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ORNL-5388 ERRATA 

Page 3-7, l i n e  1 : 

Page 3-14, paragraph 2, l i n e  2: 

Page 3-23, l i n e  1: 

Page 3-25, Table 3.3-2 f o o t n o t e :  

Change "10% 233U-enr iched uranium" t o  "13% 233U-enr iched uranium" 

Chanae " 2 3 2 U  decays t o  232Th1' t o  ' 1232U decays t o  22RTh t t  

Change "spectrum f rom a 2 3 2 U  sample" t o  "spect rum f rom a 2 3 3 U  sample" 

Change d e s c r i p t i o n  o f  f u e l  t y p e  D t o  "20 w t %  235U i n  U 
p l u s  Th" 

Pages 3-30 through 3-33: 

Page 4-15, Table 4.1-1: 

S u b s t i t u t e  a t t a c h e d  new (gummed-back) pages 

I n  Case D, change t h e  numbers i n  t h e  t h i r d  and f o u r t h  columns t o  
t h e  f o l l o w i n g :  

348 2 3 3 U  351 2 3 3 U  

685 2 3 5 U  281 2 3 5 U  

62 Puf 

Page 4-33, Table 4.3-2: Under t h e  f i r s t  column change t h e  s i x t h  e n t r y  f rom "LEU, U+Pu 

r e c y c l e "  t o  "Pu/U, Pu r e c y c l e "  

Page 4-55: Opposi te  Case 9 under column t i t l e d  " F i s s i l e  Doub l i ng  Time" change "112.3" t o  

"1 18.1 ' I  

Page 4-56: 

Page 5-9: I n  t a b l e  t i t l e ,  change "20% 233U/238U-Th" t o  "12% 233U/23*U-Th" 

Page 5-19: Under second column o f  t a b l e ,  change "215" t o  "185" ( o p p o s i t e  LWR) and change 

"750" t o  "650" ( o p p o s i t e  HTGR) 

I n  n e x t  t o  l a s t  l i n e ,  change "Pu/Th" t o  "Pu/U" 

Page 6-8: 

Pages 6-12 and 6-15: 

I n  column 10 o f  t a b l e ,  change foo tno te  "b" t o  foo tno te  " c "  

Under Opt ions 1 and 3, i n  t h e  phrase "Uranium i s  r e c y c l e d  i n  a l l  
r e a c t o r s  and p l u t o n i u m  i s  r e c y c l e d  i n  energy-center  r e a c t o r s "  d e l e t e  
" i s  r e c y c l e d  i n  a l l  r e a c t o r s "  

Page 7-11, Table 7.2-1: 

Page 7-13: 

Page 7-14: 

Pages 7-36 and 7-37: 

Under second column o p p o s i t e  PBR, change "4289" t o  "4500" 

S u b s t i t u t e  a t t a c h e d  new ( g u m e d  back) page 

S u b s t i t u t e  a t t a c h e d  new (gummed back) page 

Add t h e  f o l l o w i n g  a t  t h e  ends o f  t h e  t i t l e s  o f  Tables 7.4-3 and 

7.4-4: 
" F u l l y  Meet ing P r o j e c t e d  Nuclear  Power Demand" 

Page 7-38: S u b s t i t u t e  a t t a c h e d  new (gummed back) page 
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The h i g h  a lpha  a c t i v i t y  o f  uranium c o n t a i n i n g  2 3 2 U  w i l l  p r e s e n t  two problems: 

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

em iss ion  f rom a 16-kg UF6 p r o d u c t  c y l i n d e r  c o n t a i n i n g  0.6 w t %  232U i s  5.7 x 1 0 7  

neutrons/sec a t  10 days decay, 2.5 x l o 8  a t  30 days decay, and 8.7 x l o 8  a t  90 days 
decay. 

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

crude e s t i m a t e  o f  t h e  h e a t  g e n e r a t i o n  r a t e  f rom pu re  232U as a f u n c t i o n  o f  t i m e  a f t e r  

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

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

2. A 

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

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

unknown. 

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

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

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

arrangement would be t o  f i r s t  s t r i p  most o f  t h e  238U from t h e  uranium i s o t o p i c  m i x t u r e  and 
then  f e e d  t h e  l ow  mass i s o t o p e s  t o  a second cascade where t h e  232U can be removed. 
arrangement i s  i l l u s t r a t e d  i n  F ig .  3.3-2. 

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

T h i s  

r_Product  c o n t a i n i n  

Such enr ichment  cascades can be i nde -  n e a r l y  a l l  the 2 3 7 U  

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

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

process i n  Appendix A and a t  t h e  beg inn ing  o f  
t h i s  s e c t i o n ,  a smal l ,  l ow  s e p a r a t i v e  work 
c a p a c i t y  machine may be w i t h i n  t h e  t e c h n i c a l  

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

*ppendix A) .  
2 3 2 U  concent ra t lon  

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

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

Waste, primarily 2 ' 8 U  

F i g .  3.3-2. I l l u s t r a t i o n  o f  Enrichment separati,ve i s  about 0.3 kg swulyr 
Arrangement t o  Produce 1 . o ~  232U Content  
U ran i  urn when s e p a r a t i n g  235U f r o m  238U. 

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

1. M in im ize  t h e  feed and waste s t ream f lows i n  t h e  f i r s t  and second cascades c o n s i s t e n t  
w i t h  l i m i t i n g  t h e  number o f  c e n t r i f u g e s  r e q u i r e d .  

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

hav ing  a f i s s i l e  c o n t e n t  o f  90% 2 3 3 U  + 235U was chosen.) 

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

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

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

3. 
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A 90% f i s s i l e  c o n t e n t  was a r b i t r a r i l y  chosen f o r  t h i s  a n a l y s i s .  I t  i s  recognized 
t h a t  o t h e r  l ower  enr ichments,  down t o  and i n c l u d i n g  t h e  f e e d  enr ichments o f  12% 233U, w i l l  
a l l o w  t h e  c o n s t r u c t i o n  o f  a much l a r g e r ,  cumbersome, b u t  p robab ly  s t i l l  workable dev ice.  

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

f o r  t h e  weapon. 

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

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

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

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

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

methods. 

a r e  reduced. 
c a p a c i t y  than  t h e  0.3 kg  SWU/yr machine on which Tab le  3.3-7 i s  based can be determined 

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

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

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

As h i g h e r  2 3 2 U  p r o d u c t  c o n c e n t r a t i o n s  a r e  pe rm i t ted ,  t h e  enr ichment  requi rements 

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

Thus, 1000 

5.0 

The t o p  o f  t h e  second enr ichment  cascade w i l l  be v e r y  r a d i o a c t i v e .  B u t  i t  w i l l  be 
o n l y  s l i g h t l y  more r a d i o a c t i v e  than  a s i n g l e  cascade used t o  e n r i c h  t h e  uranium feed  

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

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

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

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

l i n e a r  combinat ion o f  t h e  two). Based on t h i s  a n a l y s i s ,  t h e  f o l l o w i n g  conc lus ions  can be 

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

1. I f  a h i g h l y  decontaminated 90 w t %  f i s s i l e  p r o d u c t  i s  needed ( i . e . ,  232U a t  app rox i -  
ma te l y  1 ppm i n  t h e  weapon), t h e  denatured f u e l s  w i l l  r e q u i r e  app rox ima te l y  10 t o  20% 

of t h e  number o f  c e n t r i f u g e s  r e q u i r e d  f o r  n a t u r a l  uranium, app rox ima te l y  50 t o  90% o f  

t h e  number o f  c e n t r i f u g e s  as 3.2 w t %  235U f u e l  and 3 t o  5 t imes  t h e  number f o r  20 w t %  

2351) f u e l .  

2 .  A t  h i g h e r  a l l o w a b l e  2 3 2 U  l e v e l s  i n  t h e  p roduc t ,  t h e  c e n t r i f u g e  requi rements f o r  t h e  

denatured uranium f u e l s  reduce t o ,  and a t  t h e  h i g h e s t  2 3 2 U  l e v e l s  may be s i g n i f i c a n t l y  
l ower  than, those f o r  20 w t %  2 3 5 U  f u e l .  The 232U l e v e l s  a t  wh ich  t h e  s e l e c t e d  f u e l  

types r e q u i r e  t h e  same s e p a r a t i v e  c a p a c i t y  f o r  a weapon's w o r t h  o f  90% f i s s i l e  p r o d u c t  
as 20 w t %  2 3 5 U  f u e l  a re :  

2400 ppm; and f o r  t y p e  G, %380 ppm. 

f o r  t y p e  B, 4 7 0  ppm; f o r  t y p e  C, ~ 3 0 0 0  ppm; f o r  t ype  E, 

Fuel t ypes  H and F r e q u i r e  more s e p a r a t i v e  
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c a p a c i t y  even w i t h  no 232U removal. 

I f  no 232U decontaminat ion i s  accep tab le  i n  t h e  f i n a l  p r o d u c t  t h e  denatured f u e l s  w i l l  
r e q u i r e  between 3% and 20% o f  t h e  number o f  c e n t r i f u g e s  as 3.2 w t %  2 3 5 U  f u e l  and 

between 20% and 120% o f  t h e  number needed f o r  20 w t %  2 3 5 U  f u e l .  Thus, t h e  r a n k i n g  o f  
t h e  denatured uranium-thor ium f u e l s  w i t h  r e s p e c t  t o  235U f u e l s  i s  obscured b o t h  by  t h e  

t y p e  o f  f e e d  t o  which t h e  p r o l i f e r a t o r  has access and by t h e  2 3 2 U  c o n t e n t  t h a t  he w i l l  

accep t  i n  h i s  weapon des ign.  

weapon. 
Th is  i n  t u r n  i s  a f u n c t i o n  of h i s  requi rements f o r  t h e  

3. There a re  two apparent  c lasses  o f  f u e l s  t h a t  r e s u l t  f rom c o n s i d e r a t i o n  o f  t h e  number 

o f  s tandard  Westinghouse PWR f u e l  assemblies t h a t  must be d i v e r t e d  t o  produce a g i v e n  

number o f  90% f i s s i l e  weapons. For  example, f o r  one weapon p e r  yea r ,  f u e l  types B 
and C r e q u i r e  d i v e r s i o n  o f  one assembly p e r  y e a r .  
20 w t %  2 3 5 U - t h o r i ~ m  c y c l e  and t h e  3.2 w t %  2 3 5 U  would r e q u i r e  two t o  t h r e e  assemblies 

p e r  weapon p e r  yea r .  

r a t e s ,  t hey  a r e  s t i l l  sugges t i ve  o f  a c l a s s i f i c a t i o n .  

The rema in ing  denatured c y c l e s ,  t h e  

Wh i le  these r a t i o s  a r e  n o t  as e x a c t  f o r  g r e a t e r  weapon p r o d u c t i o n  

4. F o r  a l l  cases cons ide red  and a t  equal  f i s s i l e  recove ry  f r a c t i o n s ,  t h e  denatured 

uranium-thor ium f u e l s  r e q u i r e  l e s s  enr ichment  ( i  .e. , fewer numbers o f  c e n t r i f u g e s )  and 

l e s s  feed  t o  produce a nominal 90% f i s s i l e  weapon mass than  does LWR f u e l  o f  3.2 w t %  
235u. 

R e l i a b i l i t y  o f  C e n t r i f u g e  Enrichment P l a n t s .  As a f i n a l  i t em,  t h e  average c e n t r i f u g e  
f a i l u r e  r a t e  and i t s  impact  on t h e  m a i n t a i n a b i l i t y  and p r o d u c t i o n  r a t e  o f  a c e n t r i f u g e  en- 

r i chmen t  p l a n t  must be considered.  
c e n t r i f u g e s  i s  scarce. 

l o n g  average o p e r a t i n g  l i f e  and co r respond ing ly  l ow  f a i l u r e  r a t e s .  T y p i c a l  examples o f  
t hese  c l a i m s  can be found i n  some o f  t h e i r  s a l e s  brochures.13 These c l a i m  an average 10-year  
o p e r a t i n g  l i f e  and a f a i l u r e  r a t e  o f  l e s s  than  0.5%/year. 

maintenance (e.g., o i l  changes and b e a r i n g  i n s p e c t i o n )  i s  r e q u i r e d  t o  achieve these low  
f a i l u r e  r a t e s .  

I n f o r m a t i o n  on t h e  r e l i a b i l i t y  and o p e r a t i n g  l i f e  o f  
The URENCO-CENTEC o r g a n i z a t i o n  has ove r  t h e  yea rs  made c la ims  o f  v e r y  

It i s  n o t  c l e a r  how much p e r i o d i c  

I f  these  c la ims  a r e  accepted as a goal  o f  a l ong - te rm development p r o j e c t ,  t hen  
i t  can be assumed t h a t  i n  t h e  e a r l y  p a r t  o f  t h e  development somewhat h i g h e r  f a i l u r e  

r a t e s  would occur ,  perhaps g r e a t e r  by  a f a c t o r  o f  10. T h i s  f a c t o r  m igh t  be f u r t h e r  

j u s t i f i e d  i n  a h i g h l y  r a d i o a c t i v e  p l a n t  s i n c e  p e r i o d i c  maintenance would n o t  be p r a c t i c a l .  

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

has n o t  been determined; however, some q u a l i t a t i v e  s tatements can be made. A l l  c e n t r i -  

f uge  p l a n t s  must be des igned so t h a t  f a i l e d  u n i t s  o r  groups o f  u n i t s  can be immediate ly  

i s o l a t e d  f rom t h e  r e s t  o f  t h e  p l a n t .  
l a y o u t ,  an assumed f a i l u r e  r a t e ,  and a s p e c i f i e d  p l a n t  o p e r a t i n g  l i f e ,  t o  p r o v i d e  

It shou ld  a l s o  be p o s s i b l e ,  f o r  a s p e c i f i c  cascade 
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Table 3.3-7. Summary o f  Resul ts c ? f  Cent r i fuge Enrichment Survey 
o f  P o t e n t i a l  Fuel Mix tu res  

Overa l l  F i s s i l e  For 100 kg U/yr o f  90% F i s s i l e  Product 
2321( Content Recovery Annual No. o f  Zippes 

Fuel In Feed I n  Product F r a c t i o n  feed (each a t  0.3 
(ppm) 233;; (kg U l y r )  kg S W y r ) b  

Number o f  
Fuel Assemblies 

Needed Feed 

6.7 
7.0 
7.9 
9.0 

t o  Supply 

A 0 0 -- 0.94 2,993 29,i20 
C 0 -- 0.9 3,124 24,984 
0 0 _ _  0.8 3,516 19.924 
0 0 _ -  0.7 4,016 17,220 

G 502 1 0.913 0 
502 1 0.800 0 
502 1 0.722 0 

825 25,938 
925 25,150 

1.050 24.762 

7.0 
7.9 
9.0 

502 1 0.626 o 1.212 24;600 10.4 
502 50 0.722 0 
502 100 0.722 0 

502 4.403 0.706 0 
502 500 0.722 o 

1.050 13;938 
1.050 12,025 
1,038 7,600 
1.075 1.863 

9.0 
9.0 
9.0 
9.2 

502 41023 0.906 0 838 2;562 7.2 

C 656.4 1 0.813 0 
656.4 1 0.720 o 
656.4 1 n.626 o 

963 32,063 
1.088 30,575 
1,250 29,838 
1,088 19,512 
1,088 17,538 
1,075 12,988 
1,113 5,025 

86 3 7,462 

7.8 
8.8 

10.1 ~ ~ . .  
656.4 50 0.720 0 
656.4 100 0.720 0 

8.8 
8.8 
8.8 
9.0 
7.0 

656.4 500 0.728 o 
656.4 6.723 0.704 0 
656.4 5,661 0.907 0 

D 0 0 -- 0.9615 468 4,991 
0 0 -- 0.9 
0 0 _ _  0.8 
0 0 -- 0.7 

4.8 
5.1 
5.8 
6.6 

500 3,976 
564 3,288 
644 2,916 

E 123.6 1 0.647 0.553 870 10,980 
123.6 1 0.598 0.422 1,073 11,150 
123.6 1 0.518 0.338 1,305 11,284 
123.6 SO 0.612 0.421 1,068 6,198 
123.6 i n 0  0.625 0.419 1,063 5,356 
123.6 5@0 0.687 0.426 1,016 3,452 
123.6 933 0.878 0.558 783 2,989 
123.6 1,146 0.799 0.340 1,157 2,438 

F 244.5 1 0.858 o.om 1,843 38,771 
244.5 1 0.709 0.011 2,082 35,141 
244.5 1 0.616 0.014 2,368 33,057 
244.5 50 0.709 0.011 2.082 24.329 
244.5 100 0.713 0.011 2,071 22,424 
244.5 500 0.713 f;.Ol1 2,071 18.000 
244.5 4,026 0.899 0.008 1,663 14,735 
244.5 6,704 0.702 0.016 2,080 9,437 
244.5 0.33 0 0.927 856 26,572 

G 113.4 1 0.706 0.578 81 8 10,340 
113.4 1 0.583 0.426 1,075 10,407 
113.4 1 0.499 0.345 1,305 10,467 
113.4 50 0.588 0.430 1,065 E,779 
113.4 100 0.602 0.428 1,061 5,005 
113.4 500 0.609 0.428 1,016 3,290 
113.4 850 0.894 0.555 783 2,984 
113.4 1,048 0.700 0.345 1,158 2.435 

8.4 
10.4 
12.6 
10.3 
10.3 
9.8 
7.6 

11.2 

15.9 
17.9 
20.4 
17.9 
17.8 
17.8 
14.3 
17.9 

7.4 

8.1 
10.7 
13.0 
10.7 
10.6 
10.1 

7.8 
11.5 

16.7 
18.8 
21.5 
18.8 
18.8 
18.7 

H 233.1 
233.1 
233.1 
233.1 

1 
1 
1 

50 
100 
500 

4,020 
4,687 

0.85 

0.798 
0.705 
0.609 
0.705 
0.705 
0.708 
0.903 
0.697 
0 

0.012 
0.017 
0.018 

1,941 
2,159 
2.467 

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

29,732 

0.017 
0.017 

0.010 
0.017 
0.656 

0.017 

2,159 
2,159 
2.148 

233.1 
233.1 
233.1 
233.1 
233.1 

i ;726 
2,182 
1,168 

15.0 
19.0 
10.2 

Natu- 0 0 -- 0.72 17,575 77,918 N A ~  
0 -- 0.9 14,248 110.688 NA 

0 0 _- 0.8 15.824 87,420 NA 
0 0 -- 0.7 18,084 74,984 NA 

r a l  U 0 

‘See‘ Table 3.3-2 f o r  d e s c r i p t i o n  o f  f u e l  types. 
bThe number o f  machines a t  o t h e r  c a p a c i t i e s  can be est imated by r a t i o  o f  the  capac i t ies ;  t h a t  i s ,  f o r  

‘NA = n o t  app l i cab le .  
5-kg-SWU/yr machines, the  number can be reduced by a f a c t o r  o f  0.315 = 0.06. 
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The i s o t o p i c  compos i t i on  of t h e  spent  fue l  i n v e n t o r i e s  i s  a l s o  o f  i n t e r e s t  f rom a 
For  b o t h  t h e  LEU and t h e  MEU/Th once- through f u e l  cyc les ,  t h e  

Thus t h e  p l u t o n i u m  i n  t h e  f u e l  would be t h e  
The use o f  t h e  MEU/Th c y c l e  i n  p l a c e  o f  t h e  

p r o l i f e r a t i o n  s t a n d p o i n t .  
f i s s i l e  uranium c o n t e n t  o f  t h e  spen t  f u e l  i s  denatured ( d i l u t e d  w i t h  238U) and hence i s  

p r o t e c t e d  by  t h e  i n h e r e n t  i s o t o p i c  b a r r i e r .  

f i s s i l e  m a t e r i a l  most s u b j e c t  t o  d i v e r s i o n .  

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

Recycle Systems 

If r e c y l i n g  o f  t h e  f i s s i l e  m a t e r i a l  i n  t h e  thermal  r e a c t o r s  i s  p e r m i t t e d ,  then 2 3 3 U  

(and p lu ton ium)  produced i n  t h e  MEU(235)/Th i s  recove rab le  on a schedule d i c t a t e d  by  t h e  

p r o d u c t i o n  r a t e  o f  t he  system. 
and p r o d u c t i o n  o f  v a r i o u s  f i s s i l e  m a t e r i a l s  f o r  t h e  MEU(235)/Th f u e l  c y c l e  under t h e  as- 

sumption t h a t  t h e  c a p a b i l i t y  f o r  uranium r e c y c l e  i s  a v a i l a b l e .  
a t e d  does not r e f l e c t  t h e  2 3 5 U  l o s t  t o  t h e  enr ichment  t a i l i n g s . )  

t h e  MEU(233)/Th f u e l  c y c l e  es t ima tes  a r e  a l s o  p rov ided .  

Table 7.2-3 i s  t h e  apparent  30% r e d u c t i o n  o f  f i s s i l e  consumption achieved w i t h  t h e  2 3 3 U  system, 

i n d i c a t i n g  t h e  h i g h e r  va lue  o f  2 3 3 U  as a thermal  r e a c t o r  f u e l .  

t h i s  e f f e c t  i s  masked somewhat s i n c e  a l a r g e  f r a c t i o n  o f  t h e  r e c y c l e d  f u e l  f o r  t h e  2 3 5 U  makeup 

case i s  i n  f a c t  2331). 

Table 7.2-3 g i v e s  es t ima tes  o f  t h e  n e t  l i f e t i m e  consumption 

(The 2 3 5 U  consumption t a b u l -  

Fo r  comparison purposes, 

The most s t r i k i n g  aspec t  o f  

I n  f a c t ,  t h e  t r u e  e x t e n t  o f  

Table 7.2-3. Es t ima ted  30-Year F i s s i l e  Consumption and 
Produc t i on  f o r  MEU/Th Cycles w i t h  Uranium Recyclea 

MT/GWe 

Wi th  235U Loading and Makeup Wi th  2 3 3 U  Loading and Makeup 

F i s s i l e  Pu F i s s i l e  Pu 
Reactor  2 3 5 U  Consumption P roduc t i on  2 3 3 U  Consumption P roduc t i on  

PWR 14.0 1.9 10.0 1.9 
HWR 6.4 0.9 3.8 1 .o 
HTGR 18.8 0.8 9.0 0.8 

SSCR 13.1 1.9 8.0 2.2 

A t  75% c a p a c i t y  f a c t o r .  a 

,,,., ..... 
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As has been s t a t e d  e a r l i e r ,  t h e  c o n s i d e r a t i o n  of an MEU/Th c y c l e  t h a t  u t i l i z e s  2 3 3 U  

Al though t h e  233U i n  t h e  makeup presumes t h e  e x i s t e n c e  o f  a source o f  t h e  r e q u i s i t e  233U.  

spen t  f u e l  elements would be recovered, t h e  amount would be inadequate t o  m a i n t a i n  t h e  

system and an exogenous source must be developed. One means f o r  g e n e r a t i n g  2 3 3 U  i s  by  

u s i n g  a Pu/Th-ox ide- fue led thermal  r e a c t o r .  Table 7.2-4 summarizes some p e r t i n e n t  r e s u l t s  
f o r  t h e  v a r i o u s  thermal r e a c t o r s  o p e r a t i n g  on t h e  Pu/Th c y c l e .  
HTGR case g i v e n  i n  Table 7.2-4 i s  f o r  a case i n  wh ich  t h e  f u l l  c o r e  i s  r e f u e l e d  eve ry  5 y r  

and i s  n o t  o p t i m i z e d  f o r  2 3 3 U  p r o d u c t i o n .  

consumed i n  p r o v i d i n g  power, and t h e  t r a n s m u t a t i o n  e f f i c i e n c y  ( t o n s  o f  p l u t o n i u m  "transmuted" 
i n t o  tons o f  2 3 3 U )  i s  s i g n i f i c a n t l y  reduced r e l a t i v e  t o  t h e  PWR and SSCR. 

e f f i c i e n c y  o f  0.40 f o r  t h e  PWR and SSCR i s  a l s o  r a t h e r  poor, however, compared t o  t h e  1.20 

va lue  f o r  a Pu/Th- fue led FBR (see S e c t i o n  4.5). 

t ransmuters i s  more s u i t e d  t o  f a s t  r e a c t o r s .  

f u e l e d  thermal r e a c t o r s  c o u l d  p r o v i d e  an i n t e r i m  source o f  233U. 

I t  shou ld  be no ted  t h a t  t h e  

Thus, much o f  t h e  2 3 3 U  b r e d  d u r i n g  t h i s  p e r i o d  i s  

The t r a n s m u t a t i o n  

P r o d u c t i o n  o f  233U v i a  plutonium-consuming 

On the  o t h e r  hand, i t  i s  recognized t h a t  Pu/Th- 

Table 7.2-4. Net  30-Year F i s s i l e  Consumption and Produc t i on  
f o r  Pu/Th Cyclesa 

I n  

MT / G W e 
F i s s i l e  Pu 2 3 3 u  Transmutat ion 

Reactor  Consumpti on Output  E f f i c i en c y  

PWR 21.7 8.2 0.38 

H W R ~  19.9 11.8 0.59 

HTGR 15.3 2.8 0.18 

SSCR 24.5 8.2 0.33 

A t  75% c a p a c i t y  f a c t o r ,  u s i n g  e q u i l i b r i u m  c y c l e  values. a 

bFrom d a t a  i n  Tab le  6.1-3. 

7.2.2. F a s t  Reactors  

h i s  s tudy  f a s  r e a c t o r s  have been cons ide red  s p o s s i b l e  cand ida tes  f o r  two 
as power r e a c t o r s  o p e r a t i n g  on denatured 2 3 3 U  f u e l ;  and as t ransmuters b u r n i n g  r o l e s :  

p lu ton ium t o  produce 233U.  W i th  LMFBRs used as t h e  model, t h e  denatured FBRs were analyzed 

f o r  a range o f  233U/U enr ichments t o  pa ramete r i ze  t h e  impact  o f  t h e  f u e l  on t h e  r e a c t o r  

performance (see S e c t i o n  4.5), and t h e  t ransmuter  FBRs were analyzed b o t h  f o r  a P U / ~ ~ ~ U  

c o r e  d r i v i n g  a Tho2 b l a n k e t  and f o r  a Pu/Th system i n  which t h e  t h o r i u m  was i n c l u d e d  i n  
b o t h  t h e  c o r e  and t h e  b l a n k e t .  

The s p e c i f i e d  233U/U enr ichment  i s  a c r u c i a l  parameter f o r  t h e  denatured f a s t  

r e a c t o r s .  

m a t e r i a l  and hence a l l o w s  t h e  r e a c t o r s  t o  be more s e l f - s u f f i c i e n t  ( i . e . ,  reduces t h e  

I n c r e a s i n g  t h e  a l l o w a b l e  enr ichment  p e r m i t s  more t h o r i u m  t o  be used i n  t h e  f u e l  
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are generally less than those for thermal systems in the Pu-U recycle mode (Option 2). 
Discarding Pu from the recycle of denatured thermal systems (Option 4) reduces the 
efficiency of the denatured cycle. 

The nuclear power systems that include fast breeders (Options 3, 6, 7, and 8) have 
cumulative U308 requirements through year 2049 within the range of 2.71 to 4.41 million ST 
U308 in the case of the intermediate-cost U,08 supply and within 2.6 to 3.2 million ST 
U308 in the case of the high-cost supply. The maximum U308 consumption varies from 66,000 
to 93,000 ST/yr for the intermediate-cost supply and from 52,000 to 68,000 ST/yr for the 
high-cost supply. 
effectively to reduce Ug8 consumption in the event U308 costs are high. The larger the 
fraction of breeders in the reactor mix, the lower the U308 requirements. 

The breeder-containing options are able to adjust the reactor mix 
b 

It shoiild be noted that the U308 requirements for the systems containing breeders 

The systems containing 
with Pu/U cores and Th blankets (Options 6 and 7) are similar to the U308 requirements 
for the system containing the classical Pu/U breeder (Option 3). 
breeders with Pu/Th cores and Th blankets require somewhat more U& on an integrated 
basis. 

The U308 requirements presented in Table 7.4-4 qualitatively support the ranking of 
cycles in the cost-constrained runs. 
through cycles require 5.6 to 7.1 million ST U308 to satisfy the demand for nuclear 
power through 2050, the thermal-recycle systems require 3.3 to 5.4 million ST U308,  and 
the breeder-containing systems require 2.6 to 4.4 million ST U308. The systems including 
denatured 2 3 %  reactors require approximately the same cumulative amount of U308 as their 
Pu/U counterparts. 
the required production rates are highest for the once-through systems; they are reduced 
somewhat for the thermal recycle cases; and they are lowest for the breeder-containing 
scenarios. 

Specifically, the power systems operating on once- 

The results presented in Table 7.4-5 also support these statements: 

7.4.5. Systems Employing Improved LWRs and Enrichment Technology 

While not considered in the analysis summarized above, it is possible to optimize 
LWR designs to greatly enhance their utilization of U308 per unit energy produced. 
optimized designs may result in reduced U308 requirements of up to 30% relative to more 
conventional LWR designs. 
fuel reprocessing, the improvements being the result o f  increased discharge exposure fuels 
and/or reconfigured reactor cores. 

These 

The 30% improvement in LWR U308 requirements assumes no spent 

The effect of devel oping these LWR cores optimized for throwaway/stowaway operation 
was examined by assuming that the U308 utilization would be improved in sequential incre- 
ments of 10%. 
have U,08 requirements equal to 90% o f  the standard LWR. 
improvement would be retrofitted into existing reactors.' 

'Neither the down time required for retrofitting nor the associated costs were addressed 

Thus it was assumed that reactors starting up between 1981 and 1991 would 
It was also assumed that this 
Similarly, reactars starting up 

in this analysis. 


