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I- - - -  

There has been increasing i n te res t  i n  the u t i l i z a t i o n  o f  thorium 

fue l  cycles i n  nuclear power reactors f o r  the past few years. This i s  

due t o  a number o f  factors,  the ch ie f  being the recent emphasis given 

t o  increasing the p r o l i f e r a t i o n  resistance o f  reactor fue l  cycles and 

the thorium cycle charac te r i s t i c  tha t  bred 2 3 3 ~  can be denatured w i t h  

2 3 8 ~  ( fur ther ,  a high rad ioac t i v i t y  i s  associated w i t h  recycle 

which increases fuel d ivers ion resistance). Another important fac to r  

inf luencing in te res t  i n  thorium fue l  cycles i s  the increasing cost 

of U 0 ores leading t o  more emphasis being placed on obtaining 3 8 
higher fue l  conversion r a t i o s  i n  thermal reactor systems, and the 

f a c t  tha t  thorium fuel cycles have higher fue l  conversion r a t i o s  

i n  thermal reactors than do uranium fue l  cycles. F ina l l y ,  there i s  

increasing information which indicates tha t  f a s t  breeder reactors 

have s i gn i f i can t l y  higher cap i ta l  costs than do thermal reactors, such 

tha t  there i s  an economic advantage i n  the long term t o  have 

combinations of fas t  breeder reactors and high-conversion thermal 

reactors operating together. Further, from a p r o l i f e r a t i o n  

resistance viewpoint, i t  appears desirable t o  maintain the r a t i o  o f  

*Research sponsored by the D iv is ion  o f  Nuclear Power Development, 
U.S. Department o f  Energy, under contract  W-7405-eng-26 w i t h  Union 
Carbide Corporation. 

**Paper t o  be presented a t  the Univers i ty  o f  Missouri-Rolla 
Conference on Energy, October 10-12, 1978. 

By acceptance of thh article, the 
publisher or recipient acknowledge6 
the U.S. Government's right to 
retain a nonexclusive, royalty-free 
license in and to any copynpkt / 
cowing the article. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



thermal reac tors  t o  f a s t  reac tors  a t  a  h igh  value, which re in fo rces  

the in f luence o f  the  c a p i t a l  cost  f ac to r  and a l s o  leads t o  i n t e r e s t  

i n  the generat ion o f  2 3 3 ~  i n  the b lanket  reg ion  o f  f a s t  breeder 

r e a c t o r s .  ~ h o r i u m  blankets i n  f a s t  breeder reac tors  would then generate . 

f i s s i l e  f u e l  f o r ' u s e  i n  h igh-convers ion- ra t io  thermal reac tors  

opera t ing  on thorium f u e l  cyc les.  Thus, a  s t ra tegy  i s  i m p l i c i t  i n  

the above which i nd i ca tes  t h a t  there should be commercial i n t r o d u c t i o n  

o f  advanced conver ter  reac tors  fo l lowed by i n t r o d u c t i o n  o f  f a s t  

breeder reac tors .  Fur ther ,  use o f  the stowaway f u e l  cyc le  i n i t i a l l y  

i n  advanced conver ters permi ts  f u e l  recyc le  technology t o  be 

developed w i thout  r e q u i r i n g  a  l a rge  expendi ture o f  funds f o r  demonstra- 

t i o n  f a c i l i t i e s  a t  the t ime o f  i n i t i a l  i n t r o d u c t i o n  o f  thorium f u e l  

cyc les  i n  reac tors .  Once thor ium-fueled reac tors  a re  establ ished,  

f u e l  recyc le  demonstrat ion should proceed f o r  thermal reac tors .  

Fast breeder reac tors  (FBRS) are  a l s o  important,  and should be . 

developed as soon as p r a c t i c a l ,  bu t  economic and o ther  issues may 

delay t h e i r  commercial i n t roduc t i on .  However, f u e l  recyc le  i s  

needed a t  the t ime o f  t 'heir  i n t roduc t i on .  I n  the above s t ra tegy ,  

FBRs would operate most e f f e c t i v e l y  w i t h  U/Pu cores ( w i t h  recyc1.e 

o f  p lutonium),  and w i t h  thor ium blankets.  

The above scenar io considers advanced conver ter  use i n  a  general 

way; however, s p e c i f i c  reac tor  types need t o  be evaluated s ince the 

r e s u l t s  a r e  in f luenced by the reac tor  systems which a re  u t i l i z e d .  I n  

p a r t i c u l a r ,  w h i l e  use o f  the thorium f u e l  c y c l e  ra the r  than the 

uranium cyc le  improves fue l  u t i l i z a t i o n  i n  a l l  thermal reac tors ,  i t  

does no t  f o l l o w  t h a t  the thorium f u e l  c y c l e  i s  always less expensive 

than the uranium f u e l  c y c l e  i n  such reac tors .  Another f a c t o r  invo lves  

the a b i l i t y  t o  b r i n g  a  new reac tor  system i n t o  commercial use. The 

more d i s t a n t  the p r a c t i c a l  commercia l izat ion o f  an advanced conver ter  

reac tor  system, the l ess  important i s  t h a t  system ine - reso l v ing  

problems which the new system i s  t o  overcome. Only those systems 

which, w i t h  s t rong government support,  might  be commercialized 

w i t h i n  the per iod  1990-2000 a re  considered here, w i t h  those systems 

being Advanced' L i g h t  Water Reactors (ALWRS) , Spectra l  S h i f t  Converter 

Reactors (SSCRS) , Heavy Water Reactors (HWRS) , and H i  gh-Temperature 



Gas-Cooled Reactors (HTGRS). O f  these systems, the  water  r eac to r s  

as a  c l a s s  a r e  more heterogeneous i n  a  nuc lear  sense than a r e  HTGRs. 

As a  r e s u l t ,  f o r  water r e a c t o r s . t h e  uranium f u e l  c y c l e  tends t o  be 

more a t t r a c t i v e  economica l ly  than does the  thor ium f u e l  cyc le ;  t he  

converse i s  t r u e  f o r  t he  HTGR. Fu r the r ,  t he  f u e l  exposures which a r e  

p r a c t i c a l  i n  water r eac to r s  a r e  about a  f a c t o r  o f  t h ree  l e s s  than 

those a t t a . i nab le  i n  HTGR f u e l  systems. Thus, on stowaway f u e l  cyc les  

the  water  r eac to r s  as a  c l a s s  have r e l a t i v e l y  poor economic and f u e l  

u t i l i z a t i o n  performance w i t h  t he  thor ium f u e l  c y c l e  compared w i t h  t he  

uranium cycl ,e,  wilereas I n  t he  HTGR the thor ium c y c l e  has bo th  b e t t e r  

economic and f u e l  u t i l i z a t i o n  performance. Wi th  f u e l  r ecyc le ,  the  

competitive p o s i t i o n  o f  t he  thor ium f u e l  c y c l e  improves r e l a t i v e  t o  

t he  uranium cyc le ,  b u t  based on p resen t  es t imates  o f  u n i t  f u e l  r e c y c l e  

cos t s ,  water  r eac to r s  i n  genera l  per fo rm b e t t e r  economica l ly  on t he  

uranium c y c l e  up t o  uranium p r i c e s  o f  about $200/ lb,  whereas the. 

thor ium c y c l e  i n  HTGRs appears economica l ly  a t t r a c t i v e  a t  p resen t  U 0  
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p r i c e s  and h ighe r .  Thus, t h e  s t r a t e g y  f o r  e a r l y  i n t r o d u c t i o n  o f  

thor ium f u e l  cyc les  b a s i c a l l y  revo lves  about t he  i n t r o d u c t i o n  o f  HTGRs 
. . 

i n t o  the  nuc lear  economy. I f  HTGRs a r e  s u c c e s s f u l l y  in t roduced,  they 

show promise o f  economic o p e r a t i o n  i n i t i a l l y  on stowaway c y c l e s , .  

f o l l owed  by improvements w i t h  f u e l  r ecyc le .  I n  a d d i t i o n ,  HTGRs a r e  

a t t r a c t i v e  systems i n  combinat ion w i t h  f a s t  breeder r eac to r s  which 

produce 2 3 3 ~  i n  thor ium b lanke t s ,  s i n c e  t he  HTGR shows promise o f  hav ing 

economic convers ion r a t i o s  above 0.9 when e x t e r n a l l y  f u e l e d  w i t h  

makeup 2 3 3 ~ ;  the above pe rm i t s  the  thermal - t o - f a s t  r e a c t o r  r a t i o  t o  be 

r e l a t i v e l y  h i g h  i n  the  long term. 

O v e r a l l ,  i t  appears t h a t  t he  p r a c t i c a l ,  e a r l y  u t i l i z a t i o n  o f  

thor ium f u e l  cyc les  i n  power r e a c t o r s  r e q u i r e s  commerc ia l i za t ion  o f  

HTGRs o p e r a t i n g  f i r s t  on stowaway f u e l  cyc les ,  f o l l owed  by thor ium 

f u e l  recyc le .  I n  the  longer  term, thor ium u t i l i z a t i o n  i nvo l ves  use 

o f  thor ium b lanke t s  i n  f a s t  breeder r eac to r s ,  . i n  combinat ion w i t h  

r e c y c l  i ng t he  'bred 2 3 3 ~  t o  HTGRs ( p r e f e r a b l y )  , o r  t o  o t h e r  thermal 

r eac to r s .  



1 . l NTRODUCT l ON 

P r o l i f e r a t i o n  concerns o f  the  nuc lea r  f u e l  c y c l e s  i n  bo th  f a s t  

and thermal r eac to r s  has increased as a  r e s u l t  o f  the nuc lear  p o l i c y  

statement as a r t i c u l a t e d  by Pres iden t  Car te r  on A p r i l  7, 1977. That 

p o l i c y  statement has l e d  t o  an emphasis on a l t e r n a t e  f u e l  cyc les  n o t  

i n v o l v i n g  access t o  m a t e r i a l s  d i r e c t l y  use fu l  f o r  weapons p roduc t i on .  

S ince t he  thor ium f u e l  c y c l e  breeds 2 3 3 ~  f rom thor ium,  and s i nce  233, 

can be mixed w i t h  2 3 8 ~  t o  produce a  f u e l  m a t e r i a l  use fu l  i n  r e a c t o r s  

n o t  d i r e c t l y  a p p l i c a b l e  t o  weapons, thor ium f u e l  cyc les  have rece ived  

increased a t t e n t i o n .  Fu r the r ,  2 3 3 ~  wi 11 c o n t a i n  2 3 2 ~  and assoc ia ted  

daughter p roduc ts  which make f u e l  hand l i ng  d i f f i c u l t  because o f  

i n t ense  r a d i o a c t i v i t y ;  p l u ton ium p roduc t i on  f rom thor ium f u e l  cyc les  

i s  r e l a t i v e l y  low. Independent o f  t he  above, t h e r e  i s  a l s o  

i nc reas ing  i n t e r e s t  i n  the  use o f  thor ium i n  thermal power reac to r s  

as t he  cos t  o f  uranium and sepa ra t i ve  work increases;  t h i s  l a t t e r  

i n t e r e s t  i s  due t o  t he  improved f u e l  u t i l i z a t i o n  t h a t  thor ium cyc les  

p r o v i d e  over  uranium f u e l  cyc les  i n  thermal r eac to r s ,  l ead ing  t o  a  

p o t e n t i a l  f o r  improved economic performance. A lso,  thor ium use would 

add t o  t he  w o r l d ' s  nuc lear  resource base. 

An impor tan t  f a c t o r  i n  t h e  long- term use o f  nuc lear  energy i s  the  

amount o f  n a t u r a l  uranium resources which e x i s t  a t  economic cos t s  

o f  recovery.  I f  very  l a r g e  amounts o f  uranium e x i s t  a t  low cos t ,  t he re  

i s  l ess  need t o  have h i g h  f u e l  u t i l i z a t i o n  performance i n  power reac to r s .  

Fu r the r ,  i f  nuc lear  power growth i s  ve ry  r e s t r i c t e d ,  t he  demands 

on uranium use a r e  much l e s s  than i f  nuc lear  growth i s  r ap id .  I t  i s  

p r e s e n t l y  expected t h a t  nuc lea r  energy c a p a c i t y  i n s t a l l e d  i n  the  

Un i t ed  S ta tes  by t he  year 2000 w i l l  be i n  t he  range o f  300 t o  450 G W ( ~ ) .  

Uran i urn resources recoverab le  a t  reasonable cos t s  a r e  e s t  imated t o  be 

i n  the range o f  2-4 m i l l i o n  tons U 0  i n  t he  U.S. Under such c i rcum- 
3  8  

stances, cont inued use o f  present-day LWRs o p e r a t i n g  on t h e  stowaway 

uranium f u e l  c y c l e  would lead t o  l i m i t e d  use o f  nuc lear  energy f rom a  

long- term v iewpo in t .  As a  r e s u l t ,  cons iderab le  emphasis has been 

p laced on the  development o f  systems which have 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 ,  w i t h  most emphasis hav ing been p laced  on the  



development o f  ..the L i q u i d  Metal  Cooled Fast  Breeder Reactor (LMFBR) 

o p e r a t i n g  .on t he  uran ium/p lu ton ium fue l  cyc le .  However, the  recent  

d e c i s i o n  by Pres iden t  Ca r te r  t o  d e f e r  commerc ia l i za t ion  o f  p lu ton ium'  

r e c y c l e  and o f  Fast Breeder Reactors (FBRs), a long  w i t h  recen t  cos t  

es t imates  i n d i c a t i n g  t h a t  LMFBRs w i l l  have c a p i t a l  cos t s  25-75% 

h ighe r  than those o f  LWRs, imp l i es  t h a t  t he  i n t r o d u c t i o n  da te  o f  

FBRs w i l l  be delayed wh'ich, a long  w i t h  con t inued  use o f  LWRs over  

t he  nex t  decades, makes i t  impor tant  t o  q u i c k l y  commerc ia l ize r e a c t o r s  

which have improved f u e l  u t i l i z a t i o n  over  t h a t  o f  p resen t  LWRs. W i th  

regard t o  t h e  above, t h e : p r e f e r r e d  f u e l  f o r  thermal spectrum r e a c t o r s  

i s  2 3 3 ~ ,  t h e  f i s s i l e  m a t e r i a l  bred from thor ium.  Thermal spectrum 

reac to r s  w i t h  convers ion  r a t i o s  c l o s e  t o  u n i t y  can be developed w i t h  

2 3 3 ~  as t h e  f u e l  ; thus, advanced conve r te r s  based on t h e  u/Th c y c l e  

can g i v e  much more energy per  pound o f  uranium mined than corresponding 

thermal reac to rs .based  on t h e  U/Pu cyc le .  F i n a l l y ,  i n  t he  long  term 

i t  appear's d e s i r a b l e  f rom economic, p r o l i f e r a t i o n  res i s tance ,  and 

l i c e n s i n g  v i ewpo in t s  t o  have a h i g h  r a t i o  o f  ther,mal t o  f a s t  r eac to r s ;  

symb io t i c  combinat ions o f  breeders and advanced conve r te r s  u t i l i z i n g  

thor ium cyc les  cou ld  pe rm i t  such r a t i o s .  Thus, t h e r e  a r e  severa l  

reasons f o r  e x p l o i t i n g  t he  thor ium f u e l  cyc le .  . . 

There a r e  o n l y  a  l i m i t e d  number o f  advanced r e a c t o r  types which 

might  be cons idered i n  t h e  above con tex t .  These a re :  (1) Advanced 

L i g h t  Water Reactors [ALWRS; these a re  improved LWRs which w i  1 1  

g i v e  improved f u e l  u t i l i z a t i o n ;  inc ludes  thor ium use] ,  Spec t ra l  

S h i f t  Converter Reactors [SSCRS; b a s i c a l l y  LWRs u t i l i z i n g  a m i x t u r e  

o f  l i g h t  and heavy water  as moderator /coolant ] ,  High-Temperature 

Gas-Cool.ed Reactors [HTGRS] , and Heavy water  Reactors [HWRS] . A1 1 

these reactor -s  can opera te  on e i t h e r  t he  uranium, thor ium,  o r  

mixed thor ium-uranium c y c l e ,  and migh t  be reasonably in t roduced 

w i t h i n  t he  nex t  10-15 years.  I n  t h e  sec t i ons  t h a t  , f o l l ow ,~emphas i s  

w i l l  be on t he  r e l a t i v e  performance o f  t ho r i um and uranium fue l  

cyc les  i n  t h e  d i f f e r e n t  r e a c t o r  types s i n c e  they  represen t  t he  



extremes i n  nuc lear  performance one migh t  o b t a i n  between a v a i l a b l e  

f u e l  cyc les .  The e f f e c t  o f  u t i l i z i n g  mixed thor ium-uranium f u e l  

cyc les  (assoc ia ted  w i t h  use o f  denatured-uranium thor ium f u e l )  a r e  

d iscussed l a t e r .  

2. THORIUM CYCLE I N  THERMAL CONVERTER REACTORS 

Resource cons ide ra t i ons  and nuc lea r  energy demand determine t h e  

nccd f o r  improved ~ ' e d c l u r  performance f rom t h e  v iewpo in t  o f  f u e l  

u t i l i z a t i o n  requirements. .  S p e c i f i c  r e a c t o r  types and nuc lear  power 

g rowth .scenar ios  w i l l  be cons idered here, i n  o rde r  t o  g i v e  under- 

s tand ing  o f  how thor ium f u e l  cyc les  can c o n t r i b u t e  t o  improved uranium 

u t i l i z a t i o n ,  and how they i n f l uence  power cos t s .  As i n d i c a t e d  above, 

t h e  s tandard thor ium c y c l e  i s  compared w i t h  t h e  uranium c y c l e  i n  

t h i s  sec t i on .  Resu l ts  ob ta ined  p r e v i o u s l y  ( 1 ' 2 )  w i l l  be f i r s t  

reviewed and form a bas is  f o r  f u r t h e r  eva lua t i ons  g i ven  here. 

The nuc lear  power growth scenar io  considered, f i r s t  i s  that '  . . . .  

i nd i ca ted  i n  F ig .  1 and assumes a nuc lear  power growth o f  15-GW(e)/yr 

d u r i n g  t h e  p e r i o d  1970-2000. A f t e r  t h e  nuc lear  power c a p a c i t y  reaches 

,450 GW, i t  i s  mainta ined a t  tha.t l e v e l  u n t i l  reduct i .on i s  necessary 

because o f  1 im i t a t i . ons  i n  U 0 resources, c o n s i s t e n t  w. i th  a 30-yr 
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l i f e t i m e  f o r  a l l  r e a c t o r s  which a r e  b u i l t .  The a v a i l a b l e  U 0 
3 8 

resource i s  cons idered t o  be e i t h e r  2.5 o r  3.5 m i l l i o n  s h o r t  tons 

o f  U3O8. 

I n  these s tud ies ,  re fe rence  LWRs o p e r a t i n g  on t he  uranium c y c l e  

a r e  used i n i t i a l l y ;  these a r e  termed LWR s, as g iven  i n  F ig .  1 .  
1 

Reactors b u i l t  a f t e r  the  year 2000 a r e  e i t h e r  a d d i t i o n a l  LWRs o p e r a t i n g  

on t he  uranium c y c l e  (termed LWR s f o r  ease o f  i d e n t i f i c a t i o n ) ,  
2 

LWRs o p e r a t i n g  on t h e  thor ium c y c l e  [ L w ~ ( T h ) s ] ,  SSCRs, HWRs, o r  HTGRs. 

The l a t t e r  t h r e e  r e a c t o r s  can be operated on e i t h e r  t h e  t ho r i um o r  

uranium f u e l  c y c l e  ( t h e  bes t  f u e l  u t i l i z a t i o n  w i l l  be ob ta ined  on t he  

thor ium cyc le ;  t he  economic performance tends t o  be b e t t e r  on t h e  

thor ium c y c l e  f o r  HTGRs, and tends t o  be b e t t e r  on t he  uranium c y c l e  

f o r  HWRs and 'SSCRS) . ( I )  A f t e r  the  year 2000, LWR s a r e  withdrawn from 
1 

use as t h e i r  30-yr l i f e t i m e  (21 f u l l  power years)  i s  a t t a i n e d  and 
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rep laced w i t h  a  second type  r e a c t o r  chosen from the  a v a i l a b l e  types 

cons idered above. The power capac i t y  i s  ma in ta ined  a t  450-GW(e) 

f o r  a  p e r i o d  o f  t ime, 
tey 

de f i ned  as t he  t ime o f  ex tens ion  assoc ia ted  

w i t h  ma in ta i n i ng  t he  power c a p a c i t y  a t  4 5 0 - G W ( ~ ) .  A f t e r  t ime 
te '  

no 

new r e a c t o r s  a r e  b u i l t  and those i n  use opera te  u n t i l  t h e  end o f  t h e i r  

30-yr l i f e t i m e .  F i g u r e  1 serves as an i l l u s t r a t i o n  o f  what t s i g n i f i e s  
e  

and t he  t ime g i ven  should n o t  be taken l i t e r a l l y .  

The power gr0wt.h scenar io  o f  F ig .  1 ,  a long  w i t h  t he  es t imated  

l i f e t i m e  U 0  requi rements o f  t he  va r i ous  reac to r s ,  i s  used t o  
3  8 

c a l c u l a t e  t he  energy t h a t  can be generated as a f u n c t i o n  o f  new 

r e a c t o r s  used. I n  per fo rming  t h i s  c a l c u l a t i o n ,  a  g i ven  r e a c t o r  i s  

cons idered t o  opera te  f o r  21 f u l l  power years over  i t s  l i f e t i m e  and 

t h e  uranium t a i l s  from enr ichment p l a n t s  were cons idered t o  be 0.2% 

2 3 5 ~ .  l t  i s  f u r t h e r  assummed t h a t  1200 tons o f  f i s s i l e  p lu ton ium 

generated by LWR's i s  s t o red  f o r  f u t u r e  use i n  FBRs. That amount o f  
1 

p lu ton ium permi ts  a  s i g n i f i c a n t  breeder economy t o  develop e v e n t u a l l y  

as 'd i scussed l a t e r  . 
I n  measuring t h e  improved f u e l  u t i l i z a t i o n  o f  a  new reac to r ,  i t  

i s  impor tant  t o  f a c t o r  i n  t he  t ime  o f  i n t r o d u c t i o n  o f  t h e  new r e a c t o r  

. . .  . and t h e  amount o f  U 0 resource a v a i l a b l e  t o  i t .  Th i s  i s  done here  
. .  3 8  

by measuring the  energy genera t ion  o f  combined r e a c t o r  systems a g a i n s t  

t he  energy which cou ld  be generated i f  no new r e a c t o r s  were in t roduced.  

Thus, t he  energy generated by LWR s p l u s  LWR2s i s  the  re fe rence  1 
energy generat ion,  based on t h e . u s e  o f  LWRs w i t h  uranium and p lu ton ium 

r e c y c l e  i n  which t he  e n t i r e  o r e  resource i s  u t i l i z e d  (except  f o r  t he  

p l  u ton  i um s to red  f o r  FBRS) . The corresponding energy generat  i on  when 

new r e a c t o r s  a r e  in t roduced a f t e r  t he  year 2000 i s  a l s o  c a l c u l a t e d  

and compared w i t h  t h e  re fe rence  energy genera t ion .  The r e s u l t i n g  

comparisons a r e  termed t h e  R e l a t i v e  Energy Generat i o n  (REG), and 

a r e  g iven  i n  Table 1 f o r  va r i ous  . r e a c t o r  combinat ions and U 0  
3  8 

resource leve ls . .  Table 1 r e s u l t s  a r e  based on thor ium c y c l e  

use i n  t he  second reac to r ,  on re fe rence  des igns,  and on f u e l  

convers ion  r a t i o s  which correspond t o  economic opera t ion .based  on 

es t imated  u n i t  f u e l  r e c y c l e  cos t s  f o r  t h e  above reac to r s .  

The f u e l  u t i l i z a t i o n  r e s u l t s  a l s o  cons ider  the  r e a c t o r  t he rma l i  

e f f i c i e n c i e s  as g i ven  i n  Table 1 .  



Table 1 .  R e l a t i v e  Energy Generat ion and Extens ion Time f o r  
Assumed Power Growth Scenar io  as a  Func t ion  o f  

Reactor Use and U 0  Resource 
3 8 

Second 
R e l a t i v e  Energy Generat ion (REG) and 

Fuel CR Reactor 
Extens ion Time ( t  ) f o r  Two U 0  

Resource feve  1 s  3 8 
Reactor f o r  The rma 1 

Use Second E f f i c i e n c y  
Reactor (%) 2.5 X l o 6  tons 3.5 x l o 6  tons 

REG te, years REG te, years 

I n  t he  power growth scenar io  o f  F ig .  1 and up t o  t ime t new 
e  ' 

r e a c t o r s  a r e  always be ing  b u i l t  a t  15 GW(e)/yr ( i n c l u d i n g  replacement 
. . 

r e a c t o r s ) ;  thus, t h e  h i ghe r  t h e  va lue  o f  t t he  longer  the  t ime e ' 
a v a i l a b l e  f o r  FBR development w i t h o u t  a  c l oseou t  o f  t he  nuc lear  power 

i ndus t r y .  

The r e s u l t s  i n  Table 1 i l l u s t r a t e  t h a t  use o f  t he  thor ium f u e l  

c y c l e  r a t h e r  than t h e  uranium c y c l e  pe rm i t s  a  s i g n i f i c a n t  increase i n  

energy genera t ion ,  even though thor ium r e a c t o r s  a r e  n o t  in t roduced 

u n t i l  the  year  2000. A t  t he  same t ime, t h e r e  i s  a  d i f f e r e n c e  i n  t he  

r e l a t i v e  energy genera t ion  assoc ia ted  w i t h  the  d i f f e r e n t  r e a c t o r  

types, and a l s o  w. i th t he  U 0 resource base. The h ighe r  t he  U 0  
3 8 3 8 

base, t he  more o r e  i s  a v a i l a b l e  f o r  f u e l i n g  advanced conver te rs ,  

which increases t h e i r ,  r e l a t i v e  energy c o n t r i b u t i o n .  

Table 2  g i ves  t he  economic b e n e f i t s  assoc ia ted  w i t h  t he  va r i ous  

combinat ions o f  r e a c t o r s  f o r  t he  assumed power growth scena r i o .  

based on t he  economic bases g i ven  i n  Ref. 1 ,  a  7.5%/yr d i scoun t  

f a c t o r  on b e n e f i t s ,  a  U 0  p r i c e  o f  $100/ lb ,  and a  sepa ra t i ve  3 8 
work p r i c e  o f  $ISO/SWU; the  economic b e n e f i t s  were c a l c u l a t e d  r e l a t i v e  



t o  the  power c o s t  o f  t he  LWR (U/PU recyc le )  system, us ing  designs 

w i t h  economic f ue l  convers ion  r a t i o s .  Fuel r e c y c l e  was.assumed 

a f t e r  t h e  year 2000. 

Table 2. Discounted B e n e f i t s  o f  Var ious Thorium-Fueled 
. . Reactors R e l a t i v e  t o  LWR (u/Pu Recycle) 

Discounted Benef i t s ,  $10 9 
f o r  each U 0  Resource ( tons)  

3  8 Reactor System 

2.5 X 10 
6 

3.5 x 10 
6 

- -- 

LWRl + LWR2 re fe rence  va lue  = 0 

LWRl + LWR(Th) nega t i ve  b e n e f i t  

L W R ~  + SSCR(T~) ; :  . % 0 . 5  .L 1 .o 

LWRl + HWR(Th) -: 1.1 1.5 

LWRl + HTGR(Th) 6.4 8.7 

JrSSCR c a p i t a l  c o s t  assu~~~ec l  to be 5% h i g h e r .  than t h a t  
o f  LWR. 

' ( 1 )  Based on t h e  s p e c i f i c  des igns and economic bases cons idered , 
the  HTGR gave t he  bes t  f u e l  u t i l i z a t i o n  and economic performance o f  

the  thor ium f u e l e d  reac to r s .  Use o f  d i f f e r e n t  bases, however, 

cou ld  change t h e  r e l a t i v e  r e s u l t s .  

The above.was based on f u e l  r e c y c l e  a f t e r  t he  year 2000, such 

t h a t  f u e l  r e c y c l e  occur red  i n  a l l  thorium-based reac to r s .  Use o f  

stowaway thor ium f u e l  c y c l e s  would accen tua te . t he  advantage t h a t  

HTGRS have i n  p r a c t i c a l  a p p l i c a t i o n  o f  thor ium f u e l  cyc les .  Th i s  

i s  i l l u s t r a t e d  i n  Table 3, which g i ves  es t imated  r e l a t i v e  power 

cos t s  o f  LWRs, HWRs, and HTGRs based on stowaway uranium cyc les ,  

stowaway thor ium cyc les ,  and r e c y c l e  thor ium cyc les .  Table 3 and 

p rev ious  resu,l t s  show t h a t  t h e  uranium c y c l e  i s  more economic than 

thor ium cyc les  i n  water  r eac to r s ,  and t h a t  the  t ho r i um c y c l e  i s  more 

economic i n  HTGRs; f u r t h e r ,  f o r  stowaway thor ium f u e l  cyc les ,  the  



HTGR i s  economica l ly  much supe r i o r  t o  water  r eac to r s .  Th i s  i s  due t o  

t he  h i ghe r  f u e l  u t i l i z a t i o n  assoc ia ted  w i t h  h i g h  f u e l  exposures and 

r e l a t i v e l y  low f u e l  i n v e n t o r i e s  i n  HTGR systems. 

Tabl,e 3. Power Costs o f  LWRs, HWRs,and HTGRs f o r  
Once-Through and Fuel Recycle Cases 

Power Cost/Mi 1 1  s / k ~ h  (e ) "  

Reactor Type/ ( ~ e r t  i 1 e  U308 Cost ( $ / l  b)  l s e p a r a t  i ve Work Cost ($ /kg  SWU) 
F u e l ) / ~ ~ ~ e  Cycle 40/ 100 100/ 150 

PWR/ (u) /Stowaway 

LWR/ ( ~ h )  /Stowaway 

LWR/ (Th) /Fuel recyc 1 e  

HWR/ (u)  /Stowaway 

HWR/ ( ~ h )  /stowaway 

HWR/ ( ~ h )  / ~ u e l  r e c y c l e  

HTGR/(U)/~towaway 

HTGR/ (Th) /Stowaway 

HTGR/ ( ~ h )  / ~ u e l  recyc 1 e  26.1 29. 0  

+:Based on economic bases g i ven  i n  Ref. 1 .  

The nuc lea r  power c a p a c i t y  i n  t he  year 2000. i s  no t  known a c c u r a t e l y  

a t  t h i s  t ime, and cou ld  be s u b s t a n t i a l l y  lower than t he  450 G W ( ~ )  

shown i n  F ig .  1 .  Reducing t he  450 G W ( ~ )  va lue  t o  300 G W ( ~ )  cou ld  have 

a s i g n i f i c a n t . e f f e c t  on t he  t ime a v a i l a b l e  f o r  commerc ia l i z ing  breeder 

r eac to r s ,  and w o u l d . a l s o  pe rm i t  advanced conver te rs  t o  have a g r e a t e r  

impact on improved f u e l  u t i l i z a t i o n .  For example, i f  F ig .  1 were 

a l t e r e d  so t h a t  t he  l i n e a r  power growth were an average o f  10 GW(e)/yr 

up t o  the  year 2000, f o l l owed  by a cons tan t  capac i t y  o f  300 G w ( ~ )  

u n t i l  a  d e c l i n e  were requ i red  because o f  l i m i t a t i o n s  i n  U 0  resources, 
3 8  

t he  r e l a t i v e  energy generat ion'  p rov ided  by advanced conve r te r s  would 

be increased. Th i s  i s  shown i n  Table 4, which i s  based on a l i n e a r  



power growth r a t e  o f  10'GW(e)/yr t o  a l e v e l  o f  300 GW i n  t he  year 2000 

as d iscussed above; f u r t h e r ,  t he  advanced conver te r  r e a c t o r  i s  cons idered 

t o  be t he  HTGR, s i nce  i t  i s  t he  p r e f e r r e d  thor ium- fue led  r e a c t o r  based 

on r e s u l t s  g iven  p rev ious l y .  The HTGRs a r e  in t roduced i n  t he  year 2000 

i n  a manner analogous t o  t h a t  g iven  i n  F ig .  1 ;  Table 4 g i ves  t he  

r e l a t i v e  energy genera t ion  f o r  o r e  resource l e v e l s  o f  1.7 m i l l i o n ,  

2.5 m i l l i o n ,  3.5 m i l l i o n ,  and 5.1 m i l l i o n  tons o f  U 0 Compared w i t h  
3 8 '  

cases cons idered p r e v i o u s l y ,  t he  r e l a t i v e  energy genera t ion  va lue  o f  

1 - 2  bascd on 8 power l e v e l  o f  450 G w ( ~ )  I n  t he  year  2000 (and a 2.5 

. m i l l i o n  t on  U 0 resource)  increases t o  1.4 i f  t he  power l e v e l  i n  
3 . 8  

2000 i s  o n l y  300 G W ( ~ ) ;  s i m i l a r l y ,  w i t h  a 3.5 m i l l i o n  t on  U 0 
3 8 

. resource, t h e  r e i a t  i v e  energy genera t ion  increases f rom 1.4 t o  1.6. 

.Thus,  i nc reas ing  t h e  U 0 resource l e v e l  and/or decreas ing t h e  
3 8 

,nuclear' power c a p a c i t y  i n  t he  year 2000 pe rm i t s  HTGRs o p e r a t i n g  on t he  

t ho r i um ,cyc le  to ;have increased i n f l u e n c e  on improving f u e l  u t i l i z a t i o n .  

3. DENATURED-URANIUM-TtlORIUM FUEL CYCLES 

The above cons idered t he  s tandard thor ium c y c l e  which u t  i 1 i zes  

2 3 3 ~ .    he presen t  U.S. emphasis on m a i n t a i n i n g  h i g h  r e c y c l e  o f  bred . 

p r o l i f e r a t i o n  r e s i s t a n c e  i n  nuc lear  f u e l  cyc les  would i n d i c a t e  t h a t  

t h e  2 3 5 ~  i n  thor ium f u e l  cyc les  cou ld  be rep laced by denatured 

uranium, i .e. ,  uranium hav ing  an enr ichment low enough t h a t  e f f e c t i v e  

weapons cou ld  n o t  be made d i r e c t l y  f rom such m a t e r i a l .  Under such 

circumstances, - denatured-uranium-thor ium - - (DUTH) f u e l s  would be 

employed r a t h e r  than - h i  gh-enr - i ched-uran.i - um-thor - i urn (HEUTH) f u e l  s, 

w i t h  t he  enr ichment o f  t he  denatured uranium be ing  about 20% 235, 

The 2 3 3 ~  bred i n  such systems cou ld  be denatured i n  s i  t u  by the  

a p p r o p r i a t e  presence o f  2 3 8 ~  a long  w i t h  t he  thor ium. However, t h e r e  

w i l l  be h i g h  l e v e l s  o f  r a d i o a c t i v i t y  assoc ia ted  w i t h  t he  daughter 

p roduc ts  o f  2 3 2 ~  w h i t h  wi 1 1 be generated a long  wi t h  t h e  2 3 3 ' ~ ,  and 

t h i s  a c t i v i t y  may be s u f f i c i e n t  t o  pe rm i t  r e c y c l e  o f  2 3 3 ~  (a long 

w i t h  a t t endan t  2 3 2 ~ )  wi t hou t  dena tu r ing  under c e r t a i n  c i rcumstances.  

I f  a l l  uranium has t o  be denatured, use o f  t h e  DUTH c y c l e  r a t h e r  ' 

than t he  HEUTH c y c l e  w i l l  degrade t he  f u e l  u t i l i z a t i o n  o f  t he  r e a c t o r ;  



' 
TABLE 4. RELATIVE  ENERGY GENERATION FOR POWER GROWTH LEADING TO 3 0 0  GW(e) i n  2 0 0 0  

POWER LEVEL 
I N  2 0 0 0  
CGW(e) l  

RELAT IVE  ENERGY GENERATI0N:HTGR INTRODUCED I N  YEAR 2 0 0 0  

ORE RESOURCE, 
S.T.  U308: 



however, t h e  decrease i n  performance i s  i n h e r e n t l y  smal l  i n  water  

r eac to r s ,  and can be made r e l a t i v e l y  smal l  i n  HTGRs wi t h  proper  r e a c t o r  

phys ics  des ign.  (5 )  Thus, t he  r e s u l t s  f o r  ~ ~ ~ D U T H  cyc les  a r e  

reasonably c l o s e  t o  the  f u e l  u t i l i z a t i o n  performances assoc ia ted  

with t he  p rev ious  r e s u l t s ,  so long as p l u ton ium produced i n  t he  

DUTH cyc les  i s  a l s o  recyc led .  However, as d iscussed l a t e r ,  use o f  

DUTH cyc les  i n  thermal r e a c t o r s  does have i m p l i c a t i o n s  r e l a t i v e  t o  

the  r a t i o  o f  thermal t o  f a s t  r eac to r s  i n  t he  long term. I n  . the 

sec.t ion below, i t  i s  assumed t h a t  h i g h l y  f i s s i l e  f u e l  can be 

recyc led  so long as; h i g h . a c . t i v i t y  i s  i n h e r e n t l y  assoc ia ted  w i t h  i t .  

.. Thus, t he  t ho r i um cyc les  would u t i l i z e  DUTH f u e l  fo ' r  t he  i n i t i a l  and 

makeup f u e l ,  bu t  r e c y c l e  f u e l  would p r i m a r i l y  be 2 3 3 ~  and thor ium.  

Since smal l  q u a n t i t i e s  o f  Pu would be d iscarded  f rom such HTGRs, 

t he  f u e l  . . .  u t i l  i z a t i o n  performance would be c l o s e  t o  t h a t  f o r  t he  

HEUTH c y c l e  (mined U 0  requ i  rements would be l ess  than 10% more 3 8 
.than t he  requirements f o r  t he  HEUTH c y c l e ) ,  based on f u e l .  convers ion  

r 'a t ios  o f  about 0.8. The a p p r o p r i a t e  requirements a r e  cons idered 

below. 

. .. The above cons idered o n l y  thermal re.ac,tors. I n  f a s t  breeder 

r eac to r s ,  use o f  t h e  DUTH c y c l e  leads t o  s i g n i f . . i c a n t l y  lower nuc lea r  

performance than t h e  U/Pu cyc le .  (6) However, i ncorpora t  i ng t h o r  i um 

o n l y  . i n  the  b l anke t  o f  a  f a s t  r e a c t b r  does n o t  lead t o  s i g n i f  i c i n t  

changes i n  nuc lear  performance, and t he  2 3 3 ~  which i s  produced 

i s  t he  most e f f i c i e n t  f i s s i l e  m a t e r i a l  f o r  thermal r eac to r s ,  thus 

l ead ing  t o  good f u e l i n g  i n t e r a c t i o n s  between f a s t  and thermal 

r eac to r s .  Fur ther ,  t h e . 2 3 3 ~  produced cou ld  be denatured i f  des i red ,  

which permi t s  f a s t  breeder r e a c t o r s  t o  prov. ide a  long- te rm source 

o f . 1 0 ~ - e n r i c h e d  uranium f o r  a  l i m i t e d  number o f  r eac to r s .  

4. PRACTICAL INTRODUCTION OF THORIUM FUEL CYCLES 

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

t ho r i um f u e l  cyc les  i s  bes t  accomplished by commercial i n t r o d u c t i o n  

o f  HTGRs. Fur ther ,  f rom the  v iewpo in t  o f  m in im iz i ng  fund ing  r e q u i r e -  

ments assoc ia ted  w i t h  the  i n t r o d u c t i o n  o f  new r e a c t o r  systems as w e l l  

as f rom the  v i ewpo in t  o f  m a i n t a i n i n g  h i g h  f u e l  p r o l i f e r a t i o n  



res is tance,  i t  i s  d e s i r a b l e  t h a t  the thor ium f u e l  c y c l e  use DUTH 

fuel  and be introduced on the basis  o f  a once-through cyc le .  I n i t i a l  

use o f  such fue l  cyc les would s u b s t a n t i a l l y  decrease the monies 

requ i red  f o r  fue l  recyc le  demonstration p r i o r  t o  the commerc ia l i za t ion .  

of  HTGRs, and would a l s o  decrease the  amount of  h i g h l y  f i s s i l e  f u e l  

which i s  associated w i t h  spent f u e l .  Because o f  t h e i r  h igh  f u e l  

exposure, HTGRs can operate economical ly i n i t i a l l y  on once-through 

fue l  cyc les,  and s t i l l  p rov ide  economic i ncen t i ve  t o  i n i t i a t e  f u e l  

recyc le  a t  a l a t e r  date. A p r a c t i c a l  scenar,io f o r  such HTGR i n t r o -  

. duc t i on  i s  g iven below. 

Consider LWRs opera t ing  on the uranium f u e l  c y c l e  t o  be i n s t a l l e d  

a t  a r a t e  o f  10 GW(e)/yr up t o  a l e v e l  o f  300 GW(e) i n  the year 2000; 

a f t e r  t h a t  t ime LWR capac.ity remains l e v e l  f o r  10 years and then 

. . 
decreases i n  accordance w i t h  a 30-yr l i f e  and no more LWR const ruc t ion .  

LWR f u e l  recyc le  (U/PU) s t a r t s  i n  2000. I n  the year 2000, HTGRs a re  

introduced a t  a r a t e  o f  10 ~ ~ ( e ) / y r ,  us ing  a once-through DUTH f u e l  
. . 

cyc le .  T.his cont inues f o r  10 years, a f t e r  which t ime HTGRs are  

introduced a t  ,a r a t e  o f  10 GW(e)/yr, us ing  a once-through DUTH fue l  

,cycle. This  cont inues f o r  10 years, a f t e r  wh ich . t ime HTGRs are  

introduced a t  a r a t e  o f  20 GW(e)/yr t o  main ta in  an o v e r a l l  growth 

r a t e  o f  10 GW(e)/yr. Fur ther ,  HTGR 2 3 3 ~  recyc le  i s  s t a r t e d  i n  the  

year 2010. Nuclear power cont inues t o  grow through HTGR add i t i ons  

u n t i l  a  l eve l  o f  500 GW(e) i s  a t ta ined  i n  2020. Fast breeder reac tors  

(FBRS) a r e  then introduced commercially, making use o f  Pu from . 

p rev ious l y  s to red LWR f u e l s  t o  inventory the FBRs. The FBRs con ta in  

thor ium i n  the b lanket ,  and the bred 2 3 3 ~  i s  recycled t o  the HTGRs 

as makeup f i s s i l e  feed. The FBRs a re  in t roduced a t  10 ~ ~ ( e ) / y r  u n t i l  

200 G W ( ~ )  o f  FBR capac i ty  i s  reached; from 2020 t o  2050, HTGRs are  

added a t  a r a t e  o f  10 ~ ~ ( e ) / y r .  A f t e r  2050 the  nuclear  capac i ty  

remains a t  800 G W ( ~ ) .  

The above power growth scenar io i s  i l l u s t r a t e d  i n  F ig .  2, and 

considers t h a t  the nuclear  power capac i ty  w i l l  even tua l l y  l e v e l  

o f f .  Whether 800 G W ( ~ )  i s the  appropr ia te  assymtot i c power 

l eve l  i s  n o t ' c e r t a i n ;  i t  may be h igher  i f  nuclear  power i s  t o  

make a s i g n i f i c a n t  long-term c o n t r i b u t i o n  .to energy . . generat ion.  

A l eve l  o f  300 GW(e) i n  the  year 2000 i s  probably r e a l i s t i c ,  

even though i t  may be d e s i r a b l e  t o  have a h igher  l e v e l  a t  t h a t  

time. The abrupt  i n t r o d u c t i o n  o f  HTGRs and o f  FBRs a t  r e l a t i v e l y  
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high rates as given i n  Fig. 2 i s  u t i l i z e d  as a convenience i n  

ca lcu la t ing  U 0 requirements, and i s  not meant t o  imply tha t  actual  
3 8 

in t roduct ion rates would be t ha t  way. Thus, the power growth 

scenario f o r  HTGRs does not imply tha t  the f i r s t  HTGR would be b u i l t  

i n  the year 2000, but ra ther  implies tha t  2000 i s  the year a t  which 

commercial in t roduct ion a t  a substant ia l  r a te  i s  possible. S im i la r l y ,  

the year 2020 i s  the time a t  which FBRs are introduced commercially 

a t  a substant ia l  rate.  The increase i n  HTGR capacity from 500 GW(e) 

t o  600 GW(~)  a f t e r  the year 2040 i s  associated w i t h  the a b i l i t y  o f  

FBRs t o  maintain an HTGRIFBR r a t i o  o f  3 on an equ i l i b r ium basis when 

product 2 3 3 ~  from FBRs i s  used t o  feed HTGRs. More w i  1 1 be said o f  

t h i s  below. The LWRs are operated on the once-through uranium fue l  

cyc le  u n t i l  the year 2000, w i t h  spent fue l  stored so as t o  provide 

Pu inventory f o r  fu tu re  FBRs. A f t e r  the year 2000, LWRs u t i l i z e  

f ue l  recycle f o r  a1 1 spent f ue l  generated a f t e r  tha t  date ( the 

above bas ica l l y  provides a f i x e d  amount o f  Pu f o r  FBRs; whether the 

Pu comes from reactors before 2000 o r  a f t e r  2000 i s  not important 

so long as i t  i s  ava i lab le) .  

The r i  b b  i 1s fuel  i l ly  I-equi ~ 's~r~an ts  o f  FBRs ar-e determined by the 

doubl ing time o f  the system, the spec i f i c  f i s s i l e  inventory, and 

the nuclear power growth r a t e  associated w i t h  FBRs. This r e l a t i on -  

sh ip  i s  given i n  equations 1 and 2 below. 

F ( t )  = inventory minus net bred f ue l  a t  time t = SP -lt 3t ( I )  

where 

F ( t )  = f i s s i l e  Pu required t o  be furnished a t  

time t, kg 

S = spec i f i c  inventory, kg f i s s i l e  PU/MW(~)  

D = fuel doubling time, y rs  

P = nuclear power capac i t y  , MW (e) . 
For P = a t ,  

where 

a = l i nea r  power growth coef f ic ient ,  MW(e)/yr 

a SD 
= maximum f i s s i l e  Pu requirements = - 2 



Assuming an FBR breeding r a t i o  o f  about 1.3 and a system spec i f i c  

inventory o f  about 6 kg f i l l i l e  Pu/MW(e), the fue l  doubling time 

w i l l  be about 20 years. On tha t  basis, the t o t a l  f i s s i l e  Pu require- 

ments a t  an FBR growth ra te  of 10 GW/yr i s  about 600 000 kg o f  

f i s s i l e  Pu based on equation (2). Further, t h i s  maximum need would 

have occurred D years (20 years i n  t h i s  case) a f t e r  FBR introduct ion.  

Since the amount of f i s s i l e  Pu i n  spent LWR fue l  generated up t o  the 

year 2000 would be about 700 000 kg, saving the Pu up t o  the year 

2000 w i l l  provide s u f f i c i e n t  Pu f o r  the s tar tup o f  FSRs having the 

above character is t ics ,  considering the above power growth scenario. 

[ I n  order t o  l i m i t  the f i s s i l e  Pu requirements t o  600 000 kg, the 

FBRs need t o  operate on the U/Pu cyc le  w i  t h  recycle o f  Pu . I f FBR 

Pu recycle were only associated w i t h  reactor cores having a breeding 

r a t i o  of un i ty ,  then the f i s s i l e  Pu requirements 20 years a f te r  FBR 

in t roduct ion would be 1.2 m i l l i o n  kg o f  f i s s i l e  Pu. Here i t  i s  

assumed tha t  the FBRs operate on the U/Pu cyc le  f o r  20 years, which 

l i m i t s  the amount o f  f i s s i l e  Pu the FBR system needs. A f t e r  t ha t  

time, the FBR operates w i t h  a thorium blanket producing 2 3 3 ~  f o r  

use i n  thermal reactors.] 

Twenty years a f t e r  t h e i r  introduct ion,  FBRs s t a r t  con t r ibu t ing  

excess f i s s i l e  fue l  f o r  use i n  HTGRs. Further, t h i s  excess f i s s i l e  

fue l  would be 2 3 3 ~  f o r  the above scenario, leading t o  an increase 

i n  the HTGR fue l  conversion r a t i o  from 0.8 t o  0.9. This increase 

permits one FBR t o  fue l  three HTGRs under equi l ib r ium condit ions. 

Thus, i n  2040, the number o f  HTGRs can s t a r t  t o  increase up t o  a leve l  

o f  600 GW (e) , g i v i  ng a t o t a l  o f  800 GW (e) from about 2050 onward. 

The t o t a l  mined U 0 requirements associated w i t h  the above 
3 8 

scenario are about 2.8 m i l l i o n  tons o f  U 0 based on G W ( ~ )  
3 8' 

l i f e t i m e  requirements o f  

6000 short  tons U 0 f o r  LWRs on once-through cycles, 
3 8 

3900 short tons U 0 f o r  LWRs w i t h  fue l  recycle, 3 8 
4500 short tons U 0 f o r  HTGRs on once-through cycles, and 

3 8 
2400 short tons U 0 f o r  HTGRs,with fue l  recycle. 

3 8 
To put the above resu l ts  i n  perspective, a corresponding 

scenario i s  considered bel'ow where on ly  LWRs and FBRs are u t i l i z e d .  

This i s  shown i n  Fig. 3, which shows LWRs i ns ta l l ed  up t o  the year 
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2020, a f t e r  which t ime t h e i r  capac i t y  l e v e l  i s  ma in ta ined  cons tan t  

a t  500 Gw(e); s t a r t i n g  i n  2020, FBRs a r e  in t roduced i n t o  t he  economy 

a t  10 G ~ ( e ) / y r  u n t i l  2050, a f t e r  which the  t o t a l  nuc lear  c a p a c i t y  

remains a t  800 G w ( ~ ) .  Fuel r e c y c l e  f o r  LWRs i s  in t roduced i n  t he  

year  2000, w i t h  LWRs o p e r a t i n g  on t he  once-through c y c l e  p r i o r  t o  t h a t  

t ime, and w i t h  t he  Pu i n  t he  s to red  f u e l  a v a i l a b l e  f o r  FBRs a t  t he  t ime 

o f  FBR i n t r o d u c t i o n ;  f u e l  r ecyc le ,  o f  course, takes p l ace  i n  FBRs. 

The c h a r a c t e r i s t i c s  o f  the  FBR a r e  t h e  same as g iven  above, except  

t h e  FBR excess f i s s i l e  p roduc t i on  does n o t  f u e l  as many LWRs as 

HTGRs. I f  the  LWRs a r e  conver ted t o  t he  t ho r i um cyc le ,  the  economic 

o p e r a t i o n  nf those r e a c t o r s  would correspond t o  about t h r e e  LWRs 

t o  two FBRs; the  number o f  FBRs t o  LWRs would be g r e a t e r  than u n i t y  

f o r  t he  case o f  Pu use i n  LWRs. F ig .  3  assumes LWR convers ion t o  
. . 

t ho r i um cyc les  a f t e r  2040, w i t h  makeup 2 3 3 ~  be ing  ob ta ined  f rom 

FBRs. The t o t a l  mined U 0  r e q u i r e d  f o r  the  scenar io  i n  F ig .  3  
3  8  

i s  about 3.3 m i l l i o n  tons U 0  
3 8 '  

I f  o n l y  once-through f u e l  cyc les  were employed up t o  t he  year 

2020, wi.th f u e l  r e c y c l e  a f t e r  t h a t  date,  the  F ig .  2 scenar io  would 

. . r . e q u i r e  4.0 m i l l i o n  tons U 0  and t h e  F ig ,  3 scenar io  w o u l d . r e q u i r e  
3  8 

4.5 m i l l i o n  tons U 0  I f  improved once-through f u e l  cyc les  were 
3  8 '  

employed, such t h a t  HTGRs requ i red  4000 tons U 0  /GW(e) - l i fe t ime 
3  8  

and LWRs requ i  red 5000 tons U 0  / G W ( ~ ) - 1  i f e t  ime, t he  U 0  r e q u i r e -  
3  8  3  8  

ments would be 3.4 m i l l i o n  tons f o r  F i g .  2  and 3.8 m i l l i o n  tons 

f o r  F ig .  3. 

Thus, use o f  HTGRs under t he  above c o n d i t i o n s  would lead t o  

a  10-15% reduc t i on  i n  mined U 0  requirement;  f u r t h e r ,  t he  economic 
3 8  

impact o f  HTGR use cou ld  be s i g n i f i c a n t ,  s i n c e  the  U 0  saved 
3  8  

would be t he  h i ghes t  c o s t  resource. F i n a l l y ,  t he  r a t i o  o f  thermal 

t o  f a s t  r eac to r s  cou ld  be s i g n i f i c a n t l y  h i ghe r  i f  HTGRs were 

u t i l i z e d  r a t h e r  than LWRs i n  t he  long  term. 

5. CONCLUSIONS AND CONCLUDING REMARKS 

I t  appears t h a t  t he  most p r a c t i c a l  e a r l y  u t i l i z a t i o n  o f  t ho r i um 

i n  nuc lear  r eac to r s  i s  assoc ia ted  w i t h  HTGR use. I n  t he  long  term, 

thor ium use i n  the  b l anke t s  o f  f a s t  r e a c t o r s  p rov ides  a  source o f  



2 3 3 ~  which can advantageously be u t  i 1 i zed i n  thermal reac tors ,  

leading t o  a  r e l a t i v e l y  h igh  r a t i o  o f  thermal t o  f a s t  reac tors ,  which 

may be des i rab le  f o r  several reasons. The use o f  HTGRs i n  the 

scenarios considered permi ts  more energy t o  be ex t rac ted  from a  g iven 

o re  resource o r , . a l t e r n a t i v e l y ,  f o r  a  g iven power growth scenar io 

requi  res less mined o re  requi  rements; f u r t h e r ,  power costs a re  

reduced through HTGR in t roduc t i on ,  on the basis  o f  the cost  f a c t o r s  

employed here. - A t  the  same time, i n t r o d u c t i o n  o f  an advanced 

conver ter  does not  rep lace the  long-term need f o r  a  high-performance 
. . 

'breeder. I n t roduc t i on  o f  break-even thermal breeders (based on HTGRs 

nr on water reac tors )  was not considered because they do no t  p rov ide  

long-term f l e x i b i l i t y  w i t h  regard, t o  use o f  reac tor  combinations, 

a'nd appear uneconomic i n  operat ion.  Fur ther ,  so long as f i s s i l e  

p lutonium i s  a v a i l a b l e  f o r  f u t u r e  use, FBRs w i l l  be ab le  t o  be 

fueled;  the pr imary  concern, then, i s  t h a t  o f  t ime ly  FBR in t roduc t i on .  

I f  the f u e l  u t i l i z a t i o n  performance o f  LWRs were improved, 

then the  U 0  resource needed i n  the above LWR-FBR scenar io would 
. 3 8 

decrease. There a re  ways o f  increasing f u e l  u t i l i z a t i o n ,  and 

. . these should be i nves t i ga ted  s ince the U . 0  resollrc.e a v a i l a b l e  i s  
8 

no t  known accura te ly .  ~owe'ver, the most dramatic changes i n  f u e l  

, u t i l i z a t i o n  i n  LWRs would be associated w i t h  removal o f  neutron 

poisons from the system, and i n  recycle.  systems w i t h  removing the 

amount o f  water and increas ing  . the neutron energy spectrum. The 

p r a c t i c a l i t y  o f  such changes from the v iewpoint  o f  power costs and 

l i c e n s i n g  needs t o  be addressed. At  the same time, HTGR performance 

can be improved; use o f  gas- turb ine HTGRs along w i t h  bottoming 

cyc les  can improve thermal e f f i c i e n c i e s  and. associated f u e l  

u t i l i z a t i o n  performance by 15-20%. Also, use o f  pebble-bed-fueled 

HTGRs permi ts  more f l e x i b i l i t y  i n  performance because o f  t h e i r  on- 

l i n e  r e f u e l i n g  fea tu re  which reduces the neutron poisons present 

du r ing  operat ion.  Fur ther ,  pebble-bed reac tors  (PBRS) have 

f u e l s  amenable f o r  use i n  tandem f u e l  cyc les ,  i .e. ,  placement o f  

pebble-bed f u e l  i n , t h e  b lanket  o f  f a s t  reac tors  f o r  breeding i n  

2 3 3 ~  w i t h  subsequent use i n  PBRs (w i thout  f u e l  r e f a b r i c a t i o n ) .  

Overa l l ,  the f u e l  u t i l i z a t i o n  performance o f  the HTGR i s  .bas- ica l ly  

b e t t e r  than t h a t  o f  LWRs, and the unce r ta in t y  i n  g e t t i n g  improved 



f u e l  u t i l i z a t i o n  i s  n o t  so much i n  t h e  f u e l  c y c l e  as i t  i s  i n  t h e .  

c a p i t a l  cos t s  o f  t he  HTGR. 

I f  t he  nuc lear  power l e v e l  were t o  increase more r a p i d l y  w i t h  

t ime  than cons idered here, a d d i t i o n a l  mined U 0 resources would 
3  8 

be needed; a l t e r n a t i v e l y , . m o r e  r a p i d  commerc ia l i za t ion  o f  FBRs 

would be needed. S ince t he  resource. l i m i t a t i o n  i s  f i s s i l e  

uranium r a t h e r  than f e r t i l e  m a t e r i a l ,  l ower ing  t he  t a i l s  o f  f u e l  

enr ichment p l a n t s  f rom 0.2 t o  0.1 % 2 3 5 ~  would a l s o  be b e n e f i c i a l  

i n  ex tend ing  resources. Because o f  t he  l a r g e  u n c e r t a i n t y  i n  

t he  amount o f  U 0 a v a i l a b l e  a t  reasonable p r i c e s ,  a l l  t he  va r i ous  
3  8 

o p t i o n s  ava i  l a b l e  f o r  p r a c t i c a l  ex tens ion  o f  energy generat  i o n  
L .  

f rom U 0 should b e  pursued, i n c l u d i n g  commerc ia l i za t ion  o f  HTGRs 
3  8 

on t ho r i um f u e l  cyc les .  
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