopic ba r r i e r ;  and while i t s  spent fuel contains plutonium, 
the fuel i s  contaminated w i t h  highly radioactive f i s s ion  products and thus has a radiation 
barr ier .  The principal drawback of the cycle i s  t h a t  t o  s a t i s f y  the nuclear demand postu- 
la ted in t h i s  study would require the consumption of 5.6 to  7.1 million tons of U308. 
i t  would require tha t  90,000 t o  130,000 tons of U3O8 be mined and milled annually, which 
under current capab i l i t i e s  seems unfeasible. 
requirements (see Appendix C ) ,  b u t  even w i t h  improvements, the cycle would be 'limited by 
the a v a i l a b i l i t y  and producibil i ty of U3O8 i n  the next century, 

A t  

Also 

Poss ib i l i t i e s  e x i s t  f o r  reducing these 

I n  Case B y  ACRs ( i . e . ,  HWRs, HTGRs, or SSCRs) operating on once-through L E U  or MEU(235)/Th 
fuel would be added t o  the LEU-LWRs already commercialized. 
t h r o u g h  LEU cycle,  a l l  the ACRs considered in t h i s  study would u t i l i z e  l e s s  U308 than LWRs 
(see Table 4 .1 ) ,  par t icular ly  the HWR, for which the uranium would be only s l i gh t ly  enriched, 
When operated on the MEU(235)jTh once-through cycle,  the HTGR a lso would use l e s s  fuel than 
the LWR on the LEU once-through cycle. 
possibly HTGRs on MEU(235)/Th fuel would be resource e f f i c i e n t .  However, as  made clear  
in Section 5, considerable e f f o r t  and expenditures would be required t o  commercialize the 
ACRs, and i f  MEU(235)/Th fuel were t o  be used, additional fuel R,D&D would be necessary. 
And even then the generic drawback of once-through cycles would remain - t h a t  i s ,  the 
uncertainty in the s i z e  of the economically recoverable resource base. 
as costs f o r  extracting the resource base increase ( t o  above $100/lb U308, fo r  example), 
commercialization of the 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  loading requirements and 
would not be considered except t o  i n i t i a t e  a stockpile o f  2 3 3 U . ]  

When operated on the once- 

Thus the subst i tut ion of ACRs on LEU fuel and 

On the other hand, 

[The implementation of 

I f  e i t h e r  the continuation of Case A o r  the implementation of Case B i s  adopted 
as a long-term policy, plans should be included t o  provide centralized and secure regions 
within which spent fuel could be stored and enrichment f a c i l i t i e s  could be operated. As 
time passes, safeguarding the spent fuel discharged from operating reactors will assume 
greater importance since a l l  the elements will contain Puf  t h a t  will become increasingly 
accessible as the fission-product radioact ivi ty  of the spent fuel decays. 
elements, however, would have much l e s s  P u  than the LEU elements.] And in the event t ha t  
recycling were eventually decided upon, such centers would be ready sources of Pu and 
2 3 3 U ,  as well as forerunners of the fuel cycle energy centers fo r  recycle-based options. 

[The MEU(235)/Th 

f 

7.2.  Classical Reference Recycle Options 

If growth of nuclear-based e l ec t r i ca l  generation i s  t o  be sustained indefini te ly ,  the 
breeding and recycling of a r t i f i c i a l  f i s s i l e  material will be mandatory. 
of the nuclear industry, i t  has been assumed t h a t  the Pu now being produced in the 2 3 8 U  

contained in the LWR fuel elements eventually would be chemically extracted from the spent 

W i t h  the growth 
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Table 7.1. Integrated Assessment of Various Nuclear Policy Options for Meeting Projected U.S. Nuclear Power Growth Demand 

R,D&D Cost and Time of 
Reactor/Fuel Cycle Combination Proliferation Resistance Implementation/Commercialization Commercial Introduction Ability to Meet Power Demands Economics 

No-Recycle Options 

A 

B 

LWRs on LEU cycle 

LEU-LWRs followed by
advanced converters on 
LEU (SEU) cycle or on 
MEU(235)/Th cycle 

• 

• 

• 

• 
• 

• 

Probably best to the extent that non-nuclear 
weapons states continue to forego national 
fuel recycle 
Fresh fuel has isotopic barrier; spent fuel 
contains radioactive fission products 
Spent fuel stockpile containing Pu is a 
risk; requires institutional barriers 

Similar to above 
HTGRs on MEU/Th cycle would reduce Pu pro­
duction by factor of 5 over LEU-LWRs but 
fresh fuel would have higher 23SU content 
(20%) 
HWRs on SEU cycle about equal to LWRs on LEU 
cycle in Pu production 

• 
• 

• 

• 

• 

• 

In wide commercial use 
Concern exists about fuel 
supply 
Emphasis on improved LWRs and 
U30S resource development
needed 

Little commercial incentive to 
introduce advanced converter 
Known to be technically
feasible 
Concern exists about long-term 
fuel supply 

• Low cost 
~ Gradual improvements introduced from year 

1980 to year 2000 

• Up to $2 billion for advanced converter 
R,D&D 

• Advanced converters introduced in 1990's 

• 
• 

• 

• 

Least resource efficient 
Peaks out between· years 2010 and 2030 
and declines thereafter unless large 
amounts of low-grade U30S are exploited
Peak could be increased and delayed 10 
to 15 years with reactor improvements 
and reduced tails assay 
Advanced converters could extend 
usefulness of once-through cycle up 
to 10 years over standard LWRs 

•
• 

• 
• 

Economics closely linked to U30S price
Very favorable at current U30S prices 

Uncertain capital costs cloud near-term 
interest 
Advanced converters favored at high 
U30S prices J>$lOO/lb) 

Classical Reference Recycle Options 

C Once-through LEU-LWRs 
followed by LWRs with Pu 
recycle 

D Once-through LEU-LWRs 
followed by LWRs and FBRs 
with Pu recyc 1e 

• 

• 

• 

• 

• 

• 

Recycled Pu in fresh fuel chemically sepa­
rable; probably acceptable if Pu can be 
limited to nuclear weapons states and to 
secure international fuel service centers 
Option requires technical and institutional 
barriers for Pu-fueled reactors (~30%) 
Spent fuel contains radioactive fission 
products 
Increased risk over Case C because system 
tends to become Pu dominated 
Leads to significant Pu inventories 
and requires extensive Pu transpor­
tation for dispersed reactors 
Requires technical and institutional 
barriers 

• 
• 

• 
• 

Acceptable to private sector 
Requires completion of Generic
Environmental Impact Statement 
on Mixed Oxide Fuel 

Preferred by private sector 
FBR licensing and commercial­
ization may be difficult 

• Over $1 billion, mainly for fuel cycle
R&D 

• Introduction in late 1980's 

• FBR R,R&D up to $10 billion 
• Fuel cycle R,D&D $1.6 to $3 billion 
• FBRs not available before 2000 

• 

• 

• 

Gains 10-15 years relative to Case A; 
somewhat less relative to improved A 

Superior ability to respond to power
growth greater than that considered in 
this study 
Divorce from mining possible 

• 

• 

Preferred over Case A at high U30S 
(>$lOO/lb) 

Economics uncertain because of FBR 
costs, but probably acceptable 

Denatured Recycle Options 

F Dispersed LWRs and advanced 
converters operating on LEU 
and denatured 233U fuel with 
U recycle; energy-center 
thermal transmuters (LWRs
and advanced converters) 
with Pu recycle 

E Dispersed LWRs operating on 
LEU and denatured 233U fuel 
with U recycle; energy-
center thermal transmuters 
(LWRs) with Pu recycle 

G Dispersed LWRs and advanced 
converters operating on LEU 
and denatured 233U fuel 
U recycle; energy-center
fast transmuters with Pu 
recycle 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
• 

• 
• 

• 

"Fresh" denatured fuel has isotopic and 
radioactive barriers; spent fuel contains 
radioactive fission products
Spent denatured fuel contains less Pu than 
spent LEU fuel (factor of 2.5 less)
Requires technical and institutional 
barriers to limit Pu to secure energy 
centers 
Reduces Pu-fueled reactors by factor of 2 
compared with Case C 
Fresh and spent denatured fuel advantages 
same as for Case E 
Requires technical and institutional 
barriers 
Use of HWRs or HTGRs substantially reduces 
Pu production relative to Cases C and E 
Pu produced in denatured HWRs and HTGRs may be 
discarded with minor loss of fuel efficiency 
Very similar to Case E except that 15 to 50% 
of reactors may be Pu-fueled FBRs, depending 
on choice of cycles 

Fuel cycle somewhat more com­
plex than Pu/U cycle, but func­
tionally equivalent 
Requires government incentive 

Same as Case E 
Advanced converters likely to 
to be attractive if FBRs are 
unavailable 

Same as Case E 
Private sector likely to accept 
government mandate 
Should be structured for maximum 
thermal-to-fast reactor ratio to 
allow siting fl:..:e::.:x..:.i:..bl.:.,:":...:i..:.ty:...­

• Up to $0.5 billion, PWRs and BWRs 
• Fuel cycle R,D&D $1.8 to $3.3 billion 
• Introduction in 1990's 

• Up to $2.5 billion for advanced 
converters 

• Fuel cycle same as in Case E 
• Introduction in late 1990's 

• Up to $10 billion for FBRs 
• Converter R,D&D as in Cases E and F 
• Fuel cycle $2 to $3.6 billion 
• Introduction after year 2000 

-r­

• 

• 

• 
• 

Somewhat better than Case C due to 
superiority of 233U as thermal reactor 
fuel 

Can fully satisfy assumed demand through 
year 2050 for plentiful U30S supply;
especially true if HWR converters used 

As good as Case D above for assumed 
power demand 
Divorce from U mining less likely than 
for Case D above 

~ 

• 

• 

•
• 

Close to Case C 

Possibly lowest cost for U30S price 
range of $100-$200/1b, especially
for HTGR converter 

Economics similar to Case D above 
If FBR costs are high, can compen­
sate by reducing the fraction of FBRs 
in the mix and increasing the mining 
rate 

_ 
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elements and used in the fabrication of replacement LWR cores, and as the Pu/U cycle
 
matured, FBRs would be added. This progression is represented by Cases C and D in Table 7.1.
 

While recycling Pu in LWRs alone would extend the usefulness of the uranium resource 
base, Case C, like other all-thermal systems, would be inherently limited in that the 

amount of fissile material produced (Puf ) would always be less than the amount of fissile 
material burned up (235U). The overall effect would be to gain several years over 
Case A and a few years over Case B. However, this option has the advantage that it could 
be implemented earlier than the Case B option since it requires only that the already well­
advanced Pu/U fuel cycle R&D be completed and commercialized. The perceived disadvantage 

of the system is that for it to be proliferation resistant the Pu-fueled reactors (on the 
order of 30%) and essentially all the other components of the fuel cycle would have to be 
located in secure energy centers. As a result, the system's energy support ratio (ratio 
of power produced outside the center to the power produced inside the center) would be 
relatively low. And since energy centers could not be sited as conveniently as single 
reactors, long-distance electric power transmission could both decrease the efficiency of 
the system and increase the costs. Still, if U30S prices were to increase to more than 
$lOO/lb, Case C could be preferred over Case A. 

With fast breeders included in the Pu/U cycle (Case D), the projected power demands 
could be fully met and a positive growth rate could be anticipated far into the future. 
The system would become self-sustaining and eventually could be divorced from the uranium 
resource base, thus eliminating the necessity for further mining. However, commerciali­
zation of the FBR probably could not be accomplished before the year 2000, and large costs 

to complete the reactor and fuel cycle R,D&D could be expected. Also, this option would 
tend to have an even lower energy support ratio than Case C. 

7.3. Denatured Recycle Options 

The three denatured recycle options, Cases E, F, and G in Table 7.1, are all basi­
cally the same, differing primarily in the reactor mix utilized. In each case the sys­
tem is structured with proliferation resistance as a primary criterion and it relies 
heavily on the energy-center and dispersed-reactor concept. A large fraction of the reac­
tors (up to 85%) utilize denatured 233U or LEU fuel and thus can be dispersed outside the 
energy center to locations where they are most needed (see Fig. 3.1). Components located 
in the energy center would include Pu-fueled thermal or fast transmuters dedicated to the 
production of 233U plus all the facilities required for fuel fabrication, reprocessing, 
etc. Thus the Pu would be restricted to and destroyed within the energy center and all 
the fresh fuel outside the center would have isotopic barriers that would preclude iso­
lation of the 233U or 235U through chemical processing. In addition, the fresh denatured 
233U fuel would have a radioactive barrier due to the decay daughters of the 232U impurity 

that is unavoidably produced along with the 233U. Although the spent denatured fuel would 
contain Pu, the amount would be less than one-half that in spent LEU fuel. Moreover, it 
would have the usual protection of fission-product radioactivity while it was being 

returned to the center. 
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Case E i s  a denatured recycle option tha t  would u t i l i z e  LlnlRs only. In t h i s  respect 
i t  i s  comparable t o  Case C ;  however, in Case C the LWRs would be using only LEU and Pu/U 
fue l ,  whereas in Case E they would be using L E U ,  MEU(233)/Th ( i . e . ,  denatured 2 3 3 U ) ,  and 
Pu /Th  fue l .  As a r e s u l t ,  the fuel cycle would be more complex and i t s  R , D & D  costs would 
be higher, pa r t i a l ly  because of  the necessity for  developing remote operations t o  handle the 
radioactive 233U (+  232U) fue l .  Also, in order fo r  the LWRs t o  accommodate MEU(233)/Th and 
Pu/Th f u e l ,  additional LWR R&D would be required. An advantage t h a t  t h i s  case has over 
Case C i s  t h a t  2 3 3 U  i s  superior t o  e i the r  2 3 5 U  or Pu as a fuel f o r  thermal reactors and 
thus the system probably would bet ter  meet the projected power demand. However, l i k e  Case 
C y  t h i s  option i s  inherently limited by the absence of FBRs. Also, with the R , D & D  s t i l l  
required, the option would require approximately 10 more years t h a n  Case C fo r  deployment, 
and then only with strong government incentives and support. 

Case F d i f f e r s  from Case E in t ha t  some of the LWRs both inside and outside the energy 
center would be replaced with ACRs; thus,  before t h i s  option could be made avai lable ,  the 
R , D & D  of the ACRs would have t o  be completed. This would considerably increase the costs  
of the system, as well as the requirements f o r  government support, b u t  a t  the same time the 
projected power demand could probably be fu l ly  met. In f a c t ,  i f  the U308 price were t o  
increase t o  $100 t o  $200 per pound,  t h i s  option would be economically a t t r a c t i v e  compared t o  
the preceding options. 
fuel than i t  produced, and i t s  long-range f e a s i b i l i t y  would be intimately t i ed  t o  the 
recovery costs of the uranium resource base. 

S t i l l  i t  would be an all-thermal system t h a t  would be using more 

In Case G the energy center would u t i l i z e  f a s t  transmuters ra ther  than thermal trans- 
muters. 
duction i t  would be equivalent t o  the classical  FBR Pu/U option (Case D ) ,  although indepen- 
dence from the resource base would not be as probable as i t  would be fo r  Case D .  
t h i s  system would use e s sen t i a l ly  a l l  the reactor and fuel types considered in t h i s  study, 
i t s  deployment would require tha t  a l l  the reactor R , D & D  and a l l  the fuel cycle R , D & D  
mentioned fo r  the other cycles be carried o u t .  As a r e s u l t ,  i t s  costs would be higher than 
those f o r  Case D and i t s  implementation would require a strong government mandate. 
were implemented, however, i t s  prol i ferat ion-resis tance cha rac t e r i s t i c s  would allow a large 
fract ion of the power-producing reactors t o  be dispersed outside the energy center t o  
locations where they were most needed, whereas in Case D most of the reactors would be 
r e s t r i c t ed  t o  the center.  

This system could f u l l y  meet the projected power demand, and thus in energy pro- 

Because 

If  i t  

As was s ta ted in Chapter 6,  i t  was not possible in t h i s  study t o  evaluate the dena- 
tured 2 3 3 U  fuel cycle o r  any of the other cycles in detai l  on the basis of economics due 
t o  the uncertainties in unit  cost  factors .  However, the economics o f  the denatured cycle 
appear t o  be equivalent t o ,  or s l i g h t l y  be t t e r  than, those of the classical  Pu/U cycle f o r  
moderate growth-rate scenarios ( t h a t  i s ,  scenarios tha t  would require the use of f a s t  and 
thermal reactors in combination). While the R,D&D costs and fuel cycle uni t  costs of the 
denatured cycle were assumed t o  be higher than those of the Pu/U cycle,  power systems 
u t i l i z ing  denatured 2 3 3 U  fuel typical ly  would allow a larger  f ract ion o f  the reactors t o  
be thermal reactors (LWRs or ACRs), which would have lower capi ta l  costs t h a n  f a s t  reactors.  
T h i s  i s  d i r ec t ly  due t o  the f a c t  t h a t  2 3 3 U  can be used in thermal reactors more e f f i c i e n t l y  
t h a n  in f a s t  reactors.  
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Neither did t h i s  study s ingle  o u t  any one ACR as an obvious selection f o r  fu r the r  
development and conversion t o  a l t e rna te  fuels  (MEU/Th and P u / T h  f u e l s ) .  
the HTGR, par t icular ly  the HWR, appear t o  have cer ta in  superior fuel u t i l i z a t i o n  character-  
i s t i c s  r e l a t ive  t o  the SSCR or LWRs (see Section 4 ) .  B u t  the SSCR could be deployed f a s t e r  
and with s ign i f i can t ly  lower R , D & D  costs ,  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 i n  Section 5,  
developing an alternate-fueled PWR would be much less d i f f i c u l t  t h a n  developing an ACR due 
t o  the backlog of LWR experience and  the reduced r isk associated with a previously demon- 
s t r a t ed  reactor system. And the capi ta l  cost  of an alternate-fueled LWR would be somewhat 
lower than the capi ta l  cost  of an ACR. 
weighed against  the increased R , D & D  and capi ta l  costs and the delay in introduction. 

Both the HWR and 

Thus, the improved performance of an ACR must be 

The reactor data in Section 4 and the system analyses in Section 6 indicate  t h a t  f a s t  
transmuters would have more favorable resource cha rac t e r i s t i c s  as 2 3 3 U  producers than 
would thermal transmuters. The logical transmuter candidate would be a Pu-fueled f a s t  
reactor 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 ha t  c lass ical  Pu/U breeders a l so  be included in the system or 
even tha t  f a s t  reactors operating on denatured 2 3 3 U  be used. In these cases the nuclear 
power capacity could grow independently of the resource base. 

I n  summary, the denatured cycle appears t o  possess advantages r e l a t i v e  t o  the Pu/U 
cycle,  b u t  several important areas require fu r the r  study. In pa r t i cu la r ,  the refinement 
o f  the  denatured ACR characterization i s  o f  prime importance, both t o  evaluate various 
reactor options and  t o  study the overall use of ACRs as  opposed t o  LWRs. Also, system 
interaction s tudies  f o r  the dispersed denatured reactors and centralized transmuters 
require refinement based on improved reactor designs and updated mass balances. 
the question o f  implementing the energy-center concept, together with the use of special ly  
designed transmuters as a source of denatured f u e l ,  deserves more detai led study. Charac- 
t e r i za t ions  of improved f a s t  transmuters, improved LWRs, reoptimized ACRs and LMFBRs, as 
well as a characterization of the L i g h t  Water Breeder Reactor (LWBR) ,  have been developed 
under the Nonproliferation AI ternat ive Systems Assessment Program (NASAP) and a DOE Pro- 
l i f e r a t i o n  Resistant Large Core Design Study (PRLCDS) and should be u t i l i zed  in any fu r the r  
studies tha t  a r e  performed. 

Finally,  

7.4. Overall Conclusions and Recommendations 

The denatured 2 3 3 U  fuel cycle emerges from t h i s  assessment as a potential  a l t e rna t ive  
t o  the conventional Pu/U cycle,  with advantages t h a t  can be characterized as follows: 

0 The denatured 2 3 3 U  cycle o f f e r s  pro1 i ferat ion-resis tance advantages 
r e l a t i v e  to  the Pu/U cycle in  tha t :  
an isotopic  ba r r i e r  t ha t  would preclude isolat ion of the 233U through 
chemical processing; the fresh fuel would have a radioact ivi ty  ba 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 ive ly  small amounts of P u .  
cycle,  especially when including f a s t  breeder reactors ,  would tend 

the fresh denatured fuel would have 

By contrast ,  the  Pu/U 
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toward an equilibrium i n  which a l l  the fresh fuel would contain 
chemically extractable Pu and the spent fuel would contain increasing 
amounts of P u .  

@ Because 233U i s  a more e f f i c i e n t  fuel f o r  thermal reactors than e i t h e r  
2 3 5 U  o r  P u ,  power systems employing denatured 233U fuel could meet 
moderate growth-rate demands w i t h  a l a rger  fraction of thermal reactors 
than power systems based on the Pu/U cycle. 
the overall capital  cos ts  of the power system since thermal reactors have 
s igni f icant ly  lower capital  costs than f a s t  reactors.  

If denatured power systems were t o  include ACRs as  well as  LWRs, the 
dependence on f a s t  reactors could be fu r the r  minimized due t o  the 
improved resource u t i l i za t ion  of ACRs compared t o  LWRs. 

economy would depend, of course, on the reactor mix  since the ACRs 

would have higher capi ta l  cos ts  than the LWRs. 

@ Under the  mandate of a pro l i fe ra t ion- res i s tan t  system based on the 
secure energy-center and dispersed-reactor concept, denatured power 
systems could be divorced from the resource base and s t i l l  support 
dispersed reactors whereas power systems operating on the Pu/U cycle 
alone could not. 

T h i s  would tend t o  minimize 

The degree of 

The disadvantages of the denatured 2 3 3 U  cycle a re  the following: 

@ The cycle would be more complex than the Pu/U cycle,  and since 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 
reactors fueled w i t h  denatured 233U could be introduced would be inher- 
en t ly  limited. The Pu/U cycle i s  c loser  t o  commercialization and Pu i s  
already being produced i n  currently operating reactors.  

@ Because the Pu/U cycle technology i s  well advanced, i t  i s  the preferred 
cycle both of the  U.S. industry and foreign governments; therefore,  
t h e i r  reluctance t o  embrace an a l t e rna t ive  which i s  l e s s  developed and 
i s  considered primarily on the  basis of i t s  nonproliferation advan- 
tages would have t o  be overcome. 

@ The R,D&D costs f o r  developing the  denatured 233U fuel cycle would be 
s igni f icant ly  higher than those f o r  the Pu/U cycle. 
required, even higher cos ts  would be incurred. 

If  ACRs were a l so  

Other important conclusions from this study are  a s  follows: 

The LWR-LEU once-through cycle i s  l i ke ly  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  the  recycle mode. 

0 Denatured 2 3 3 U  fuel can be used in LWRs, SSCRs, HWRs, HTGRs, and F B R s  
without major changes from their present conceptual designs. 

r - - 1  
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0 After the necessary R , D & D  i s  completed, the denatured 2 3 3 U  fuel cycle 
appears t o  be economically competitive with the Pu/U fuel cycle. 

0 W i t h  the  fuel resources assumed, the nuclear power demand postulated in 
t h i s  study (350 GWe in  the year 2000 and a net increase of 15 GWe/yr 
the rea f t e r )  can be met as well by power systems operating on the denatured 
fuel cycle as i t  can by power systems using the Pu/U cycle. However, the 
Pu/U cycle w i t h  FBRs has an inherent a b i l i t y  t o  grow a t  a f a s t e r  r a t e  than 
the  other cycles. 

On the basis of t h i s  study, i t  i s  recommended tha t :  

0 Optimized designs of improved LWRs, ACRs, and f a s t  reactors operating on 
a l t e rna te  fue l s  ( spec i f i ca l ly  denatured 2 3 3 U  fuel and Pu /Th  f u e l )  be 
examined t o  re f ine  the cha rac t e r i s t i c s  of the denatured cycle r e l a t ive  
t o  fuel u t i l i z a t i o n ,  economics, and energy-support r a t io .  The study 
should a l so  be expanded t o  include LWBRs and the f a s t  breeder designs 
developed by DOE in  the Pro l i fe ra t ion  Resistant Large Core Design Study 
(PRLCDS). More de ta i led  assessments o f  the pro l i fe ra t ion  r i sks  and the 
economics of the  denatured cycles compared t o  other recycle options 
( P u / U  and HEU/Th)  should a l so  be pursued. 

These fur ther  s tud ies  could provide guidance f o r  the following R&D programs: 

Thorium fuel cycle R&D t o  inves t iga te  the use of MEU(235)/ThY 
MEU(233)/Th (denatured 2 3 3 U ) ,  and P u / T h  fue ls  in LWRs and HWRs ( the  
l a t t e r  i n  cooperation w i t h  Canada). 
the  LWBR fuel cycle. 

0 Studies t o  consider denatured 2 3 3 U  o r  2 3 5 U  f ue l s  as  candidates f o r  the 
HTGR reference fuel cycle. 

This program m i g h t  a l so  include 

0 Thorium technology s tudies ,  par t icu lar ly  f o r  blanket assemblies, as  an 
integral  pa r t  of the  LMFBR program and the GCFBR program (Gas Cooled 
Fast Breeder Reactor). 

Exploratory work w i t h  u t i l i t i e s  and PWR and BWR vendors f o r  qua l i f i -  
cation and use of MEU/Th and T h  fuel rods i n  commercial reac tors .  An 
example of the beneficial use of Th would be i n  corner rods of the 
BWR fuel assembly. 
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APPENDIX A .  2 3 2 U  PRODUCTION AND DECAY PROCESSES 

-1 

i i 

--1 

-1 

1 

LJ 

'1 

r-i 

The production of 2 3 3 U  from thorium resu l t s  i n  the concomitant production of 232U 

( see  Fig. A.l) which probably would not be i so topica l ly  separated from the 2 3 3 U  before the 
fresh denatured fuel was fabricated.  As the 2 3 2 U  decays through 228Th and i t s  daughter 
products t o  s t ab le  2 0 8 P b  (see F i g .  A . 2 ) ,  numerous gamma rays would be emitted, the most 
prominent being a 2.6-MeV gamma ray associated with the decay of 208Tl .  Thus the fresh 
denatured 2 3 3 U  fuel would be radioactive,  and would be increasingly more radioactive w i t h  
the passing of time. 
both with respect to  pro l i fe ra t ion  and to  the development o f  the fuel cycle,  as has been 
discussed i n  Section 2 .  

This cha rac t e r i s t i c  of the fuel would have several ramifications,  

ORNL-DWG 77-15745 

233 F ( 2 2  m) 
90Th 2;;PO 
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F i g .  A . l .  Important Reaction Chains 
Leading t o  the  Production of 232U and 233U. 
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232" 

I I. 7 2 y  
220Th 

Y 

Z2*Ra 

Fig. A.2. Decay of 232U and 232Th. 
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APPENDIX B .  TIME-INTEGRATED DOSES D U E  TO INHALED U A N D  PU ISOTOPES 

Estimates o f  t h e  time-integrated doses (50-yr doses) t h a t  can be expected t o  be de- 
l ivered t o  the  bone by the  inhalation of the important fuel isotopes a re  compared in Table 
B.l. Although the  values given f 3 r  23211 and 2331) a r e  based on limited experimental da ta ,  
i t  i s  apparent t h a t ,  i n  terms of dose per pg inhaled, the tox ic i ty  of 2 3 2 U  i s  higher than 
t h a t  o f  any of the  other isotopes l i s t e d  except 2 3 8 P u .  
23311 a l so  has a r e l a t ive ly  h i g h  t ox ic i ty ,  b u t  one t h a t  i s  considerably lower than the 
tox ic i ty  o f  any of t h e  plutonium isotopes. I t  should be pointed out ,  however, t h a t  these 
t o x i c i t i e s  a re  based on the assumption t h a t  a l l  bone-seeking radionuclides a re  f i v e  times 
more e f f ec t ive  in inducing bone tumors than i s  226Ra, and some evidence e x i s t s  t h a t  2 3 2 U  
and 2 3 3 U  a r e  not t h a t  damaging. 

When compared w i t h  2 3 5 U  o r  2 3 8 U ,  

Table B.l. Time-Integrated (50-yr) Dose Deliveries t o  Bone by Inhaled 
Uranium and Plutonium Isotopes 

~- ~ 

Effective Half Dose t o  5one 
Specific Activitya Life in  Boneb ( rems/vg 

( C i / g )  (days 1 inhaled) Isotope 

2321) 

2 3 3 ~  

2 3  5u 

23811 

21.42 X 100 3.0 X 102 2.4 x 103 
9.48 x 10-3 3.0 X 102 2 .1  x 10-1- 
2.14 X 10-6 3.0 X 102 4.3 x 1 0 5  

3.33 x 10-7 3.0 X 102 6.3 X 1F6 
2 3 8 P u  17.4 X 100 2.3 x 104 9 .9  x 104 

24OPu 2.27 X 10-1 7.1 X 104 1.5 x io3 
2 3 9 P u  6.13 X 10-2 7.2 X 104 4.0 X 1@ 

1 C i  = 3.70 x 1O1O dis in tegra t ions  per second. 

the nuclei t o  change form. 

a 

bTime required f o r  one-half of a given quantity t o  d is in tegra te ,  t h a t  i s ,  f o r  one-half of 

The f rac t ion  of the  contaminant 232U i n  denatured 233U fuel would, of course, be much 
lower than the combined f rac t ion  of plutonium isotopes i n  Pu/U fue l .  
of dose commitments have been performed spec i f i ca l ly  f o r  denatured 233U f u e l ,  an upper 
l imi t  can be estimated from calculations f o r  HTGR fuel containing 93% 233U i n  U. As 
recycle progresses, the  2 3 2 U  content of HTGR fuel could increase t o  a maximum of perhaps 
1000 ppm 232U i n  U, i n  which case the dose commitment t o  the bone resu l t ing  from the  
inhalation of 
a f t e r  the  fuel has been processed. 
potential  dose commitment would increase f o r  a period of approximately 10 years ( t o  about 
3 X mrem/ug inhaled) a f t e r  which i t  would decrease. Since denatured 233U fuel i s  
di lu ted  w i t h  r e l a t ive ly  nontoxic 238U, i t  would contain proportionately less 232U and would 
be somewhat less tox ic  than highly enriched HTGR fue l .  
s ign i f i can t ly  more hazardous and LEU fuel would be s ign i f i can t ly  less hazardous, 

While no calculations 

g of the fuel would be about 4 X mrem i f  inhaled immediately 
Because of the ingrowth of 232U daughters, however, the 

By cont ras t ,  Pu/U fuel 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  S e c t i o n  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 33% 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  o f  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  s e q u e n t i a l  increments of 10%. Reactors  s t a r t i n g  up between 1981 and 1991 were assumed 

t o  need 90% of 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 a u i r e  70%. It 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 by  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  t h e  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 . 1 ,  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 o f  LWRs on once-through c y c l e s  would then  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 

2 3 3 U  f u e l ) .  

Table C . l .  Comparison o f  U308 U t i l i z a t i o n  o f  Standard and Improved 
LWRs Opera t i ng  on ThrowawaylStowaway Opt ion Wi th  and Wi thou t  

Improved Ta i  1 s 

ST U,08/GWe 

Standard LWR Technoloqy Improved LWR Technoloqy 
Normal Improved Normal Improved 

Year T a i  1 s T a i  1 s T a i  1 s T a i  1 s 

1989 5236 4759 4649 4224 

2009 6236 4508 4079 3560 
2029 5236 4398 3923 3346 

*Normal t a i l s  assume 0.2 w/o 2 3 5 U  i n  238U; improved t a i l s  as- 
sumed 0.05 w/o 235U i n  238U;  75% c a p a c i t y  f a c t o r .  

--1 

t~.j 

* 
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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