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. Abst rac t  

A s tudy  w a s  conducted a t  Oak Ridge Nat iona l  Laboratory t o  eva lua te  
t h e  r o l e  of thorium f u e l  cyc les  i n  power r e a c t o r s .  Three thermal r e a c t o r  
systems were considered: Light  Water Reactors (LWRs); High-Temperature 
Gas-Cooled Reactors  (HTGRs); and Heavy  Water Reactors (HWRS) of t h e  
Canadian Deuterium Uranium Reactor (CANDU) type; most of t he  e f f o r t  w a s  
on these  systems. A summary comparing thorium and uranium f u e l  cyc le s  i n  
Fas t  Breeder Reactors (FBRs) w a s  a l s o  compiled. 

Relative t o  thermal r e a c t o r s ,  t h e  r e s u l t s  show t h a t  b e t t e r  U3O8 
u t i l i z a t i o n  i s  p o s s i b l e  us ing  thorium f u e l  cyc les  than can b e  achieved 
wi th  uranium cycles .  However, thorium cyc le  use  does not  change t h e  need 
f o r  FBRs so  long as s i g n i f i c a n t  i nc reases  i n  nuc lear  power genera t ion  are 
needed f o r  long t i m e s .  Commercialization of thorium cyc le s ,  inc luding  
r ecyc le ,  would g ive  added f l e x i b i l i t y  t o  the  U.S. nuclear  i ndus t ry  t o  d e a l  
wi th  any de lay  i n  FBR i n t r o d u c t i o n  o r  w i t h  commercialization of a low-gain 
FBR. Fur the r ,  thorium f u e l  cyc les  under c e r t a i n  circumstances can produce 
lower c o s t  power than uranium cycles ,  p a r t i c u l a r l y  a t  higher  U308 p r i c e s .  
Generally,  i t  appears  more d e s i r a b l e  economically t o  r ecyc le  plutonium 
wi th  thorium r a t h e r  than wi th  uranium i n  thermal r e a c t o r s .  However, l i m i -  
t a t i o n s  on t h e  amount of a v a i l a b l e  plutonium would s i g n i f i c a n t l y  l i m i t  
o v e r a l l  improvements i n  f u e l  u t i l i z a t i o n .  

The most d i r e c t  v e h i c l e  i n  which t o  t ake  advantage of t he  improved 
f u e l  u t i l i z a t i o n  c a p a b i l i t i e s  of t h e  thorium f u e l  cyc le  are LWRs s i n c e  
they w i l l  be genera t ing  most of t h e  nuc lea r  power during the  next  two 
decades. However, t he  thorium cycle  does n o t  appear t o  compete economically 
i n  p re sen t  LWRs even a t  uranium p r i c e s  over  $100/lb. Of the  thermal r e a c t o r s  
and under r e fe rence  condi t ions  of t h i s  s tudy,  thorium fue led  HTGRs and HWRs 
have the  b e s t  f u e l  u t i l i z a t i o n  performance, whi le  HTGRs o f f e r  t h e  b e s t  
oppor tuni ty  f o r  economic use  of t h e  thorium cycle .  
t h e  same 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  as HTGRs, but  a t  a h igher  power 
cos t .  

HWR(Th)s have about  

I n  FBRs, thorium o r  thorium/uranium cyc le s  provide a more negat ive  
void c o e f f i c i e n t  of r e a c t i v i t y  than does t h e  uranium cycle ;  f u r t h e r ,  
mixed cyc les  provide an a l t e r n a t i v e  f u e l  i n  t h e  event t h a t  a f u l l  r ecyc le  
plutonium economy is  l imi t ed .  The use of m e t a l  f u e l  provides  t h e  b e s t  
nuc lea r  performance from thorium cyc le s ,  and t h e  s u p e r i o r  phys i ca l  
p r o p e r t i e s  of thorium m e t a l  r e l a t i v e  t o  uranium might l ead  t o  an economic 
FBR wi th  high 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 .  The use of thorium i n  ' 

FBRs can provide d e s i r a b l e  f u e l  f o r  both thermal and f a s t  r eac to r s  whi le  
i nc reas ing  t h e  r a t i o  of thermal-to-fast  r e a c t o r s  t h a t  can be maintained 
i n  an FBR economy. 
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SUMMARY 

. 

. 

A study is made of t h e  r o l e  t h a t  thorium f u e l  cyc le s  can have i n  

power r e a c t o r s  based on present  estimates of economic f a c t o r s ,  U3O8 

resources ,  and nuc lear  power growth scena r ios .  I n  doing t h i s ,  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  and power c o s t s  are es t imated  f o r  va r ious  

r e fe rence  r e a c t o r  types,  t r e a t i n g  both t h e  uranium and t h e  thorium f u e l  

cyc le s  t o  o b t a i n  t h e  r e l a t i v e  m e r i t s  of t h e  d i f f e r e n t  systems. Three 

thermal r e a c t o r  types are considered: 

High-Temperature Gas-Cooled Reactors  (HTGRs), and Heavy-Water Reactors  

(HWRs). 
of t h e  thorium f u e l  cyc le  are eva lua ted  on t h e  b a s i s  of t h e  r e l a t i v e  

energy genera t ion  from a given U3O8 r e source  and on economic performance 

as a func t ion  of U3O8 and uranium enrichment c o s t s .  

b e n e f i t s  o r  p e n a l t i e s  were es t imated  us ing  a 7.5Xlyear d i scount  f a c t o r .  

A summary of t h e  performance of thorium, uranium, and mixed f u e l  cyc le s  

i n  F a s t  Breeder Reactors  (FBRs) is a l s o  prepared,  w i th  both  Liquid-Metal 

F a s t  Breeder Reactors  (LMFBRs) and Gas-Cooled F a s t  Reactors  (GCRFs) be ing  

t r e a t e d .  

Light-Water Reactors  (LWRs) , 

For t h e s e  systems, b e n e f i t s  t o  be  obtained by t h e  i n t r o d u c t i o n  

Overall economic 

This s tudy cons iders  t h a t  t h e r e  are no r e s t r i c t i o n s  on e i t h e r  f u e l  

use  o r  on f u e l  r e c y c l e  and a l s o  determines t h e  relative economic and 

f u e l - u t i l i z a t i o n  performance of the  thorium and uranium f u e l  cyc le s  

i n  t h e  var ious  thermal r e a c t o r  types.  The eva lua t ion  cr i ter ia  are 

based p r imar i ly  on economic performance, a l though U3O8 u t i l i z a t i o n  

is a l s o  given importance. I n  determining economic performance, U3O8 

p r i c e s  a r e  va r i ed  from $25/lb t o  $300/lb. On t h e  above bases ,  t h e  use  

of t h e  thorium f u e l  cyc le  r a t h e r  than t h e  uranium c y c l e  i n  thermal 

r e a c t o r s  r e s u l t s  i n  b e t t e r  U3O8 u t i l i z a t i o n  and, i n  some cases, improved 

economic performance. 

schedules,  t h e  use of LWRs and FBRs on t h e  uranium c y c l e  g ives  b e t t e r  

U3O8 u t i l i z a t i o n  i n  a growing economy than  does t h e  use  of t h e  thorium 

cyc le  i n  thermal r e a c t o r s .  However, i f  FBR i n t r o d u c t i o n  is delayed 

s i g n i f i c a n t l y ,  t h e  use of thorium f u e l  cyc le s  is advantageous from a 

f u e l - u t i l i z a t i o n  viewpoint. 

A t  t h e  same t i m e ,  i f  FBRs are introduced on planned 

v i i  



I n  the above contex t ,  the a p p l i c a t i o n  of the thorium f u e l  cyc le  r a t h e r  

than the  uranium cyc le  is  j u s t i f i e d  on the  fol lowing bases .  I n  thermal 

r e a c t o r s ,  t he  thorium f u e l  cyc le  permi ts :  (1) more energy t o  be ex t r ac t ed  

from U308, thus  providing a contingency p o s i t i o n  i f  commercial i n t roduc t ion  

of the LMFBR i s  delayed; (2) more economic power genera t ion  than t h a t  from 

LWRs (uranium cycle), p a r t i c u l a r l y  a t  h igher  U3O8 p r i c e s ;  (3) a decreased 

burden on FBRs r e l a t i v e  t o  e a r l y  expansion needs when FBRs are f i r s t  

i n t roduc ted  i n t o  t h e  power economy; and ( 4 )  a h igher  r a t i o  of thermal- 

t o - f a s t  r e a c t o r s  i n  an  e s t a b l i s h e d  FBR power economy. I n  f a s t  r e a c t o r s ,  

t h e  thorium o r  mixed thorium/uranium cycle  permits :  (1) a more nega t ive  

void c o e f f i c i e n t  i n  t h e  core  of t h e  r e a c t o r ,  (2) t h e  use of a "denatured" 

f u e l  (one i n  which' uranium conta in ing  less than 20% f i s s i l e  is t h e  i n i t i a l  

f i s s i l e  f u e l )  i n  s e l e c t e d  r e a c t o r s ,  and (3)  product ion of a f u e l  which 

has  d e s i r a b l e  f e a t u r e s  f o r  both f a s t  and thermal r e a c t o r s .  

The LWR provides  t h e  most d i r e c t  rou te  f o r  app l i ca t ion  of t h e  thorium 
I f u e l  cyc le ;  however, t h e  uranium cycle  i n  LWRs i s  more economic than the  

thorium cycle  f o r  t he  re ference  condi t ions .  Fur ther ,  the  es t imated  impact 

of t h e  LWR(Th) (with 1980 in t roduc t ion )  i n  improved f u e l  u t i l i z a t i o n  is 

less than t h a t  of e i t h e r  theLHTGR o r  HWR (with 1995-2000 i n t r o d u c t i o n ) ;  

a l s o ,  use of the thorium cycle  i n  LWRS a t  an  e a r l y  d a t e  impacts t h e  

product ion of Pu f o r  e a r l y  use  i n  FBRs,  whi le  similar use of HTGRs o r  

HWRs a t  a la ter  d a t e  does not .  

O f  t he  thermal r e a c t o r s  i nves t iga t ed ,  and f o r  t he  r e fe rence  eva lua t ion  

condi t ions ,  only t h e  HTGR is more economic wi th  t h e  thorium cycle  than wi th  

the  uranium cycle  a t  p re sen t  nuc lear  f u e l  cos t s .  I f  t h e  u n c e r t a i n t i e s  

regarding commercial i n t roduc t ion  of t h e  HTGR i n  the  U.S. can be resolved 

favorably,  then  t h e  HTGR appears  t o  o f f e r  t he  b e s t  combination of economics 

and f u e l  u t i l i z a t i o n  performance wi th  the  thorium f u e l  cycle .  While HTGRs 

probably cannot be commercialized i n  t i m e  t o  p u t  t hese  advantages t o  wide 

use  be fo re  about 1995-2000, t h e i r  impact on improving f u e l  u t i l i z a t i o n  can 

s t i l l  be s i g n i f i c a n t .  

t i o n ,  having about t h e  same 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  as t h e  HTGR 

b u t  h ighe r  power c o s t s ;  aga in ,  t h i s  r e a c t o r  type i s  less commercialized i n  

the  U.S. than the  LWR. I n  f a s t  r e a c t o r s ,  thorium o r  mixed f u e l  cyc les  i n  

The HWR is  t h e  next  b e s t  system f o r  thorium appl ica-  

v i i i  
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LMFBRs appears a t t r a c t i v e  f o r  ob ta in ing  improved void  c o e f f i c i e n t s  of 

r e a c t i v i t y ,  f o r  u se  i f  metall ic f u e l s  are p r a c t i c a l ,  and f o r  use i f  

denatured" f u e l  cyc le s  are mandatory. I 1  

The p r a c t i c a l  a p p l i c a t i o n  of t h e  thorium f u e l  cyc le  requi res  t h e  

development of f u e l  r ecyc le  c a p a b i l i t y .  I n  p a r t i c u l a r ,  t h e  l a c k  of 

thorium f u e l  r e c y c l e  c a p a b i l i t y  has severe economic impacts on LWR(Th)s 

and HWR(Th)s. 

work can b e  based wi th  regard  t o  f u e l  r ecyc le  development, cons iderable  

e f f o r t  is s t i l l  needed r e l a t i v e  t o  provid ing  a p r a c t i c a l  demonstration 

of r ecyc le  technology. Demonstration of r e c y c l e  f u e l  i r r a d i a t i o n  

performance i s  a l s o  needed. 

While much technology a l r e a d y  exists upon which f u t u r e  

With regard  t o  t h e  a p p l i c a t i o n  of plutonium f u e l i n g  i n  thermal 

r e a c t o r s  , P U / T ~  appears economically a t  tractive relative t o  ~ u / 2 3 8 ~ ;  

f u r t h e r  , Pu/Th appears economically p r e f e r a b l e  t o  235U/Th f u e l i n g  i f  

Pu c o s t s  are those  a s s o c i a t e d  wi th  recovery from LWR f u e l .  A t  t h e  same 

t i m e  , t h e  concen t r a t ion  of f i s s i l e  plutonium i n  f u e l  discharged from 

natural-uranium HWRs appears t o  b e  too low t o  b e  economically recovered; 

use  of an enr iched  uranium cyc le  i n  HWRs changes t h a t  s i t u a t i o n .  Overall, 

wh i l e  Pu/Th f u e l i n g  i n  thermal r e a c t o r s  appears  economically d e s i r a b l e ,  

such f u e l i n g  has  only  a s m a l l  i n f luence  on improving f u e l - u t i l i z a t i o n  

performance, because of l i m i t e d  Pu a v a i l a b i l i t y .  The primary j u s t i f i c a -  

t i o n  f o r  Pu/Th use  is  an economic one and dependent on Pu p r i c e .  

S p e c i f i c  u n i t  c o s t s  are es t imated  f o r  f u e l  f a b r i c a t i o n ,  reprocess ing ,  

r e f a b r i c a t i o n ,  and a s s o c i a t e d  ope ra t ions ;  t hese  are u t i l i z e d  wi th  

estimates of cap i ta l  c o s t s  and ope ra t ing  and maintenance costs t o  g ive  

power c o s t s .  For U3O8 p r i c e s  less than approximately $40/lb,  t h e  lowest 

power c o s t s  f o r  thermal r e a c t o r s  are gene ra l ly  c a l c u l a t e d  when no f u e l  

r e c y c l e  takes  p l a c e ,  cons ider ing  a l l  f u e l  cyc le s .  However, i nc reas ing  

t h e  U3O8 p r i c e  makes f u e l  r e c y c l e  t h e  most economic op t ion ,  and i ts  

a p p l i c a t i o n  i n c r e a s e s  t h e  energy e x t r a c t i o n  from a g iven  U 3 0 8  resource .  

For e s t ima ted  r e a c t o r  growth scena r ios ,  thorium cycle  use i n  LWRs 

(CR Q 0.7) provides  12 t o  16% more energy, whi le  HTGRs o r  HWRs (with a 

CR 2, 0.8) provides  about 20 t o  50% more energy, based on thorium r e a c t o r s  

being in t roduced  commercially on a large scale about 1995-2000. The 

i n c r e a s e  can b e  l a r g e r  i f  a conversion r a t i o  of 0.9 is employed, and 

much l a r g e r  i f  break-even breeders  are u t i l i z e d ;  however, i n  t h e  HWRs 
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and HTGRs examined, such h igh  conversion r a t i o s  gene ra l ly  l e a d  t o  

s u b s t a n t i a l l y  increased  f u e l  i nven to r i e s  as w e l l  as h igh  f u e l  r ecyc le  

c o s t s ,  so t h a t  t h e  a s s o c i a t e d  economic performance is u n a t t r a c t i v e .  

Overa l l ,  f o r  t h e  r e fe rence  cond i t ions ,  economic b e n e f i t s  relative t o  

LWR(U)s wi th  Pu r ecyc le  (and discounted a t  7.5%/yr) are g r e a t e s t  f o r  

HTGRs; based on HTGR c a p i t a l  c o s t s  being equal  t o  LWR c a p i t a l  c o s t s ,  

U3O8 p r i c e s  of $100/lb,  U3O8 resources  of 2.5-3.5 m i l l i o n  tons ,  and 

an  HTGR conversion r a t i o  of ~ 0 . 8 ,  b e n e f i t s  are $6.4-21.6 b i l l i o n .  

Corresponding b e n e f i t s  are $1-3.8 b i l l i o n  f o r  HWRs; a pena l ty  i s  

a s soc ia t ed  wi th  use  of LWR(Th)s. Also, t h e  discounted c a p i t a l  inves t -  

ment i n  sepa ra t ions  f a c i l i t i e s  appears  s i g n i f i c a n t l y  less  f o r  LWRs and 

HTGRs than f o r  HWRs. The above HTGR b e n e f i t s  do n o t  take i n t o  considera- 

t i o n  t h e  cos t  o f  developing commercial HTGRs. Est imat ing t h e  c o s t  of 

developing HTGRs a t  $2 b i l l i o n  (undiscounted),  an inc rease  i n  HTGR 

c a p i t a l  c o s t s  of $95-115/kW(e) cance ls  t h e  b e n e f i t s  s t a t e d  above. I f  

c o s t s  f o r  developing HWR(Th)s are $0.5 b i l l i o n  (undiscounted),  an  inc rease  

i n  HWR(Th) c a p i t a l  c o s t s  of $13-18 kW(e) cance ls  t h e  HWR(Th) b e n e f i t s  

s t a t e d  above. 

Conclusions 

1. Developing of t h e  thorium f u e l  cyc le  i s  j u s t i f i e d  on t h e  bases 

of b e t t e r  U3O8 u t i l i z a t i o n ,  improved p o t e n t i a l  f o r  long-term economics, 

and a d d i t i o n a l  f l e x i b i l i t y  wi th  regard t o  f u e l  r ecyc le  a l t e r n a t i v e s .  

Thus, i n t r o d u c t i o n  of t h e  thorium f u e l  cyc le  provides  a d d i t i o n a l  power 

gene ra t ion  c a p a b i l i t y  i n  case of delayed i n t r o d u c t i o n  of commercial 

FBRs, o r  i n  case t h e r e  is  i n t r o d u c t i o n  of a low-gain FBR on t h e  re ference  

schedule .  

2. Use of LWR(Th)s r a t h e r  than LWR(U)s w i l l  i nc rease  t h e  amount of 

energy generated from a given U3O8 resource by about 20% above the  re ference  

va lue ,  cons ider ing  s u b s t i t u t i o n  of t h o r i a  f o r  u ran ia  i n  p re sen t  type LWR 

des igns .  U s e  of LWR(Th)s beginning i n  1995-2000 inc reases  the  energy 

genera t ion  from s p e c i f i e d  U308 resources  by 12-16% relat ive t o  complete 

u s e  of LWR(U)s. 
\ 

However, LWR(Th) systems do no t  appear ‘economic compared 
\ 

commercial r e a c t o r  desi!gns even when t o  LWR(U) systems based on p resen t  

t h e  U3O8 p r i c e  is $100/lb o r  more. 
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3. I f  t h e  u n c e r t a i n t i e s  regard ing  commercial i n t roduc t ion  of t h e  

HTGR i n  t h e  U.S. can b e  reso lved  favorably ,  then the  HTGR appears t o  

o f f e r  t he  b e s t  combination of economics and f u e l  u t i l i z a t i o n  wi th  t h e  

thorium f u e l  cyc le .  Fu r the r ,  p o s s i b l e  f u t u r e  inc reases  i n  thermal 

e f f i c i e n c y  through a p p l i c a t i o n  of combined cyc le  HTGRs s i g n i f i c a n t l y  

inc reases  economic and f u e l  u t i l i z a t i o n  p o t e n t i a l .  

4. The HWR(Th) system appears b e t t e r  s u i t e d  than the LWR(Th) 

system f o r  a t t a i n i n g  h igh  conversion r a t i o s .  However, t h e  c a p i t a l  

component of the HWR power c o s t  appears  a t  least  as high as t h a t  of 

LWRs, exc lus ive  of t h e  HWR requirement f o r  heavy water, such t h a t  t o t a l  

power c o s t s  of HWRs appear h igher  than t h a t  of LWRs f o r  U3O8 p r i c e s  

less than %$50/lb.  

t o  HWR a p p l i c a t i o n  i n  t h e  U.S. A t  $100/lb U3O8, t h e  HWR(Th) system 

A decrease  i n  HWR c a p i t a l  c o s t s  appears  important 

is more economic than e i t h e r  t h e  LWR(Th) o r  LWR(U) systems. 

5. The use of HTGRs and HWRs wi th  conversion r a t i o s  i n  the  0.8 t o  0.9 

range inc reases  energy genera t ion  from a g iven  U3O8 resource by 20 t o  64%, 

consider ing t h e  i n t r o d u c t i o n  of t h e s e  r e a c t o r s  by 1995-2000. 

s cena r ios  u t i l i z e d  i n  e s t ima t ing  t h e  above considered nuc lear  power levels 

t o  rise t o  400 t o  600 GW(e) by t h e  year  2000.) 

(Power growth 

6 .  Operat ion of thermal r e a c t o r s  on Pu/Th f u e l i n g  appears t o  be 

economically a t t rac t ive  when Pu is  recovered from LWRs o r  enriched-uranium 

HWRs. However, t h e  use of Pu/Th f u e l i n g  does no t  have a l a r g e  impact on 

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  because of l i m i t e d  Pu a v a i l a b i l i t y .  

Fu r the r ,  t h e  use  of Pu i n  t h i s  manner does n o t  permit  Pu t o  be a v a i l a b l e  

f o r  s t a r t u p  of FBRs. The Pu needs of FBRs under re ference  in t roduc t ion  

and growth scena r ios  are such t h a t  r e se rv ing  Pu f o r  FBRs precludes 

la rge-sca le  use of Pu/Th f u e l  cyc les .  

7. The economic a p p l i c a t i o n  of t h e  thorium cyc le  i n  thermal r e a c t o r s  

gene ra l ly  r equ i r e s  t h e  es tab l i shment  of a f u e l  r ecyc le  indus t ry ,  p a r t i c u l a r l y  

f o r  LWRs and HWRs ( f u e l  r ecyc le  is  a l s o  r equ i r ed  f o r  u t i l i z i n g  product 

Pu and uranium from t h e  uranium cycle) .  

cyc le  can be  used most e f f e c t i v e l y  i n  HTGRs; however, r ecyc le  i n  HTGRs 

is d e s i r a b l e  t o  i n c r e a s e  f u e l - u t i l i z a t i o n  performance, and is a l s o  

economically d e s i r a b l e  when U308 c o s t s  rise above about $40/ lb  f o r  t h e  

re ference  condi t ions  of t h i s  s tudy.  

Without f u e l  r ecyc le ,  t h e  thorium 

xi 



8. Converter r e a c t o r  ope ra t ion  wi th  conversion r a t i o s  above about 

0.9 does not  appear economical; t h e  high f u e l  r e c y c l e  c o s t s  a s soc ia t ed  

wi th  low f u e l  burnups and t h e  h igh  f i s s i l e  inventory requirements out- 

weigh t h e  improvement i n  f u e l  u t i l i z a t i o n  achieved. 

The discounted economic b e n e f i t s  from thorium cycle  use  i n  the  9. 

var ious  reference-type r e a c t o r s ,  and r e l a t i v e  t o  LWR(U)s with Pu recyc le ,  

vary from $1-3.8 b i l l i o n  f o r  HWRs, and from $6.4-21.6 b i l l i o n  f o r  HTGRs, 

based on c a p i t a l  charge e q u a l i t y  f o r  LWRs, HTGRs and HwRS, economic conver- 

t i o n  r a t i o s ,  es t imated  power growth scena r ios ,  thorium r e a c t o r  i n t roduc t ion  

by 1995-2000, a U308 p r i c e  of $lOO/lb, and U3O8 resources  of 2.5-3.5 m i l l i o n  

tons.  The u s e  of thorium cycles  i n  r e fe rence  LWRs does not  appear economic 

r e l a t i v e  t o  use  of LWR(U)s. 

10.  The HTGR economic b e n e f i t s  given i n  (9) above are cance l led  i f  

t h e  u n i t  c a p i t a l  c o s t s  of HTGRs are increased  by $95-115/kW(e) above 

those  f o r  LWRs; s i m i l a r l y ,  t h e  HWR economic b e n e f i t s ' a r e  cance l led  i f  t he  

r e l a t i v e  HWR c a p i t a l  c o s t s  are increased  by $13-18/kW(e). 

11. Although t h e  nuc lea r  performance of t h e  thorium f u e l  cyc le  i n  

FBRs i s  gene ra l ly  not  as good as t h e  uranium cyc le ,  use  of mixed cyc les  

i n  FBRs may be  s a t i s f a c t o r y  and/or  d e s i r a b l e .  

might be p o s s i b l e  wi th  thorium whi le  not  wi th  uranium because of t h e  

s u p e r i o r  p r o p e r t i e s  of thorium-based metal relative t o  uranium a l l o y s .  

Use of metall ic thorium f u e l  improves t h e  performance of t he  thorium f u e l  

cyc le  relative t o  use of oxide f u e l ;  however, s a f e t y  cons idera t ions  may 

in f luence  t h e  use  of m e t a l l i c  f u e l .  

Also,  use  of metallic f u e l s  

12. From a safeguards viewpoint ,  developing a mixed uranium/thorium 

f u e l  cyc le  permits  a "denaturing" of r ecyc le  f i s s i l e  f u e l s  , s i n c e  233U 

can be  d i l u t e d  with 238U. This f l e x i b i l i t y  could be important i f  f u e l  

f eed  t o  c e r t a i n  FBR power s t a t i o n s  were l imi t ed  t o  %20% enriched uranium. 

\ 
Recommendat i ons  

Strong support  should be given t o  t h e  thorium-cycle HTGR as t h e  b e s t  

contingency r e a c t o r  i n  case t h e r e  i s  a s i g n i f i c a n t  de lay  i n  t h e  in t roduc t ion  

of LMFBRs. The emphasis should be placed on commercializing HTGRs and 

in t roduc ing  them on a t i m e  schedule  such t h a t  they can capture  a l a r g e  

s h a r e  of t h e  nuc lea r  power market by 1995-2000. 
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I n  a d d i t i o n  t o  t h e  above, continued s t u d i e s  and eva lua t ions  should be 

carried ou t  on t h e  LWR(Th) and HWR(Th) systems. Since LWRs are t h e  most 

d i r e c t  v e h i c l e  f o r  thorium u t i l i z a t i o n ,  LWR(Th) systems should be s tud ied  

more thoroughly t o  be  s u r e  the conclusions of t h i s  l i m i t e d  s tudy are v a l i d .  

Such s t u d i e s  should a l s o  eva lua te  LWR designs based on a more advanced 

technology; i n  the  l a te r  case, care must be taken t o  consider  the  in f luence  

of l i c e n s i n g  requirements on design.  Relative t o  heavy water r e a c t o r s ,  

HWR(Th)s should be considered f o r  commercial i n t roduc t ion  i n t o  t h e  U.S. 

as a backup t o  t h e  HTGR. Associated e f f o r t  should inc lude  an eva lua t ion  

of t h e  c o s t s  and schedules  f o r  commercial i n t roduc t ion  and l i c e n s i n g  of 

HWRs, of t h e  c a p i t a l  investments requi red  f o r  D 2 0  s epa ra t ion  p l a n t s ,  and 

a n  assessment of a l l  c o s t s  no t  expected t o  be borne by indus t ry .  

F i n a l l y ,  i t  should be noted t h a t  t h e  above cons iders  no l i m i t a t i o n s  

on f u e l  use o r  on f u e l  r ecyc le  o t h e r  than those  a s soc ia t ed  wi th  economic/ 

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

nuc lea r  i ndus t ry  because of sa feguards  cons ide ra t ions ,  t h e  use of thorium/ 

uranium mixed cyc le s  i n  FBRs may be necessary t o  have a breeder  economy, 

and could have impl i ca t ions  on thermal r e a c t o r  f u e l  cyc les .  

w a s  examined only p e r i p h e r a l l y  i n  t h i s  r e p o r t ;  based on t h e  r e s u l t s  ob ta ined ,  

i t  i s  recommended t h a t  thorium/uranium f u e l  cyc les  i n  FBRs be s t u d i e d  i n  

d e t a i l ,  a long  wi th  t h e i r  p o s s i b l e  i n t e r a c t i o n s  wi th  thermal r e a c t o r s .  

I f h i m i t a t i o n s  on f u e l  r ecyc le  are imposed upon t h e  

This s i t u a t i o n  

-a 
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1. INTRODUCTION 

This r epor t  provides  t h e  r e s u l t s  of a concentrated e f f o r t  over a 

two-month per iod  t o  assess t h e  r e l a t i v e  economic and f u e l - u t i l i z a t i o n  

performance of thorium and uranium f u e l  cyc les  i n  var ious  r e a c t o r  types.  

Under the l i m i t e d  t i m e  condtions of t h i s  s tudy ,  i t  was  no t  p o s s i b l e  t o  

go i n t o  the d e t a i l  t h a t  would be  d e s i r a b l e .  Fur ther ,  w e  w e r e  dependent 

p r imar i ly  on informat ion  which was quick ly  a v a i l a b l e  t o  us ,  such as t h a t  

from s p e c i f i c  o rgan iza t ions  performing work on t h e  concepts of i n t e r e s t  

and from open l i t e r a t u r e  pub l i ca t ions  and meeting p resen ta t ions .  

regard  t o  LWRs, r e l a t i v e l y  l i t t l e  d e t a i l e d  information regarding t h e  

performance of t h e  thorium f u e l  cyc le  w a s  i n i t i a l l y  a v a i l a b l e ;  r e a c t o r  

physics  information u t i l i z e d  w a s  l a r g e l y  obta ined  from t h e  open l i t e r a t u r e ,  

along wi th  r e s u l t s  of independent c a l c u l a t i o n s  a t  ORNL; information w a s  

a l s o  obta ined  from General E l e c t r i c  (ERDA-sponsored s tudy)  and from 

Combustion Engineering (EPRI-sponsored s tudy) .  I n  genera l ,  much of t h e  

open l i t e r a t u r e  information on thorium cycles  i n  LWRs appears i n c o n s i s t e n t  

and o p t i m i s t i c  wi th  regard t o  use  of t h e  thorium cycle .  The c a l c u l a t i o n s  

w e  performed were gene ra l ly  c o n s i s t e n t  w i th  t h e  Combustion Engineering 

r e s u l t s  and provided t h e  b a s i s  f o r  our  eva lua t ion  of the thorium f u e l  

cyc le  i n  LWRs. A t  the’same t i m e ,  t h e  d e t a i l e d  ana lyses  performed by GE 

i n d i c a t e  t h a t  t h e  economic use of Pu wi th  thorium i n  LWRs i s  much more 

complicated than presented  by t h e  r e l a t i v e l y  s imple c a l c u l a t i o n s  u t i l i z e d  

i n  t h i s  b r i e f  s tudy;  such a spec t s  were no t  considered i n  t h i s  r epor t .  

With 

The HWR(Th) and CANDU r e s u l t s  are l a r g e l y  based on s t u d i e s  performed 

by Canada, as r epor t ed  by Argonne Nat ional  Laboratory.  Because of t h e i r  

i n t e r e s t ,  Canada has s tud ied  a wide number of uranium and thorium f u e l  

cyc le  cases; as a r e s u l t ,  t h i s  p a r t i c u l a r  r e a c t o r  type  w a s  s tud ied  i n  

cons iderable  d e t a i l  r e l a t i v e  t o  t h e  comparative performance of thorium 

and uranium f u e l  cyc les .  

For t h e  HTGR, r e s u l t s  ob ta ined  by General Atomic were u t i l i z e d .  ORNL 

has  been involved i n  HTGR development f o r  many years  and i s  q u i t e  f a m i l i a r  

wi th  t h i s  concept and i t s  performance; only those  cases and parameter ’ 

values  which were f e l t  t o  b e  s i g n i f i c a n t  i n  eva lua t ing  t h e  concept were 
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presented.  

cycles  f o r  t h i s  r e a c t o r  type ,  s i n c e  wi th  f u e l  r ecyc le  ( the  case of i n t e r e s t  

i n  t h i s  s tudy) ,  the thorium cyc le  is  p re fe r r ed  from both economic and f u e l  

u t i l i z a t i o n  viewpoints.  

N o  comparison i s  given between t h e  thorium and uranium f u e l  

Relative t o  FBRs, genera l  information is  based p r imar i ly  upon open 

l i t e r a t u r e  pub l i ca t ions ;  i n  a d d i t i o n ,  some d e t a i l e d ,  s p e c i f i c  c a l c u l a t i o n s  

r e l a t i n g  t o  t h e  r e l a t i v e  performance of thorium and uranium f u e l  cyc le s  

i n  FBRs (LMFBRs and GCFRs) were c a r r i e d  o u t ,  wi th  emphasis on the  use of 

f i s s i l e  uranium of less than 20% enrichment. 

One of the important i t e m s  in f luenc ing  t h e  ca l cu la t ed  performance 

of a given r e a c t o r  type  is t h e  r e a c t o r  physics  a n a l y s i s  of t h e  core .  

It should be noted t h a t  no t  a l l  of the  r e a c t o r  physics  information used 

he re  appears t o  be of t h e  same q u a l i t y .  S p e c i f i c a l l y ,  w e  have confidence 

t h a t  t h e  r e s u l t s  presented  f o r  t h e  phys ics  performance of t h e  HTGR are 

of h igh  q u a l i t y  and are f a i r  r ep resen ta t ions  of what can be expected 

experimental ly .  We have less confidence i n  the  r e a c t o r  phys ics  d a t a  

given f o r  t h e  high-conversion-ratio tIWR(Th) systems and be l i eve  t h a t  

t h e  f i s s i l e  f u e l  i n v e n t o r i e s  tend t o  be  low a t  t h e  high conversion 

r a t i o s .  With regard t o  t h e  LWR(Th)s, our  confidence i n  t h e  r e s u l t s  

w a s  no t  g r e a t  during t h e  f i r s t  p a r t  of t h i s  s tudy ,  wi th  t h e  s t a t e d  

performance considered t o  be  o p t i m i s t i c .  Since t h a t  t i m e  w e  have 

modified our  r e s u l t s ,  and more r e c e n t l y  w e  have obta ined  d e t a i l e d  

information from Combustion Engineering on t h e i r  comprehensive s tudy 

of thorium use i n  p re s su r i zed  water r e a c t o r s ;  t h a t  information l a r g e l y  

confirms t h e  r e s u l t s  g iven  i n  the  p re sen t  r epor t .  

The r e a c t o r  p l a n t  c a p i t a l  c o s t s  , opera t ing  and maintenance c o s t s  , 
and a s soc ia t ed  economic bases used i n  t h i s  s tudy are based on what w e  

b e l i e v e  t o  be  c o n s i s t e n t  relative va lues  f o r  developed i n d u s t r i e s ,  

based on eva lua t ions  by o t h e r s .  The estimates of f u e l  f a b r i c a t i o n ,  

r e f a b r i c a t i o n ,  and reprocess ing  c o s t s  were based on c o n s i s t e n t  

eva lua t ions  which w e  performed during t h i s  s tudy ,  cons ider ing  s p e c i f i c  

f lowsheets ,  p rocesses ,  and equipment. The r e s u l t i n g  economic f a c t o r s  

are termed t h e  "reference" va lues  employed i n  t h i s  s tudy ,  and on which 
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t h e  r e s u l t s  are based. A t  t h e  same t i m e ,  based on p a s t  experience,  

such r e fe rence  c o s t  estimates could have s i g n i f i c a n t  u n c e r t a i n t i e s .  

The in f luence  of u n c e r t a i n t i e s  i n  re la t ive c o s t s  on t h e  r e s u l t s  w e r e  

no t  t r e a t e d  i n  d e t a i l ,  bu t  a few s p e c i f i c  cases w e r e  t r e a t e d .  

This r e p o r t  i n i t i a l l y  contained an eva lua t ion  of t h e  Light  Water 

Breeder Reactor (LWBR) and i t s  prebreeders ;  however, t he  LWBR design 

a v a i l a b l e  t o  us d id  not  r ep resen t  t h e  most r ecen t  design concept. 

As a r e s u l t ,  EEDA-DNRA requested that t h e  LWBR n o t  be included a t  

this time; they p l an  t o  eva lua te  t h e  updated LWBR design a t  a f u t u r e  

t i m e .  Also, the r e p o r t  does not  consider  molten-salt  r eac to r s .  Fur ther ,  

re la t ive t o  the r e a c t o r s  t r e a t e d ,  only "reference-type" designs were 

considered i n  ob ta in ing  t h e  r e s u l t s  s i n c e  these  designs have passed 

through t h e  l i c e n s i n g  process .  While designs o t h e r  than re ference  can 

be considered,  a much more d e t a i l e d  s tudy would be requi red ,  s i n c e  

s a f e t y  cons idera t ions  would a l s o  have t o  be  t r e a t e d  i n  d e t a i l .  

c a l l y ,  LWRs could be  redesigned t o  g ive  improved nuc lear  performance a t  

t h e  expense of s a f e t y  margin o r  by depending upon advances i n  hea t  t r a n s f e r  

and f l u i d  flow technology. Such designs were no t  considered,  and no 

s p e c i f i c  conclusions are reached concerning t h e i r  economic and fue l -  

u t i l i z a t i o n  performance. 

Spec i f i -  

An i n i t i a l  d r a f t  ve r s ion  of t h i s  r e p o r t  w a s  widely d i s t r i b u t e d  during 

J u l y  and August of 1976 t o  o b t a i n  review comments concerning t h i s  s tudy.  

The responses obta ined  have been most h e l p f u l  and w e r e  c a r e f u l l y  considered 

dur ing  the  p repa ra t ion  of t h e  present  r epor t .  

small t echn ica l  changes were made; a d d i t i o n a l  d i scuss ions  have been provided 

t o  make t h e  i n t e n t  of c e r t a i n  s e c t i o n s  more clear,  and t h e r e  have been 

changes i n  t h e  o v e r a l l  p re sen ta t ion  t o  make t h e  r e p o r t  more readable .  

A s  a r e s u l t ,  a number of 

We b e l i e v e  t h i s  s tudy t o  be  a s i g n i f i c a n t  i n i t i a l  e f f o r t  wi th  

meaningful o v e r a l l  r e s u l t s  on which f u t u r e  work can be based; a t  t h e  

same t i m e ,  t h e r e  are cons iderable  u n c e r t a i n t i e s  i n  important economic 

and parameter estimates and i n  c e r t a i n  "ground ru les . "  

t h i s  s tudy gene ra l ly  assumed t h a t  t h e r e  are no r e s t r i c t i o n s  on f u e l  use 

For example, 
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o r  on f u e l  recycle o t h e r  than those  d i c t a t e d  by t e c h n i c a l  and economic 

cons ide ra t ions .  Changing that ground r u l e  would d r a s t i c a l l y  a l t e r  the 

i n t e r a c t i o n  of f u e l  cyc les .  

i n  new information as i t  develops r e l a t i v e  t o  the eva lua t ion  of t he  

r o l e  of thorium f u e l  cyc le s  i n  power r eac to r s .  

Thus, t h e r e  is  a cont inuing need t o  f a c t o r  
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2. PRESENTATION O F  REPORT 

-0 

Because of t h e  d i v e r s e  n a t u r e  of t h i s  s tudy  and t h e  l i m i t e d  t i m e  

per iod  during which most of t h e  information w a s  developed, compiled, and 

w r i t t e n ,  va r ious  t o p i c s  w e r e  t r e a t e d  s e p a r a t e l y ,  and these  are presented  

i n  t h e  appendices.  The r e p o r t  proper  makes u s e  of t h e  gene ra l  r e s u l t s  

obtained i n  t h e  s e p a r a t e  s t u d i e s ,  a l though a d d i t i o n a l  eva lua t ions  were 

a l s o  performed. I n  genera l ,  t h e  material i n  t h e  appendices g ives  more 

d e t a i l e d  information concerning t h e  s p e c i f i c  s u b j e c t  matter. A t  t h e  

same t i m e ,  because t h e  eva lua t ion  approaches u t i l i z e d  i n  t h e  va r ious  

appendices are no t  always t h e  same, d i f f e r e n c e s  i n  d e t a i l  e x i s t  between 

t h e  r epor t  proper  and c e r t a i n  appendices.  

provide the  f i n a l  eva lua t ions .  

Sec t ions  3 and 4 below 

The a t tached  appendices provide  an  informat ion  resource  concerning 

va r ious  a spec t s  of t h i s  s tudy;  a b r i e f  d e s c r i p t i o n  of t h e i r  conten t  i s  

given below. 

Appendix A summarizes t h e  r e a c t o r  phys ics  a s p e c t s  of thorium f u e l s  

The purpose of t h i s  appendix i n  bo th  thermal and f a s t  neutron s p e c t r a .  

is t o  provide pe r spec t ive  relative t o  t h e  r e a c t o r  phys ics  f e a t u r e s  

assoc ia ted  w i t h  t h e  use  of va r ious  f u e l s  i n  power r e a c t o r s ,  s i n c e  t h e s e  

f e a t u r e s  in f luence  t h e  d e s i r a b i l i t y  and p r a c t i c a l i t y  of thorium f u e l  

cyc les .  

Appendices B,  C ,  and D d e s c r i b e  d e t a i l e d  s t u d i e s  performed on 

thorium f u e l  cyc le s  i n  LWRs, HTGRs, and HwRs. The r e s u l t s  i n  Appendix B 

are l a r g e l y  based on open l i t e r a t u r e  pub l i ca t ions  i n  conjuc t ion  wi th  

a d d i t i o n a l  in format ion  obta ined  from va r ious  sources ;  bo th  uranium and 

thorium f u e l  cyc le s  w e r e  t r e a t e d .  It w a s  d i f f i c u l t  t o  g e t  a c o n s i s t e n t  

eva lua t ion  of t h e  thorium f u e l  cyc le  based on t h e  open l i t e r a t u r e  publ i -  

ca t ions ;  Appendix B compares t h e  va r ious  r e s u l t s  and p l aces  them i n  

pe r spec t ive .  Appendix C summarizes thorium f u e l  cyc le s  i n  IITGRs and 

the  v a r i a t i o n  i n  performance a s s o c i a t e d  wi th  va r ious  c o r e  design f e a t u r e s .  

Resul t s  were l a r g e l y  obta ined  from General Atomic. Appendix C a l s o  treats 

the opera t ion  of HTGRs as near-breeders ,  cons ider ing  p r i sma t i c  and pebble- 

bed type  f u e l  elements.  Appendix D summarizes t h e  performance of thorium 
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f u e l  cyc les  i n  HWRs of the CANDU r e a c t o r  type,  based l a r g e l y  on Canadian 

designs.  

conversion r a t i o  f o r  the plutonium/thorium fue led  concept i s  about 0 .9 ,  

whi le  the optimum conversion r a t i o  f o r  the 235U/Th fue led  concept is 

about 0.8. 

T h e  information $.n Appendix D determined t h a t  the optimum 

Appendices E and F concern f a s t  breeder  r e a c t o r s ;  Appendix E 

summarizes open l i terature  information on t h e  thorium and uranium f u e l  

cyc le s  i n  FBRs.  

performed r e l a t i v e  t o  t h e  use  of 2 3 3 U / 2 3 8 U  i n  FBRs t o  examine t h e  f e a s i -  

b i l i t y  of us ing  uranium conta in ing  less than 20% f i s s i l e  material i n  

LMFBRs o r  GCFRs. 

Appendix F provides  r e s u l t s  on s p e c i f i c  c a l c u l a t i o n s  

Appendix G i l l u s t r a t e s  o r e  and separative-work requirements i n  an 

i n t e g r a t e d  nuc lear  economy based on est imated r e a c t o r  parameters and 

s p e c i f i e d  nuc lea r  power growths. 

E s t i m a t e s  of t h e  c o s t  of f u e l  r ecyc le  are given i n  Appendices H and I. 

These estimates are based on s p e c i f i c  f lowshee ts ,  on equipment require-  

ments, and on ope ra t ing  requirements ,  wi th  s p e c i a l  emphasis on consis tency.  

The u n i t  c o s t s  f o r  reprocess ing  var ious  r e a c t o r  f u e l s  are given i n  Appendix 

H ,  a long  wi th  u n i t  c o s t s  f o r  f u e l  shipping and waste s to rage .  S imi l a r ly ,  

Appendix I provides  u n i t  c o s t  estimates f o r  f u e l  f a b r i c a t i o n  and r e fab r i -  

ca t ion .  Appendix M g ives  a q u a l i t a t i v e  overview of t h e  f u e l  r ecyc le  

process  technology requi red  f o r  t h e  var ious  r e a c t o r  systems, and a l s o  

estimates t h e  s e q u e n t i a l  f u e l  r ecyc le  development c o s t s  for t h e  var ious  

r e a c t o r  types .  

Appendix J g ives  a b r i e f  d i scuss ion  of some of t h e  i n s t i t u t i o n a l  

cons idera t ions  a s s o c i a t e d  wi th  t h e  in t roduc t ion  of t he  thorium f u e l  

cyc le  i n t o  t h e  nuc lea r  economy; Appendix K summarizes some of t h e  s t u d i e s  

and programs requi red  t o  "Americanize" t h e  CANDU systems. 

appendix cons iders  only R&D requirements and does not  inc lude  demonstra- 

t i o n  programs o r  t hose  programs t h a t  might be requi red  as a r e s u l t  of 

l i c e n s i n g  s t u d i e s  . 

This  la t ter  

Appendix N summarizes t h e  power c o s t s  and o r e - u t i l i z a t i o n  performance 

of t h e  var ious  thermal r e a c t o r s ,  based on information given i n  Appendices 

B,  C y  and D, and u t i l i z i n g  t h e  c a l c u l a t i o n a l  methods summarized i n  Appendix 

L.  

g iven i n  Sect ions 3 and 4 below. 

Not a l l  t h e  economic parameters used i n  this  appendix are t h e  same as 
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Appendices 0, P, and Q g ive  u s e f u l  a d d i t i o n a l  in format ion  i n  areas 

r e l a t e d  t o  t h i s  s tudy .  Appendix 0 summarizes the i r r a d i a t i o n  performance 

of thorium-containing f u e l s  f o r  t h e  va r ious  r e a c t o r  types .  Appendix P 

cons iders  f i s s i l e  a v a i l a b i l i t y  i n  a n  FBR economy based on a s p e c i f i c  

power growth ra te  i n  which LMRs are u t i l i z e d  i n i t i a l l y .  

HTGR use  is  a l s o  considered. Appendix Q g ives  an a n a l y s i s  of the HTGR 

wh i l e  ope ra t ing  as a near- o r  break-even breeder.  

The in f luence  of 

The r e l a t i v e  performance of t h e  thorium and uranium cyc le s  i n  thermal 

and f a s t  r e a c t o r s  are eva lua ted  i n  Sec t ions  3 and 4 below. For t h e  

thermal r e a c t o r s ,  t h e  , r e l a t i v e  f u e l - u t i l i z a t i o n  and economic performance 

of t h e  two f u e l  cyc le s  are considered for'LWRs, HWRs, and HTGRs, cons ider ing  

s e v e r a l  power growth scena r ios  and U3O8 resources .  I n  eva lua t ing  thermal 

r e a c t o r s ,  i t  i s  i m p l i c i t  t h a t  on ly  t h e  thermal r e a c t o r  component of a 

nuc lea r  power i n d u s t r y  b e  considered. So long as f i s s i l e  material 

(assumed t o  b e  Pu) i s  s t o r e d  f o r  later use  i n  FBRs, i t  w i l l  always be 

p o s s i b l e  t o  i n i t i a t e  an FBR i n d u s t r y  which can grow wi th  t i m e .  For 

t h e  f a s t  r e a c t o r s ,  nuc lea r  performance is  summarized relative t o  t h e  

use  of thorium o r  uranium f u e l  cyc les ;  i n  a d d i t i o n ,  some cons ide ra t ion  

is  given t o  t h e  use  of denatured f u e l  cyc le s .  Sec t ion  5 gives  t h e  

conclusions and recommendations based on Sec t ions  3 and 4 .  
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3 .  PERFORMANCE OF THORIUM AND URANIUM FUEL CYCLES 
I N  THERMAL REACTORS 

I n  eva lua t ing  t h e  r o l e  of thorium f u e l  cyc le s ,  important c r i t e r i a  

are f u e l - u t i l i z a t i o n  and economic performance ( including a s soc ia t ed  

economic b e n e f i t s  o r  p e n a l t i e s ) .  I n  this  s e c t i o n ,  the va r ious  thermal 

r e a c t o r s  considered are assessed  wi th  regard t o  their relative energy 

e x t r a c t i o n  from a g iven  o r e  resource  under var ious  nuc lear  power growth 

scena r ios ,  a long  wi th  a s soc ia t ed  power c o s t s ,  and economic b e n e f i t s  o r  

p e n a l t i e s  r e l a t i v e  t o  a re ference  power cos t .  These eva lua t ions  a l s o  

treat t h e  in f luence  of uranium-ore and separative-work p r i c e s  on 

power c o s t s  as a func t ion  of r e a c t o r  type  and f u e l  cyc le  opera t ion .  

Thermal r e a c t o r s  of t h e  LWR, HWR, and HTGR type  and of r e fe rence  design 

are considered here .  

Two b a s i c  nuc lea r  power growth scena r ios  are considered;  i n  one, 

power capac i ty  growth is  maintained a t  15 GW(e)/year up t o  a level of 

450 GW. After  t h e  power l e v e l  reaches 450 GW, i t  i s  maintained a t  t h a t  

l e v e l  u n t i l  i t  i s  necessary t o  reduce the  capac i ty  because of l i m i t a t i o n s  

i n  U3O8 resources .  I n  t h e  second scena r io ,  nuc lea r  power growth occurs  

a t  30 GW/year u n t i l  t h e  capac i ty  reaches a level of 900 GW(e). 

power capac i ty  is maintained a t  900 GW(e) u n t i l  i t  i s  necessary t o  

reduce t h e  l e v e l  because of l i m i t a t i o n s  i n  U3O8 resources .  

The 

The power growth scena r ios  are ind ica t ed  i n  Figures  1, 2 ,  3 ,  and 4 .  

I n  a l l  cases, reference-type LWRs, termed LWRl ' s ,  are u t i l i z e d  i n i t i a l l y ;  

a f t e r  a given t i m e ,  new r e a c t o r s  are b u i l t .  The new r e a c t o r s  are e i t h e r  

LWRz's ( s a m e  as LWRl bu t  i d e n t i f i e d  d i f f e r e n t l y  t o  c l a r i f y  r e s u l t s ) ,  

LWR(Th)s (LWRs ope ra t ing  on t h e  thorium cyc le )  , HWRs, o r  HTGRs. For 

Scenario I given i n  Fig. 1, LWR1's are i n s t a l l e d  a t  a ra te  of 1 5  GW(e)/ 

year  from 1970 u n t i l  t h e  year  2000; a f t e r  t h a t  t i m e ,  they are withdrawn 

from use  as t h e i r  30-year l i f e t i m e  is  a t t a i n e d .  

from use  are replaced wi th  a second type r e a c t o r  as ind ica t ed  above. 

A s  shown i n  Fig.  1, t h e  power capac i ty  i s  maintained a t  450 GW(e) 

f o r  a pe r iod  of t i m e ,  t e y  de f ined  as t h e  t i m e  of ex tens ion  a s soc ia t ed  

with maintaining t h e  power capac i ty  a t  450 GW(e). Af t e r  t i m e  te, no new 

r e a c t o r s  are b u i l t ,  and those  i n  use  are opera ted  u n t i l  t h e  end of t h e i r  

30-year l i f e t i m e .  

The LWRl's withdrawn 



9 

--..-a- 

\ 

m 

\ 
\ 
\ 

ORNL-DWG 76-19369 

EXTENSION 

L 

\ 
\ 
\ 
1 

\ 
\ 
\ 

-e 

500 

400 
'. 
3 
3 
(3 
I 

300 
0 

5! 
3 
5 200 
w 
1 u 
3 z 

4 00 

0 
4 970 2000 2030 2060 2090 

YEAR 
Fig. 1. Thermal r e a c t o r  power growth s c e n a r i o  I ( I n i t i a l  growth 

of 15 GW(e)/year; LWR2, LWR(Th) , HWR, o r  HTGR in t roduced  i n  2000). 

-a 



10 

500 

400 

> 300 
k 

8 a 
u 200 a 

0 

0 

w 

4 00 

ORNL-DWG 7649370 

0 
1970 2000 2030 

YEAR 
2060 

Fig. 2. Power growth scena r io  IA ( I n i t i a l  growth of 15 GW(e)/year; 
LWR2, LWR(Th), HWR, o r  HTGR introduced i n  1995). 



11 

4 000 . 

900 

800 

-m 

600 

500 

400 

300 

200 

4 00 

0 

ORNL-DWG 7649374 

Fte7 I 
9 '  I#--- 1 te= TIME OF 

I EXTENSION 
I 

I 
1 h 

I I  I I \  

4 980 2000 2030 
YEAR 

2060 

Fig. 3. Reactor power growth scena r io  I1 ( I n i t i a l  power growth of 
30 GW(e) /year ;  LWR2, LWR(Th) , HWR, o r  HTGR introduced i n  2000). 



12 

OR N L- DWG 76-1 9372 

4Ooo 

900 

800 

22 700 3 

600 

a 
f$ 500 

400 a 

300 

200 

1 0 0  

r,l 

(3 
U 

- 
0 

0 

W 

3 z 

I 

*I I I 
"'7 t e =  TIME' OF 

\ EXTENSION 
r--* 

I 
L 

I 

r 
/ LWR2 or \ 

I \ 

1 

\ 

\ 
\ 
\ 

LW R j  \ 

\, 
\ 
1 I \ 

0 
1980 2000 2020 2040 2060 2080 

YEAR 
Fig. 4 .  Power growth scenario IIA (Initial power growth of 

30 GW(e)/year; LWR2, LWR(Th), HWR, or HTGR introduced in 1995). 



13 

A v a r i a t i o n  i n  t h e  above power growth scena r io ,  termed Scenario 

I A ,  i s  a l s o  considered and shown i n  Fig.  2. I n  Scenario IA, LWR1's 
are i n s t a l l e d  from 1970 t o  1995 a t  15 GWCe)/year; no new LWRl r e a c t o r s  

are b u i l t  a f t e r  1995, and those  i n  ope ra t ion  cont inue u n t i l  t h e  end of 

t h e i r  30-year l i f e .  S t a r t i n g  i n  1995, a second r e a c t o r  type is  b u i l t  

( e i t h e r  LWR2, LWR(Th), HWR, o r  HTGR) such t h a t  t h e  power capac i ty  

inc reases  t o  450 GW i n  t h e  year  2000; t h e  power capac i ty  is then  

maintained a t  t h a t  level u n t i l  i t  is necessary t o  shu t  t h e  r e a c t o r s  

down because of l i m i t a t i o n s  i n  U3O8 resources .  Again, t h e  t i m e  dur ing  

which new r e a c t o r s  are in t roduced ,  inc luding  the  t i m e  t h e  power capac i ty  

remains a t  450 GW(e), i s  c a l l e d  te ( t i m e  of ex tens ion ) ;  te i s  ind ica t ed  

i n  Fig. 2 .  

The second type  of power growth scena r io ,  termed Scenario 11, is  

shown i n  Fig.  3. I n  t h i s  s p e c i f i c  case ,  t h e  power capac i ty  inc reases  

from zero i n  1980, a t  a rate of 30 GW(e)/year, u n t i l  a l e v e l  of 600 

GW(e) i s  reached i n  t h e  year  2000. The newly cons t ruc ted  LWRl r e a c t o r s  

are opera ted  f o r  30 y e a r s ,  r e s u l t i n g  i n  the power capac i ty  curve shown 

f o r  LWR1. S t a r t i n g  i n  t h e  year  2000, a second r e a c t o r  i s  i n s t a l l e d  a t  

a ra te  of 30 GW(e)/year, such t h a t  t h e  t o t a l  power level rises t o  900 

GW(e) by t h e  year  2010. Af te r  t h a t  t i m e ,  t h e  power l e v e l  i s  maintained 

a t  900 GW(e) u n t i l  t h e  U3O8 commitment a s soc ia t ed  wi th  a 30-year r e a c t o r  

l i f e  equals  t h e  U3O8 resource .  The t i m e  during which new r e a c t o r s  are 

i n s t a l l e d ,  a long with t h e  t i m e  a t  which t h e  power capac i ty  i s  maintained 

a t  900 GW(e), is aga in  termed te, t h e  t i m e  of ex tens ion ,  and i s  i n d i c a t e d  

i n  Fig. 3 .  

A v a r i a t i o n  i n  t h e  above power growth scena r io ,  termed Scenario IIA, 

is given i n  Fig.  4 .  I n  Scenario I I A ,  t h e  t i m e  of growth of L W R ~ I S  t akes  

p lace  from 1980 t o  1995, a f t e r  which t i m e  new r e a c t o r s  are i n s t a l l e d .  

A s  shown, t h e  maximum power capac i ty  rises t o  900 GW(e). 

des igna tes  t h e  t i m e  during which new r e a c t o r s  are b u i l t  and inc ludes  

t h e  t i m e  during which t h e  power capac i ty  remains a t  900 GW(e). 

Again, te 

The above power growth scena r ios ,  a long wi th  t h e  U3O8 requirements 

of t he  var ious  r e a c t o r s ,  permits  t h e  c a l c u l a t i o n  of the  energy t h a t  can 

be  generated from a given U308 resource .  I n  c a l c u l a t i n g  t h e  mined U3O8 

needs,  t h e  r e a c t o r  l i f e t i m e  requirements given i n  Table 1 are employed. 
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Table 1. Re la t ive  U3O8 Needsa 

[One lOOO-MU(e) Reactor;  2 1  Full-Power Years, 
0.2% T a i l s ]  

Reactor 
u3°8a 

Fuel  Recycle (Tons) 

LWR 

LWR 

LWR 

LWR(Th) 

CANDU 

CANDU 

HTGR (CR = 0.66) 

HTGR (CR = 0.66) 

HWR o r  HTGR (CR = 0.82) 

HWR o r  HTGR (CR = 0.85) 

HWR o r  HTGR (CR = 0.90) 

HWR o r  HTGR (CR = 1 .0 )  

No 

U only 

U/Pu 

Yes 

No 

Yes 

No 

Yes 

Yes 

Y e s  

Y e s  

Yes 

6010 

4780 

3890 

3242 

4650 

2710 

4310 

2680 

203 2 

1925 

1774 

1710 
~~ 

au308 requirements inc lude  i n i t i a l  core  inventory ;  however, f o r  IIWR o r  
HTGR wi th  CR = 1, t h e  e n t i r e  f u e l  cyc le  inventory  i s  included.  

The va lues  i n  Table 1 are es t imated  U3O8 needs a s soc ia t ed  wi th  one 

1000-MW(e) r e a c t o r  ope ra t ing  f o r  2 1  full-power yea r s ;  a l s o ,  t h e  concen- 

t r a t i o n  of 235U i n  t h e  "tails" from t h e  enrichment process  i s  taken t o  

be 0.2% 235U. 

Although a t  f i r s t  i t  w i l l  t ake  more than t h e  i n i t i a l  core  inventory 

because of t h e  inventory a s soc ia t ed  wi th  f u e l  f a b r i c a t i o n  and reprocess ing ,  

a l l  t h e  inventory becomes a v a i l a b l e  la ter  as t h e  p l a n t s  are s h u t  down. 

However, t h e  a v a i l a b i l i t y  of t h a t  inventory may no t  always correspond 

t o  U3O8 needs; f o r  r e a c t o r s  wi th  a f u e l  conversion r a t i o  (CR) less than 

un i ty ,  t h e  core  inventory  i s  included t o  compensate f o r  t he  p o s s i b i l i t y  

t h a t  fuel-cycle-inventory a v a i l a b i l i t y  may no t  be proper ly  phased with 

t h e  U308 needs of t h e  remaining p l a n t s  as nuc lea r  capac i ty  is  decreasing.  

The u308 requirements inc lude  t h e  i n i t i a l  core  inventory.  

0- 
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However, i n  t h e  case of a break-even breeder ,  energy can be genera ted  

i n d e f i n i t e l y .  A s  a r e s u l t ,  i t  i s  necessary  t o  inc lude  t h e  inventory  

needs of t h e  e n t i r e  f u e l  cyc le ,  as i s  done i n  Table 1. 

Based on t h e  above nuc lea r  power growth scena r ios  and t h e  l i f e t i m e  

U3O8 requirements a s s o c i a t e d  w i t h  t h e  va r ious  r e a c t o r s ,  estimates of the 

r e l a t i v e  energy genera ted  by the va r ious  r e a c t o r s  are obta ined ,  as w e l l  

as estimates f o r  te, the .years  dur ing  which new r e a c t o r s  are being 

cons t ruc ted  and the power level is  being maintained. I n  obta in ing  those  

estimates, i t  i s  always assumed that 1200 MT of t h e  f i s s i l e  Pu generated 

by LWRl w i l l  b e  s t o r e d  and saved f o r  FBR use  [ t h i s  would be t h e  q u a n t i t y  

of f i s s i l e  PU r equ i r ed  by FBRs i n  a power growth economy of 30 GW(e)/year, 

where t h e  FBRs have a s p e c i f i c  inventory  of 4 kg fissile/MW(e) and an 

o v e r a l l  f u e l  doubling t i m e  of 20 years  ( s i m p l e  doubling t i m e ,  i nc lud ing  

t h e  f u e l  cyc le  inven to ry ] .  Fu r the r ,  t h e  o r e  resource  considered a v a i l a b l e  

f o r  r e a c t o r  use  is  e i t h e r  2.5 m i l l i o n  tons  U3O8 o r  3.5 m i l l i o n  tons  U3O8. 

The r e s u l t s  ob ta ined  are g iven  i n  F igs .  5 ,  6 ,  and 7 f o r  the va r ious  

power growth scena r ios  and r e a c t o r  types .  A s  s t a t e d  previous ly ,  LWR2 

r e p r e s e n t s  a continued cons t ruc t ion  of LWR1, bu t  i s  s p e c i f i c a l l y  i d e n t i f i e d  

t o  c l a r i f y  t h e  r e s u l t s .  A s  shown i n  Fig. 5 ,  f o r  power growth Scenar io  I 

and a U3O8 r e source  of 2.5 m i l l i o n  tons ,  LWR2's have a te of 8.6 yea r s .  

Fur ther ,  t h e  energy genera ted  by LWRl p l u s  LWR2 is  considered as t h e  

r e fe rence  energy gene ra t ion  based on the use of LWRs (on t h e  uranium f u e l  

cy le )  t o  consume t h e  e n t i r e  o r e  r e source  (except f o r  1200 tons of f i s s i l e  

Pu which is  he ld  i n  s t o r a g e  f o r  FBRs). On t h a t  b a s i s ,  t h e  r e l a t i v e  energy 

genera ted  by LWR1 p l u s  LWR2 i s  u n i t y ,  as i n d i c a t e d  inCFig. 5. Also shown 

i n  Fig.  5 are t h e  r e s u l t s  when 3.5 m i l l i o n  tons  U3O8 are considered, as 

given by t h e  dashed l i n e s .  

and aga in  t h e  r e l a t i v e  energy gene ra t ion  f o r  LWRl p l u s  LWR2 is  u n i t y .  

r e s u l t s  f o r  t h e  va r ious  r e a c t o r  systems are a l s o  shown, wi th  "LWR(Th)" 

r ep resen t ing  LWRs ope ra t ing  on t h e  thorium f u e l  cyc le  wi th  r ecyc le  of bred 

f u e l .  * "HTGR(O.66)" r e p r e s e n t s  a steam-cycle HTGR ope ra t ing  wi th  a f u e l  

I n  t h i s  l a t te r  case, te f o r  LWR2 i s  25 y e a r s ,  

The 

* 
Rela t ive  t o  LWR(Th) use, a l l  t h e  capac i ty  of LWRs i s  converted t o  
LWR(Th)s a t  t h e  t i m e  LWR(Th)s are introduced. 
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Fig. 5. R e l a t i v e  energy genera t ion  f o r  power growth scenar io  I 
(15 GW(e)/year, new r e a c t o r s  i n  2000). 
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ORNL-DWG 7549375 
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8 z 0 I .5 . 

-NEW REACTORS IN 2000 

---NEW REACTORS IN  1995 
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i0 YEARS (0.82) IOYEARS (0.90) i0 YEARS 

REACTOR SYSTEM 

Fig. 7. Relative energy generation for power growth scenarios I1 
and IIA (30 GW(e)/year; 3.5 x lo6 tons U308). 
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conversion r a t i o  of 0.66 and w i t h  r e c y c l e  of bred f u e l ;  "HTGR(0.66)-CC 

a f t e r  10 years" r e p r e s e n t s  the use  of steam cyc le  HTGRs i n i t i a l l y ,  w i th  

combined cyc le  HTGRs (which employ gas t u r b i n e  topping cyc le  nnd an 

ammonia t u r b i n e  bottoming cyc le)  u t i l i z e d  f o r  a l l  new r e a c t o r  cons t ruc t ion  

10 years  a f t e r  the i n t r o d u c t i o n  of HTGRs; "HTGR/HWR(O .82)" r ep resen t s  use  

of steam-cycle HTGRs o r  HWRs opera t ing  on the thorium cyc le ,  w i t h  e i ther  

r e a c t o r  t ype  having a . f u e l  conversion r a t i o  of 0.82; "HTGR(0.82)-CC a f t e r  

10  years" r e p r e s e n t s  HTGRs w i t h  a conversion r a t i o  of 0.82 and combined- 

cyc le  HTGRs being b u i l t  10 yea r s  a f t e r  HTGR in t roduc t ion ;  s i m i l a r l y ,  

HTGRs and HWRs w i th  a CR of 0.90 are a l s o  considered. The use of 

combined-cycle HTGRs permi ts  t h e  a d d i t i o n a l  genera t ion  of energy because 

of t h e  h igher  thermal e f f i c i e n c y  of t h a t  system (e f f i c i ency  i s  es t imated  

t o  b e  48% compared wi th  39% f o r  t h e  steam c y c l e  HTGR). 

The r e s u l t s  i n  Fig.  5 show t h a t  the relative energy genera t ion  i s  

s i g n i f i c a n t l y  inf luenced  both  by r e a c t o r  type  and by the amount of U 3 O 8  

a v a i l a b l e  f o r  use.  Using 2.5 m i l l i o n  tons  of U3O8,  about 1 2 %  more energy 

is obta ined  wi th  LWR(Th)s r a t h e r  than LWRs a f t e r  t h e  year  2000; i f  HTGRs 

o r  HWRs w i th  a conversion r a t i o  of 0.82 are employed, t h e  r e l a t i v e  energy 

gene ra t ion  i s  20% more than the re fe rence  va lue .  I f  HTGRs wi th  a conversion 

r a t i o  of 0.9 are u t i l i z e d ,  w i th  combined-cycle HTGRs employed 10 yea r s  

a f t e r  t h e  i n t r o d u c t i o n  of steam-cycle HTGRs, the r e l a t i v e  energy gene ra t ion  

is about 130%. A l t e r n a t i v e l y ,  i f  t h e  U3O8 resource  is  3.5 m i l l i o n  t o n s ,  

t h e  l a t t e r  va lue  i n c r e a s e s  t o  165% of t h e  r e fe rence  va lue .  The t i m e s  of 

ex tens ion  f o r  t h e  va r ious  cases are g iven  i n  Fig. 5 and range from 8.6 t o  

66 yea r s .  

* 

I f  new r e a c t o r s  are s t a r t e d  i n  1995 r a t h e r  than  i n  2000, d i f f e r e n t  

va lues  f o r  te and r e l a t i v e  energy gene ra t ion  are obta ined .  

g ives  r e s u l t s  f o r  Power Growth Scenario I A  (Fig. 2 ) ,  w i th  2.5 m i l l i o n  

tons of U3O8 being u t i l i z e d ;  as shown, t h e  r e l a t i v e  energy genera t ion  is  

114% f o r  t h e  LWR(Th) case, r i s i n g  t o  132% f o r  HWRs o r  HTGRs wi th  a CR 

of 0.82 and t o  141% f o r  HWRs o r  HTGRs wi th  a CR of 0.9.  

F igure  6 

S imi l a r ly ,  t h e  

* 
Rela t ive  t o  LWR(Th) use ,  a l l  t h e  capac i ty  of LWRs i s  converted t o  
LWR(Th)s a t  t h e  t i m e  LWR(Th)s are introduced. 
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t i m e  of e x t  nsion , t e  , l a t i  re t raries from 19.5 t o  30 years  a va lue  

of 13.6 f o r  t h e  r e fe rence  LWR. Comparing the r e s u l t s  from Fig.  6 and 

Fig.  5 i n d i c a t e s  t h a t  in t roducing  HwRs o r  HTGRs wi th  a CR of 0.82 i n  

1995 i n s t e a d  of 2000 inc reases  t h e  r e l a t i v e  energy genera t ion  from a 

va lue  of 120% t o  132%. 

Figure 7 g ives  re la t ive energy genera t ion  r e s u l t s  f o r  Power Growth 

Scenarios  I1 and I I A  ( i n i t i a l  growth of 30 GW(e)/year; new r e a c t o r  types 

i n  e i t h e r  1995 o r  2000) f o r  a U3O8 resource  of 3.5 m i l l i o n  tons .  

new r e a c t o r s  i n t roduc ted  i n  t h e  year  2000, t h e  re la t ive energy genera t ion  

by new r e a c t o r s  g ives  energy inc reases  of 13% f o r  LWR(Th)s, 25% f o r  e i t h e r  

HTGRs o r  HWRs having a CR of 0.82, and 46% f o r  HTGRs having a CR of 0 .9 ,  

a long  wi th  t h e  i n t r o d u c t i o n  of combined-cycle HTGRs 10  yea r s  a f t e r  t h e  

i n t r o d u c t i o n  of steam-cycle HTGRs. The va lue  of te inc reases  from 7.6 

years  f o r  LWRs t o  18.6 years  f o r  steam-cycle HTGRs. When new r e a c t o r s  

are in t roduced  i n  1995 ins t ead  of 2000, t h e  r e l a t i v e  energy genera t ion  

by new r e a c t o r s  gave energy inc reases  of 16% ( ins t ead  of 13%) f o r  LWR(Th)s, 

42% ( ins t ead  of 25%) f o r  HTGR/HwRs (0.82) ,  and 55% ( ins t ead  of 33%) f o r  

HTGR/HWRs (0.9).  The values  of te i n c r e a s e  from 1 2 . 7  yea r s  f o r  LWRs t o  

28 yea r s  f o r  HTGRjHWRs (0.9).  

With 

I n  a d d i t i o n  t o  f u e l - u t i l i z a t i o n  a s p e c t s ,  i t  i s  important t o  eva lua te  

t h e  economic performance of t h e  var ious  r e a c t o r  types .  This  eva lua t ion  

is accomplished by t r e a t i n g  uranium-ore and separative-work p r i c e s  as 

parameters f o r  t h e  var ious  r e a c t o r  types.  The c a l c u l a t i o n s  performed 

and c o s t  f a c t o r s  employed are similar t o  those  u t i l i z e d  i n  Appendix N 

and are d iscussed  below. The r e s u l t s  given present  a c o n s i s t e n t  eva lua t ion  

of t h e  r e l a t i v e  power c o s t s  i n  t h e  va r ious  thermal r e a c t o r  concepts as a 

func t ion  of U3O8 c o s t s ,  separative-work c o s t s ,  and f o r  c o n s i s t e n t  estimates 

of t h e  f u e l  f a b r i c a t i o n ,  r e f a b r i c a t i o n ,  and reprocess ing  c o s t s .  The u n i t  

r ecyc le  c o s t s  t a k e  i n t o  cons idera t ion  t h e  throughput of t h e  r ecyc le  p l a n t  

a s soc ia t ed  wi th  a s p e c i f i c  r e a c t o r  concept,  wi th  some cons ide ra t ion  given 

t o  the in f luence  of scale on uni t  c o s t s  as t h e  throughput of t h e  p l a n t  

i s  increased .  A t  t h e  same t i m e ,  t h e  c o s t s  of f u e l  r ecyc le  do not  inc lude  

estimates f o r  f u e l  sh ipping ,  s t o r a g e ,  and waste t rea tment ,  as given i n  

Appendix H. 

(relative t o  those  g iven  i n  Appendices H and I) give  somewhat p r e f e r e n t i a l  

The s l i g h t l y  lower e f f e c t i v e  r ecyc le  c o s t s  u t i l i z e d  he re  
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treatment t o  those  r e a c t o r s  having r e l a t i v e l y  low f u e l  exposures. The 

f u e l  cyc le  c o s t  f a c t o r s  employed are l i s t e d  i n  Table 2 ,  which a l s o  g ives  

t h e  U3O8 and separative-work p r i c e s  that are considered, i n  a d d i t i o n  t o  

the es t imated  c o s t  of t h o r i a .  S p e c i f i c  va lues  f o r  the f a b r i c a t i o n  of 

f r e s h  f u e l ,  f o r  reprocess ing  of f u e l ,  and f o r  the r e f a b r i c a t i o n  of r e c y c l e  

f u e l  are given f o r  the va r ious  r e a c t o r  concepts;  these va lues  r ep resen t  

1976 cos t  estimates. E f f e c t i v e  f u e l  s t o r a g e  c o s t s  used he re  are a l s o  

l i s t e d .  The c o s t  t o  recover f i s s i l e  plutonium cons iders  only t h a t  c o s t  

a s s o c i a t e d  wi th  reprocess ing  t h e  material. On t h e  above bases ,  and 

assuming that t h e  f i r s t  r e a c t o r  cyc le  always pays f o r  f u e l  s t o r a g e ,  the 

c o s t  of recover ing  f i s s i l e  Pu i s  about $20/g f o r  LWRs and about $24 t o  

$50/g f o r  HWRs. The above e f f e c t i v e l y  assumes t h a t  the f i r s t  r e a c t o r  

f u e l  cyc le  w i l l  " w r i t e  o f f "  any f u e l  va lue  of t h e  product Pu. 

Other gene ra l  f e a t u r e s  of t h e  f u e l  cyc le  c o s t  c a l c u l a t i o n s  employed 

i n  t h i s  s e c t i o n  are g iven  below. With t h e  CANDU r e a c t o r  (opera t ing  wi th  

n a t u r a l  uranium), t h e  f u e l  is  considered t o  b e  obta ined  f o r  f u e l  f ab r i ca -  

t i o n  1 / 2  yea r  be fo re  r e a c t o r  exposure; i n  a l l  o t h e r  r e a c t o r  concepts,  

f u e l  f a b r i c a t i o n  is  considered t o  r e q u i r e  having f u e l  "on hand" one yea r  

be fo re  r e a c t o r  exposure. The t i m e  f o r  f u e l  reprocess ing  and conversion 

is  considered t o  r e q u i r e  f u e l  t o  be  "on hand" f o r  one yea r  fo l lowing  

r e a c t o r  exposure,  f o r  a l l  r e a c t o r  concepts.  I n  the case where f u e l  i s  

s t o r e d ,  t h e  f u e l  and f a b r i c a t i o n  "inventoryt '  i s  w r i t t e n  o f f  over t h e  

r e a c t o r  l i f e t i m e  and an a p p r o p r i a t e  ' ' inventory f a c t o r "  is  u t i l i z e d  t o  

proper ly  account f o r  those  c o s t s  over t h e  pe r iod  of f u e l  exposure. When 

f u e l  is recyc led ,  two b a s i c  s i t u a t i o n s  are considered; i n  one, t h e  

f i r s t  cyc le  is  considered s p e c i f i c a l l y ;  t h e  second treats a l l  subsequent 

opera t ions  t o  b e  on t h e  "equi l ibr ium cycle." For t h e  f i r s t  cyc le ,  t h e  

f u e l  and f a b r i c a t i o n  "inventory" is  considered t o  be  w r i t t e n  o f f  over 

t h e  l i f e t i m e  of t h e  f u e l ;  as a r e s u l t ,  f u e l  which i s  recyc led  t o  subse- 

quent cyc les  has no c o s t  t o  those  cyc le s  o t h e r  than c o s t s  a s soc ia t ed  

wi th  f u e l  r e f a b r i c a t i o n  and reprocess ing .  A s  a r e s u l t ,  f o r  t h e  equi l ibr ium 

cyc le s  , the "inventory" charge i s  only a s s o c i a t e d  wi th  t h e  "makeup" f u e l ,  

and w i t h  t h e  write-off of working c a p i t a l  a s s o c i a t e d  wi th  f u e l  f a b r i c a t i o n /  

r e f a b r i c a t i o n .  The average f u e l  cyc le  c o s t  i s  then obta ined  by averaging 
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Table 2. Fuel Cycle Cost Fac to r s  

Ore and Sepa ra t ive  Work Fac tors  A. 

U?OR, $/lb/SWU, $/kg Tho2 

25/75 $30/kg 
40/100 (no r ecyc le  considered) 

100/150 
300/200 

R e a  c t o rs 
LWR 

u2 3 5 /u2 3 0  - 
PU/U 
u235/Th 
U233/Th 
Pu/ Th 

HWR - 
Natu ra l  U 
Enriched U 

U2 /Th 
U233/Th 
Pu/Th 

PU/U 

HT GR - u235 

u2 3 5/u2 3 8 
U233/Th 

Pu/ Th 

B. Fue l  Cycle Cost Parameters, $/kA 

Fuel  Re fab r i ca t ion  Fuel  Fab . Fuel Reprocess. 

Reactor Fuel 

HwR ( n a t u r a l  U) 
HWR (enriched) 
LWR 
HTGR 

114 

15 2 

50 
80 

100 

400 

360 

221 
221 
250 
250 
260 

150 
160 
160 
210 
2 10 
220 

7 50 
750 
730 
750 

C. E f f e c t i v e  Fuel S torage  Costs 

S torage  Costs,  $/kg 

25 
100 
100 
400 

D. Cost t o  Recover F i s s i l e  Pu 

500 

570 
510 

310 

390 
3 20 

1030 

1030 
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t he  f u e l  c o s t s  of t h e  f irst  cyc le  and t h e  equi l ibr ium cycles  on the  b a s i s  

t h a t  t h e  r e a c t o r  l i f e t i m e  is 30 years  and t h a t  a discount  f a c t o r  of 7.5%/ 

year  app l i e s .  Other than t h e  items mentioned above, t he  genera l  c a l c u l a t i o n  

of the f u e l  cyc le  c o s t s  employed the same methods as descr ibed i n  Appendices 

N and L. 

Table 3 l ists  t h e  a d d i t i o n a l  power c o s t  f a c t o r s  which are employed 

he re  t o  o b t a i n  power c o s t s .  

year  (however, t h e  c a p i t a l  charge rate r e l a t i v e  t o  f u e l  cyc le  working 

c a p i t a l  is  taken t o  be  15%/year ) .  

$l lO/kg,  and the heavy water inventory of an HWR i s  considered t o  be 

0.8 kg/kW(e); heavy water l o s s e s  from HWRs are taken t o  be 2%/year.  

Reactor ope ra t ing  and maintenance c o s t s  are taken t o  be a nominal 2 

mills/kWhr(e),  which is  es t imated  t o  be t h e  appropr i a t e  va lue  f o r  

approximately 1980. 

re ference  b a s i s  f o r  c a p i t a l  c o s t s .  An LWR u n i t  c a p i t a l  cos t  of 

$8OO/kW(e) is  u t i l i z e d  he re  and i s  based on estimates f o r  a p l a n t  

s t a r t i n g  ope ra t ion  i n  the e a r l y  1980s. 

c a p i t a l  c o s t  is not  s o  important i n  t h i s  s tudy as t h e  r e l a t i v e  c a p i t a l  

A s  shown, t h e  c a p i t a l  charge rate i s  16%/ 

The heavy water c o s t  is  taken t o  be 

The c a p i t a l  c o s t  of LWRs i s  considered t o  be t h e  

* The abso lu te  va lue  of t he  

c o s t s  f o r  t h e  d i f f e r e n t  r e a c t o r  types .  Reasonable changes i n  t h e  above 

LWR c o s t  estimate would not  have a s i g n i f i c a n t  i n f luence  on t h e  r e s u l t s  

of t h i s  s tudy so long as relative c o s t s  are c o r r e c t .  Thus, t h e  use  of 

c a p i t a l  c o s t s  based on r e a c t o r  ope ra t ion  i n  1982-83 and of c o n s i s t e n t  

f u e l  r ecyc le  c o s t s  based on cons t ruc t ion  of r ecyc le  p l a n t s  i n  1976 s t i l l  

p e r m i t s  a v a l i d  eva lua t ion  of thorium and uranium f u e l  cyc les  i n  t h e  

d i f f e r e n t  r e a c t o r s .  

The c a p i t a l  c o s t  f o r  an  HWR uranium system cons iders  t h a t  t h e  u n i t  

c a p i t a l  c o s t  of an HWR ope ra t ing  a t  80% load f a c t o r  is  t h e  same as t h a t  

of an LWR ope ra t ing  a t  75% load f a c t o r .  

reasonable  agreeement wi th  t h e  information presented  by Argonne Nat ional  

Laboratory i n  t h e i r  d r a f t  1976 r epor t  on HWRs, and a l s o  are c o n s i s t e n t  

wi th  t h e  relative c o s t  information developed f o r  LWRs and HwRs as repor ted  

These r e l a t i v e  va lues  are i n  

-e 
* 

W. K. Davis, "Economics of Nuclear Power," Proceedings of the Inter- 
national Symposium on Nuclear Power Technology and Econorrrics, Vol. I ,  
pp. 29-69, Ta ipe i ,  Republic of China, January 13-20, 1975. 

0 
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Table 3. Power Cost Fac tors  

C a p i t a l  Charge Rate: 16%/year  (15%/year f o r  f u e l  cyc le )  

D20 Cost: $11O/kg 

D20 Inventory:  2, 0.8 kg/kW(e) 

D20 Losses: 2%/year 

R e a  c t o  r Cap i t a l  Cost Load O&M D7O Cost 
Type $/kW(e) mills/kWhr(e) f a c t o r , %  mills/kWhr(e) mills/kWhr(e) 

LWR 800 19.5 75 2.0 

HWR(U) 853 19.5 80 2.0 2.26 

HWR(Th) 843 19.3 80 2.0 2 .o 

HT GR- S C 800 19.5 75 2.0 

HTGR-CC 7 20 17.6 75 2.0 

* i n  WASH-1087. Fur the r ,  t h e  c a p i t a l  c o s t  of t h e  tho r im- fue led  HWR 

r e l a t i v e  t o  t h e  uranium-fueled HWR is  somewhat lower due t o  t h e  s l i g h t l y  

t i g h t e r  l a t t i c e  spac ing  t h a t  could be  used f o r  t h e  thorium cycle  system. 

This d i f f e r e n c e  is a l s o  r e f l e c t e d  i n  t h e  heavy w a t e r  c o s t s  f o r  HWR(Th) 

systems, with t h e  D20 inventory and makeup c o s t s  reduced by about 10% 

relative t o  those  c o s t s  f o r  uranium-fueled HWRs. 

The relative c a p i t a l  c o s t s  of t h e  HTGR are based on recent  eva lua t ions  

by United Engineers and Cons t ruc tors ,+  who es t imated  t h a t  t h e  u n i t  c a p i t a l  

c o s t s  f o r  SC-HTGRs (when developed t o  t h e  same ex ten t  as LWRs) w e r e  

e s s e n t i a l l y  t h e  s a m e  as those  f o r  LWRs. The CC-HTGR c o s t s  are taken t o  

be 10% less than those  of t he  SC-HTGR c o s t s  ( t h e  UE&C c o s t  estimate f o r  

this system was about 15% less than t h e  SC-HTGR). 

* 
Advanced Converter Task Force,  An Evaluation of Advamed Converter 
Reactors, WASH-1087, Apr i l  1969. 

United Engineers and Cons t ruc tors ,  Inc . ,  Gas-Cooled Reactor Assessment 
for the Energy Research and Development A M n i s t m t i o n ,  Vol. I1 , "Capi ta l  
and Operating Costs - Safe ty  and Environmental Assessments," June 22 ,  1976. 

t 
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The r e s u l t i n g  c a l c u l a t e d  power c o s t s  f o r  t h e  va r ious  r e a c t o r  systems 

are summarized i n  F igs .  8-11. The c a l c u l a t e d  c o s t s  f o r  t h e  LWR are 

given i n  Fig.  8; as shown, r e s u l t s  are g iven  f o r  t h e  LWR ope ra t ing  on t h e  

uranium cyc le  w i t h  s t o r a g e  of f u e l  and f o r  the LWR w i t h  r e c y c l e  of uranium 

and plutonium; the la t te r  case is  considered t o  g ive  the r e fe rence  power 

c o s t  a g a i n s t  which new systems need t o  compete. Resu l t s  are a l s o  g iven  

f o r  the LWR(Th), i n i t i a l l y  f u e l e d  w i t h  thorium and 235U and w i t h  r e c y c l e  

of bred 233U. 

With regard  t o  t h e  h o r i z o n t a l  l i n e s  a s s o c i a t e d  wi th  Pu/Th o r  

f u e l e d  systems, t h e  term "limited" imp l i e s  t h e r e  i s  a l i m i t e d  

amount of Pu which i s  a v a i l a b l e .  Fu r the r ,  t h e  h o r i z o n t a l  l i n e s  imply 

t h a t  t h e  power c o s t  i s  independent of U3O8 cos t .  The Pu cos t  is t h a t  

c o s t  a s s o c i a t e d  wi th  recovery from the f i r s t  LWR uranium cyc le ,  w i th  

the " f u e l  value" of the Pu being "wr i t t en  o f f "  over t h e  f i r s t  cyc le .  

It can b e  noted i n  Fig.  8 that  the use of Pu wi th  thorium has a power 

c o s t  about 1 .5  mills/kWhr(e) lower than t h e  use of Pu wi th  uranium based 

on t h e  estimates and c a l c u l a t i o n s  employed here .  

Recycle Pu can have a va lue  h ighe r  than t h e  c o s t  of recovery,  

p a r t i c u l a r l y  i f  i t  i s  recyc led  soon a f t e r  d i scharge  from the  r e a c t o r .  

However, i f  t h e  spen t  f u e l  is  s t o r e d  a f t e r  exposure without c e r t a i n t y  

of r ecyc le ,  i t s  va lue  should b e  w r i t t e n  o f f  over the f u e l  exposure. 

Fu r the r ,  s i n c e  the uranium c y c l e  i n  LWRs appears  t o  be  a b l e  t o  "write 

o f f "  exposed f u e l  economically, acceptance of t h i s  procedure encourages 

f u e l  r ecyc le  and r e a c t o r  ope ra t ion  a t  r e l a t i v e l y  high f u e l  conversion 

r a t i o s .  

A s  shown i n  Fig. 8, use  of uranium cyc le  LWRs wi th  s t o r a g e  of f u e l  ' 

appears t o  b e  t h e  most economic op t ion  f o r  LWRs up t o  a U308 c o s t  of 

about $50/lb.  Above t h e  c o s t ,  i t  appears more economical t o  r e c y c l e  

uranium and Pu. However, use  of LWR(Th)s wi th  r e c y c l e  of f u e l  does 

no t  appear p r e f e r a b l e  t o  t h e  uranium cyc le  even a t  h igh  U3O8 c o s t s .  

Maintaining t h e  c o s t  of separative work cons t an t  a t  $lOO/kg SWU f o r  

U3O8 c o s t s  above $40/ lb  would h e l p  t h e  thorium c y c l e  i n  LWRs. U308 

costs/SWU c o s t s  o f  $100 p e r  l b  of U3O8/$lOO p e r  kg SWU i n s t e a d  of 

$100/$150, r e s p e c t i v e l y ,  decreases  LWR(Th) c o s t s  by about 0.3 mills/ 

kWhr(e) re la t ive t o  LWR(U) systems; s i m i l a r l y ,  employing c o s t s  of 
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Fig. 8. LWR power costs.  
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$300 p e r  lb/$100 pe r  kg in s t ead  of $300/$200 decreases  t h e  r e l a t i v e  

LWR(Th) c o s t s  by about 0.5 mills/kWhr(e) . 
LWR(Th) cyc le  more a t t r a c t i v e  a t  the higher  U3O8 c o s t s ,  based on the 

eva lua t ions  given here. 

however, i n d i c a t e  that the above economic performance f o r  LWR(Th)s 

r e l a t i v e  t o  LWR(U)s i s  o p t i m i s t i c . ]  

Such changes would make the 

[Recent r e s u l t s  by Combustion Engineering, 

* 
Figure  9 g ives  es t imated  power c o s t s  f o r  HTGRs as a func t ion  of 

U308 and s e p a r a t i v e  work c o s t s .  Resul t s  are gene ra l ly  f o r  t h e  thorium 

cycle  wi th  r ecyc le  of t h e  bred 233U; however, s t o r a g e  of spent  f u e l  is 

t r e a t e d  f o r  t h e  low CR design.  Costs are a l s o  given f o r  Pu/Th f u e l i n g  

wi th  r ecyc le  of bred 233U f o r  var ious  conversion-rat io  des igns ;  i n  these  

cases t h e r e  are a l i m i t e d  number of r e a c t o r s  which can be b u i l t  because 

of t h e  l i m i t e d  amount of Pu which i s  a v a i l a b l e .  The a s soc ia t ed  c o s t s  

are shown independent of U3O8 cos t  on t h e  same bases  given above f o r  

Pu/Th use i n  LWRs. Because of i t s  l i m i t e d  a p p l i c a t i o n ,  l i t t l e  emphasis 

is given t o  t h e  use  of Pu, o t h e r  than po in t ing  out  t h a t  Pu u s e  wi th  

thorium appears  economically a t t r a c t i v e .  Overa l l ,  Fig.  9 shows t h a t  

up t o  a U3O8 p r i c e  of about $40/ lb ,  i t  i s  about as economic t o  s t o r e  

f u e l  as i t  i s  t o  r ecyc le  f u e l  i n  t h e  most economic r e a c t o r ,  which has 

a conversion r a t i o  of about 0.66. ( In  t h e  case of f u e l  s t o r a g e ,  t h e  

CR i s  less than 0.66; however, i n  o r d e r  t o  i d e n t i f y  the  s p e c i f i c  core 

design,  t h e  term "CR = 0.66" is  used.) 

i t  becomes important t o  r ecyc le  f u e l ,  and a t  $100/lb f o r  U308 t h e  cos t  

of power from an HTGR wi th  a CR of about 0.82 is  about t h e  s a m e  as t h a t  

from a r e a c t o r  wi th  a CR of 0.66, based on t h e  estimates and c a l c u l a t i o n s  

used here .  A t  a CR of 0.9,  however, t he  power c o s t  does no t  appear as 

favorable  as wi th  a CR of 0.82. A t  t he  same t i m e ,  i f  low-cost Pu is 

a v a i l a b l e ,  high CR systems appear economically a t t ract ive.  

A s  the c o s t  of U3O8 rises, 

Figure 10 g ives  t h e  es t imated  HWR power c o s t s .  The r e s u l t s  i n d i c a t e  

t h a t  t h e  n a t u r a l  uranium system wi th  f u e l  s t o r a g e  i s  t h e  most economic 

* 
P r i v a t e  communication from Norton Shapiro,  Combustion Engineering, 
t o  Paul  Kasten, ORNL, October 19 ,  1976. 
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one up t o  U3O8 p r i c e s  of about $100/lb U3O8. 

$130/lb, the thorium cyc le  w i t h  a CR of 0.82 becomes more economic than 

the natural-uranium cyc le  w i t h  f u e l  s t o r a g e .  However, use  of n a t u r a l  

uranium p l u s  Pu, w i t h  f u e l  r ecyc le ,  is more economic than either of t h e  

above cyc le s  a t  t h e  h ighe r  o r e  p r i c e s .  (In t h i s  case, the number of 

r e a c t o r s  ope ra t ing  on this  cyc le  are l i m i t e d  by Pu a v a i l a b i l i t y . )  The 

use  of Pu w i t h  T h  appears  economically a t t r a c t i v e  a t  U3O8 prices above 

about $60/lb i n  r e a c t o r s  w i th  a CR about 0.9.  (Again, t h e  c o s t  is  shown 

t o  b e  independent of U3O8 price because Pu i s  considered t o  be  a v a i l a b l e  

from t h e  f i r s t  uranium cyc le  f o r  only t h e  c o s t  of recovery; t h e  number 

of r e a c t o r s  which can b e  opera ted  on t h i s  cyc le  is  l i m i t e d  because of 

l i m i t e d  a v a i l a b i l i t y  of Pu.) 

A t  U308 p r i c e s  above about 

Pu can a l s o  be  recyc led  i n  HWR uranium cyc le s ;  however, r ecyc le  

of Pu i n  n a t u r a l  uranium systems i s  not  as economic as t h e  na tu ra l -  

uranium cyc le  wi th  f u e l  s t o r a g e ,  because of t h e  r e f a b r i c a t i o n  pena l ty  

a s s o c i a t e d  wi th  adding Pu t o  a l l  of t h e  f u e l .  I f  Pu is  t o  be recyc led  

i n  uranium systems, i t  should be  employed i n  conjuc t ion  wi th  t h e  enr iched  

uranium cyc le ,  w i th  t h e  Pu u t i l i z e d  i n  only a f r a c t i o n  of t h e  f u e l  

elements i n  o rde r  t o  reduce t h e  e f f e c t i v e  f u e l  r e f a b r i c a t i o n  pena l ty .  

A s  i n d i c a t e d  i n  Fig.  10 ,  use  of t h e  l a t t e r  cyc le  (enriched U/Pu, r ecyc le )  

g ives  power c o s t s  about t h e  same as t h e  thorium cyc le ,  wi th  t h e  thorium 

cycle  tending  t o  b e  lower a t  U3O8 prices  above about $40/lb.  

Figure 11 g ives  a summary of s e l e c t e d  c o s t  information taken  from t h e  

previous f i g u r e s  s o  as t o  place power c o s t s  of t h e  va r ious  r e a c t o r  systems 

i n  pe r spec t ive ,  and i n  a d d i t i o n  shows t h e  economic performance of t h e  

combined cyc le  HTGR (CC-HTGR) wi th  a CR of 0.82. It can be noted t h a t  

t h e  CC-HTGR system has s i g n i f i c a n t l y  lower power c o s t s  than t h e  o t h e r  

systems; a t  t h e  same t i m e ,  i t  w i l l  t a k e  longer  t o  in t roduce  t h e  CC-HTGR 

commercially than t h e  SC-HTGR. 

* 

Figure 12 summarizes power c o s t s  of thorium cyc le s  i n  t h e  d i f f e r e n t  

r e a c t o r s  (with f u e l  r e c y l e )  re la t ive t o  LWRs r ecyc l ing  uranium and Pu. 

* 
The CC-HTGR r e f e r s  t o  an HTGR employing a gas t u r b i n e  topping cyc le  
and an ammonia t u r b i n e  bottoming cyc le ,  wi th  an o v e r a l l  thermal 
e f f i c i e n c y  of 48% (the steam cyc le  HTGR has an e f f i c i e n c y  of 39%) .  
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On t h a t  b a s i s ,  t h e  power cos t  d i f f e r e n t i a l s  between a given thorium 

system and t h e  LWR wi th  U/Pu r ecyc le  i s  given as a func t ion  of U3O8 

and s e p a r a t i v e  work cos t s .  The c o s t  d i f f e r e n t i a l s  given f o r  t h e  d i f f e r n t  

systems show t h a t  an  HWR(Th) system wi th  a CR of 0.82 does n o t  become 

economical r e l a t i v e  t o  LWRs u n t i l  U3O8 c o s t s  exceed about $70/ lb ,  and 

t h a t  t h e  economic advantage a t  $100/lb U3O8 is  only about 0.5 mills/kWhr(e).  

The LWR(Th) system a t  a CR of approximately 0.7 does no t  become economical 

a t  any of t h e  U3O8 p r i c e s  considered under the  eva lua t ion  condi t ions  

u t i l i z e d .  HTGRs are the  most economical systems shown i n  Fig. 1 2 ,  having 

a power c o s t  advantage r e l a t i v e  t o  LWRs f o r  a l l  U308 p r i c e s  employed; a t  

U 3 0 8  pr ices  of approximately $100/ lb ,  t h e  economic advantage of t h e  steam- 

cyc le  HTGR wi th  CRs of 0.66 t o  0.82 i s  about 3 mills/kWhr(e),  whereas t h a t  

of CC-HTGRs i s  6 mills/kWhr(e).  

Based on t h e  above cos t  bases ,  economic f a c t o r s ,  and the  a s s o c i a t e d  

power cos t  d i f f e r e n t i a l s  given i n  Fig. 12 ,  t h e  economic b e n e f i t s  of t h e  

var ious  systems can be ca l cu la t ed .  I n  a l l  cases, t h e  b e n e f i t s  are 

ca l cu la t ed  r e l a t i v e  t o  a re ference  power c o s t  equal  t o  the  LWR (U/Pu 

recyc le)  system. Figures  13 and 14 give  t h e  r e s u l t s  of these  c a l c u l a t i o n s  

us ing  a d iscount  f a c t o r  of 7.5%/year t o  o b t a i n  discounted b e n e f i t s  (back 

t o  1976) ,  wi th  Fig. 13  cons ider ing  Power Growth Scenarios  I and I A ,  and 

wi th  Fig. 14 cons ider ing  Power Growth Scenarios  I1 and I I A .  The term 

"deltal '  i n  t h e  above f i g u r e s  r e f e r s  t o  t h e  u n i t  power c o s t  of sav ings  

a s soc ia t ed  wi th  the  s p e c i f i c  system, and i s  r e l a t i v e  t o  t h e  c o s t  of power 

from t h e  LWR (U/Pu recyc le)  system. It  is  assumed that  t he  r e fe rence  

c o s t  of power always a p p l i e s ,  even though t h e  LWR may n o t  always be 

a v a i l a b l e ;  t h u s ,  i f  t h e  re ference  power source  a l t e r n a t i v e  t o  the  LWR 

w e r e  t o  cos t  more than t h a t  of LWR (U/Pu r ecyc le ) ,  t h e  b e n e f i t s  ob ta ined  

would be h ighe r  than those shown. 

of f u t u r e  systems, i t  i s  assumed t h a t  t h e  p r i c e  of U 3 0 8  w i l l  be $100/lb 

a t  t h a t  t i m e ,  and t h e  r e l a t i v e  c o s t  d i f f e r e n t i a l s  a s soc ia t ed  wi th  t h a t  

p r i c e  are used i n  c a l c u l a t i n g  t h e  discounted b e n e f i t s  shown i n  Figs.  1 3  

and 14. The terms used t o  desc r ibe  t h e  var ious  r e a c t o r  systems are those 

used previously.  

I n  c a l c u l a t i n g  t h e  discounted b e n e f i t s  
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Fig. 1 4 .  Discounted b e n e f i t s  f o r  power growth scena r ios  I1 and I I A  
( I n i t i a l  power growth = 30 a ( e ) / y e a r ;  u308 resource  = 3.5 x 106 tons) .  



36 

Figure  13 gives  the b e n e f i t s  (discounted t o  1976) f o r  Power Growth 

Scenarios  I and I A  (see Figs .  1 and 2 ) ,  where the  i n i t i a l  power growth 

rate is  15 GW(e)/year, and new r e a c t o r s  are introduced i n  e i t h e r  1995 

o r  2000. Since LWR2 i n  t h i s  case is  LWR (U/Pu r e c y c l e ) ,  and provides  

the re fe rence  c o s t ,  there are no b e n e f i t s  shown f o r  LWR2. S imi l a r ly ,  

s i n c e  the LWRcTh) system has higher  c o s t s  than  LWR(U) systems, the re  

are no b e n e f i t s  shown f o r  LWR(Th)s. [ A t  the same t i m e ,  i f  t h e  cos t  

of s e p a r a t i v e  work is  considered t o  be $100/kg SWU ins t ead  of $150/kg, 

the LWR(Th) b e n e f i t s  are about $1.9 t o  $2.3 b i l l i o n  f o r  Power Growth 

Scenario I and f o r  u308 resources  of 2.5 t o  3.5 x l o 6  tons ,  based on 

t h i s  s tudy .  I n  ob ta in ing  t h i s  b e n e f i t ,  a l l  LWRs which are i n  s e r v i c e  

i n  t h e  year  2000 are converted t o  LWR(Th)s a t  t h a t  t i m e ;  subsequent ly ,  

only LWR(Th)s are u t i l i z e d . ]  

S imi l a r ly ,  r e s u l t s  are given f o r  t h e  o t h e r  r e a c t o r  systems. By f a r  

t h e  most b e n e f i t s  are obtained wi th  HTGRs, wi th  in t roduc t ion  of SC-HTGRs 

followed by CC-HTGRs having t h e  most b e n e f i t s .  

in t roduced  i n  2000, and wi th  a U3O8 resource  of 2.5 x l o 6  tons ,  t h e  

b e n e f i t s  are $6.4 b i l l i o n .  I f  a combined-cycle HTGR i s  introduced 

10 years  a f t e r  i n t roduc t ion  of t h e  steam cyc le  HTGR, and a u n i t  power 

c o s t  savings of 3 mills/kWhr(e) is app l i ed  t o  a l l  HTGRs, t h e  discounted 

b e n e f i t s  are $6.7 b i l l i o n .  I f ,  on the o the r  hand, t h e  CC-HTGR had a 

u n i t  power c o s t  sav ing  of 6 mills/kWhr(e) r a t h e r  than 3 ,  t h e  discounted 

b e n e f i t s  are about $8.2 b i l l i o n .  For t h i s  l a t t e r  case, i f  t h e  U3O8 

resource  is  increased  t o  3.5 m i l l i o n  tons ,  then  the  discounted b e n e f i t s  

i n c r e a s e  t o  $12.8 b i l l i o n .  

For HTGRs (CR = 0.82) 

* 
For t h e  HWR wi th  a CR of 0.82, and wi th  new r e a c t o r s  introduced i n  

2000 and a u308 resource  of 2.5 x l o 6  tons ,  t h e  discounted b e n e f i t s  are 

es t imated  t o  be about $1 b i l l i o n ;  i nc reas ing  t h e  U3O8 resource  t o  

3.5 x l o 6  tons inc reases  t h e  b e n e f i t s  t o  $1.5 b i l l i o n .  

such r e a c t o r s  i n  1995 (with a u308 resource  of 2.5 x l o 6  tons)  r e s u l t s  

i n  b e n e f i t s  of $1.8 b i l l i o n .  

Introducing 

* 
I f  t h e  c o s t  of s e p a r a t i v e  work is $lOO/kg i n s t e a d  of $150/kg, t h e  
above r e l a t i v e  b e n e f i t s  w i l l  i n c r e a s e  by about 8% f o r  t h e  SC-HTGR. 
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. Figure 14  g ives  r e s u l t s  similar t o  those i n  Fig.  13, except  Power 

Growth Scenarios  I1 and I I A  are t r e a t e d  (see Figs .  3 and 4 ) ,  where t h e  

i n i t i a l  power growth rate is 3Q GWCe)/year, and new r e a c t o r s  are introduced 

i n  either 1995 o r  2000. 

is assumed. The r e s u l t s  show no b e n e f i t s  f o r  LWR(Th)s under t h e  r e fe rence  

eva lua t ion  condi t ions .  S imi l a r ly ,  HTGRs w i th  a CR of 0.82 show b e n e f i t s  

of $11 .4  b i l l i o n  f o r  i n t r o d u c t i o n  i n  2000 and $21.6 b i l l i o n  f o r  i n t r o -  

duct ion i n  1995; analogous b e n e f i t s  f o r  HWRs (CR = 0.82) are $1.9 b i l l i o n  

and $3.6 b i l l i o n ,  r e spec t ive ly .  Figure 14 a l s o  shows t h e  b e n e f i t s  

a s soc ia t ed  w i t h  HTGRs having a CR of 0.66, and w i t h  i n t roduc t ion  of CC-HTGRs. 

Overa l l ,  HTGRs aga in  show the l a r g e s t  b e n e f i t s  f o r  t he  eva lua ted  condi t ions .  

I n  a l l  cases  a U3O8 resource  of 3.5 x l o 6  tons  

The r e s u l t s  i n  F igs .  13 and 1 4  show t h a t  i t  is  important t o  b r ing  i n  

a new system as e a r l y  as p o s s i b l e  i n  o rde r  t o  inc rease  t h e  b e n e f i t s  t o  be 

obta ined  from t h a t  system ( f o r  t he  scena r ios  s tud ied ,  relative b e n e f i t s  

i nc rease  by about 90% when new r e a c t o r s  are introduced i n  1995 r a t h e r  

than i n  2000). On the o t h e r  hand, t h e  r e s u l t s  a l s o  i n d i c a t e  t h a t  t h e  

economic b e n e f i t s  from HTGRs introduced i n  2000 are s i g n i f i c a n t l y  g r e a t e r  

than t h e  b e n e f i t s  from HWRs o r  LWR(Th)s introduced i n  1995. 
- 

Another economic f a c t o r  t o  consider  is t h e  c a p i t a l  investment f o r  

s epa ra t ion  f a c i l i t i e s  requi red  wi th  t h e  var ious  r e a c t o r  systems. I n  

p a r t i c u l a r ,  heavy water sepa ra t ion  p l a n t s  are requi red  f o r  HWRs, whi le  

enriched-uranium r e a c t o r  systems r e q u i r e  uranium enrichment f a c i l i t i e s .  

Comparing t h e  s e p a r a t i o n  f a c i l i t y  investments f o r  natural-uranium HWRs 

wi th  those  of LWRs and HTGRs i n d i c a t e s  t h e r e  i s  a higher  discounted 

c a p i t a l  investment r equ i r ed  f o r  HWRs than f o r  e i t h e r  LWRs o r  HTGRs. 

S p e c i f i c a l l y ,  based on es t imated  r e l a t i v e  investments of $3 b i l l i o n  f o r  

a uranium enrichment p l a n t  producing l o 7  kg SWUlyear, and of $1 b i l l i o n  

f o r  a heavy water p l a n t  producing 1000 MT DZO/year, and a nuc lear  power 

growth rate of 30 GW(e)/year, the discounted c a p i t a l  investment a s soc ia t ed  

w i t h  t h e  sepa ra t ions  f a c i l i t y  (employing a d iscount  f a c t o r  of 7.5%/year) 

is about $12 b i l l i o n  f o r  HTGRs, about $14 b i l l i o n  f o r  LWRs (uranium c y c l e ) ,  

and about $24 b i l l i o n  f o r  HWRs ( n a t u r a l  uranium). Thus, t he  HWR r equ i r e s  

about $12 b i l l i o n  more i n  discounted c a p i t a l  investments f o r  s epa ra t ions  

f a c i l i t i e s  than does the HTGR. I f  t h e  nuc lea r  capac i ty  growth were 

15 GW(e)/year, t h e  c a p i t a l  investments  would be one-half of those  above, 

i n  which case t h e  HWR would r e q u i r e  $6 b i l l i o n  more than the  HTGR. 
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Another f a c t o r  t o  consider  is  t h e  development c o s t s  a s soc ia t ed  wi th  

, in t roducing  a new r e a c t o r  concept. Developing a commercial HTGR could 

c o s t  more than developing a commercial HMR(Th) o r  LWR(Th). S p e c i f i c a l l y ,  

the a n t i c i p a t e d  development c o s t s  f o r  SC-HTGRs are es t imated  t o  be about 

$1.4 t o  $1.5 b i l l i o n *  ( including about $900 m i l l i o n  f o r  f u e l  r ecyc le  

development and demonstrat ion) ,  w i t h  development of CC-HTGRs cos t ing  

about $500 mi l l ion"  more when developed w i t h  t h e  SC-HTGR. Thus, t he  

t o t a l  development c o s t s  of SC- and CC-HTGRs are est imated t o  be about 

$2  b i l l i o n .  The discounted value of t h e  above $2 b i l l i o n  would be about 

$1.4 b i l l i o n  (at a d iscount  f a c t o r  of 7 .5%/year) .  Thus, even though t h e r e  

were no development c o s t s  a s soc ia t ed  w i t h  HWR(Th) o r  LWR(Th) systems, t h e  

n e t  economic b e n e f i t s  t o  be obta ined  wi th  HTGRs f o r  t h e  r e fe rence  condi t ions  

are g r e a t e r  than from e i t h e r  of t h e  o t h e r  systems. Of course,  t h e r e  are 

development c o s t s  a s soc ia t ed  wi th  commercializing IIWR(Th)s and LWR(Th)s; 

i t  is  es t imated  t h a t  c o s t s  of f u e l  r ecyc le  development p l u s  those  of a 

demonstration f u e l  r ecyc le  f a c i l i t y  would be about $600 m i l l i o n  o r  more. 

An unce r t a in ty  i n  HMR c o s t s  a l s o  involves  i n  p a r t  t h e  u n c e r t a i n t y  i n  

design and development requi red  t o  l i c e n s e  HWRs i n  the U.S. 

A s  shown previous ly  i n  Figs .  11 and 1 2 ,  the CC-HTGR has  s i g n i f i c a n t l y  

lower power c o s t s  than t h e  o t h e r  systems. This i l l u s t r a t e s  t he  economic 

importance of i nc reas ing  t h e  thermal e f f i c i e n c y  of a given r e a c t o r  system 

when doing so  does not  cause a corresponding i n c r e a s e  i n  p l a n t  c a p i t a l  

c o s t s ,  and does no t  r e q u i r e  a new type ,  more expensive f u e l  system. A t  

the same t i m e ,  t h e  b e n e f i t s  f o r  t h e  CC-HTGR re la t ive t o  t h e  SC-HTGR are 

dependent upon t h e  d iscount  f a c t o r  employed and t h e  t i m e  of i n t r o d u c t i o n  

of t h e  r e a c t o r  systems; t h e  b e n e f i t s  shown i n  Figs .  1 3  and 14 are based 

on in t roduc t ion  of CC-HTGRs 10 yea r s  a f t e r  SC-HTGRs, and a d iscount  

f a c t o r  of 7.5%/year. 

use  relative t o  SC-HTGR use are not  as l a r g e  as might be expected from 

the r e s u l t s  given i n  Fig.  11. Nonetheless,  t h e  b e n e f i t s  are s t i l l  

s i g n i f i c a n t ,  and j u s t i f y  es t imated  expendi tures  f o r  CC-HTGR development. 

A s  a r e s u l t ,  t h e  discounted b e n e f i t s  from CC-HTGR 

* 
A. D. L i t t l e ,  I nc . ,  GQs-CooZed Reactor Assessment, Vol. 111, prepared 
f o r  ERDA, August 1976 (NTIS, Spr ing f i e ld ,  V a . ) .  
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The c o r r e c t  va lue  t o  use  f o r  the d iscount  f a c t o r  is  d i f f i c u l t  t o  

determine. I n  commercial ventures ,  d i scount  f a c t o r s  g r e a t e r  than 7.5%/ 

year  are preva len t .  However, f o r  something so  b a s i c  as t h e  a b i l i t y  t o  

produce energy f o r  long per iods  of time, va lues  much less than 7.5%/year 

can be appropr i a t e .  

t h e  eva lua t ion  performed, i t  should be recognized that the re  i s  s i g n i f i c a n t  

unce r t a in ty  as t o  the c o r r e c t  va lue  t o  employ. A va lue  lower than 7.5%/ 

year  would g ive  more weight t o  f u t u r e  b e n e f i t s  than given here ,  while  a 

h igher  va lue  would g ive  more weight t o  near-term bene f i t s .  

While w e  b e l i e v e  the va lue  used is  appropr i a t e  f o r  

Although not  t r e a t e d  he re ,  i nc reas ing  the  c o r e  s p e c i f i c  power and/or  

t h e  mean energy of neutrons causing f i s s i o n  tends t o  he lp  the  re la t ive 

performance of t h e  thorium cyc le  i n  LWRs. The b a s i c  ques t ions  r e l a t e d  

t o  the  development of such LWRs concern t h e  permiss ib le  s a f e t y  margins 

and t h e  a s soc ia t ed  h e a t  t r a n s f e r / f l u i d  flow performance. 

requirements are thus  a key concern f o r  such LWR designs.  

Licensing 
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4 .  PERFORMANCE OF THE THORIUM AND URANIUM FUEL CYCLES 
I N  FAST REACTORS 

T h i s  s e c t i o n  provides  a summary of the performance of thorium, 

uranium, and mixed f u e l  cyc le s  i n  fas t  breeder  r e a c t o r s  (FBRs), wi th  

both Liquid-Metal Fas t  Breeder Reactors  (LMFBRs) and Gas-Cooled Fas t  

Reactors  (GCFRs) being t r e a t e d .  I n  t h e s e  r e a c t o r s ,  t h e  use  of thorium 

o r  thorium/uranium f u e l  cyc le s  provides  a more nega t ive  void c o e f f i c i e n t  

of r e a c t i v i t y  i n  t h e  core  than does t h e  use of t h e  uranium f u e l  cyc le ;  

s i n c e  t h e  coolant  void c o e f f i c i e n t  of r e a c t i v i t y  i s  much l a r g e r  i n  

LMFBRs than  i n  GCFRs, t h e  above e f f e c t  is  more important i n  LMFBRs. 

However, t h e  u s e  of t h e  thorium cyc le  i n  conjunct ion wi th  ceramic f u e l s  

l eads  t o  lower breeding r a t i o s  than  does t h e  use  of t h e  uranium cycle .  

While oxide f u e l s  based on t h e  thorium cyc le  have s l i g h t l y  b e t t e r  material 

and thermal performance p r o p e r t i e s  than s i m i l a r  f u e l s  f o r  t h e  uranium 

cyc le ,  such d i f f e rences  do no t  appear s i g n i f i c a n t .  

With regard  t o  metall ic f u e l s ,  the material and i r r a d i a t i o n  

performance p r o p e r t i e s  of thorium-based metal a l l o y s  are more s u i t a b l e  

t o  r e a c t o r  use  than  are uranium metal a l l o y s .  Thus, t h e  use  of metallic 

f u e l s  might be p o s s i b l e  wi th  thorium bu t  no t  wi th  uranium. Fur ther ,  t h e  

u s e  of metall ic f u e l s  based on t h e  thorium cyc le  l e a d s  t o  breeding r a t i o s  

comparable t o  those  obta ined  w i t h  ceramic f u e l s  on t h e  uranium cycle .  

From a thermal hydrau l i c  viewpoint under s t eady- s t a t e  cond i t ions ,  thorium 

m e t a l  f u e l s  appear a b l e  t o  ope ra t e  a t  h igher  h e a t  r a t i n g s  than do oxide 

f u e l s ;  however, s a f e t y  cons ide ra t ions  may l i m i t  power d e n s i t i e s  i n  metal- 

fue l ed  systems. Also,  whi le  i r r a d i a t i o n  experience t o  d a t e  wi th  thorium 

m e t a l  f u e l s  i n  encouraging, i t  is l i m i t e d ,  and much more development work 

is  requ i r ed  before  u t i l i z a t i o n  of such f u e l s  can become a r e a l i t y .  

It is evident  that the recyc le  of f u e l s  is requi red  f o r  f a s t  r e a c t o r s  

t o  ope ra t e  e f f e c t i v e l y  as breeders .  

c a p a b i l i t y  involves  similar e f f o r t  and demonstrat ion f o r  e i t h e r  t he  

uranium o r  thorium f u e l  cyc le ,  The p resen t  e f f o r t  is  on t h e  uranium 

cycle;  t h e  i n c l u s i o n  of thorium cyc le s  w i l l  r e q u i r e  an  incremental  i nc rease  

i n  e f f o r t  t o  address  those problems p e c u l i a r  t o  use of thorium f u e l s .  

The development of f u e l  r ecyc le  



41 

A f e a t u r e  of thorium f u e l  cyc le s  i n  FBRs that might become ve ry  

s i g n i f i c a n t  i n  the f u t u r e  is  r e l a t e d  t o  safeguard aspects. Developing 

a mixed uranium/thorium f u e l  cyc le  permi ts  t h e  dena tur ing  of r e c y c l e  

f i s s i l e  f u e l s  s i n c e  233U can be  d i l u t e d  w i t h  238U. This f l e x i b i l i t y  

can b e  important i f  f u e l  f eed  t o  c e r t a i n  FBR power s t a t i o n s  is  l i m i t e d  

t o  about 20% enr iched  uranium. Either LMFBRs o r  GCFRs can o p e r a t e  

w i t h  such f u e l s ;  f u r t h e r ,  the nuc lea r  performance of such f u e l s  appears  

t o  be  s a t i s f a c t o r y .  The use  of the mixed f u e l  cyc le ,  however, l e a d s  

t o  some plutonium production. The use  of that  plutonium a t  r e s t r i c t e d  

sites i n c r e a s e s  t h e  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  poss ib l e ;  i f  t h e  

plutonium cannot be  recyc led ,  i t  is  more important t o  have a h igh  breeding 

r a t i o  i n  FBRs. 

F i n a l l y ,  the use  of thorium i n  f a s t  r e a c t o r s  l e a d s  t o  a f i s s i l e  f u e l  

that i s  d e s i r a b l e  f o r  thermal r e a c t o r s ;  t h i s  i n  combination wi th  thorium 

cyc le  u s e  i n  thermal r e a c t o r s  he lps  permit the r a t i o  of thermal-to-fast 

r e a c t o r s  t o  be  r e l a t i v e l y  h igh  i n  a s t a b i l i z e d  nuc lea r  i ndus t ry .  

-0 
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5. CONCLUSIONS AND RECOMMENDATIONS 

A number of conclusions and recommendations are l i s t e d  below, 

based on t h e  r e fe rence  condi t ions  of t h i s  s tudy.  A t  the same t i m e ,  i t  

should be  recognized t h a t  t h e r e  are u n c e r t a i n t i e s  i n  a number of t h e  

economic parameters and cos t  estimates u t i l i z e d ,  and t h e  r e s u l t s  should 

no t  be  taken ou t  of context .  Nonetheless,  several v a r i a t i o n s  i n  economic 

parameters w e r e  considered,  and f o r  the s p e c i f i c  cases inves t iga t ed ,  t he  

genera l  conclusions remained v a l i d .  Fur ther ,  t h e  r e s u l t s  f o r  t h e  thermal 

r e a c t o r s  t a c i t l y  cons ider  t h a t  FBRs w i l l  even tua l ly  be appl ied  and t h a t  

thermal r e a c t o r s  w i l l  no t  always be u t i l i z e d  t o  expand t h e  nuc lear  economy. 

I n  t h a t  con tex t ,  thorium f u e l  cyc le s  can have t h e  advantages given. I f  

thermal r e a c t o r s  are always used t o  expand t h e  economy, t h e  use  of advanced 

conver te rs  has  less impact on improved f u e l  u t i l i z a t i o n .  Also, i t  is not  

an ensured f e a t u r e  of thorium f u e l  cyc les  t h a t  they w i l l  be  economic. The 

r e s u l t s  given i n  t h i s  r e p o r t  i n d i c a t e  t h a t  un less  r e a c t o r s  such as t h e  

HTGR are success fu l ly  developed, thorium f u e l  cyc le s  i n  thermal r e a c t o r s  

w i l l  f i n d  i t  d i f f i c u l t  t o  compete economically w i t h  t h e  uranium cycle .  

Fur ther ,  t h e  HTGR i s  no t  ensured t o  be an  economic system under a l l  

circumstances . 

5.1 Conclusions 

1. Development of t h e  thorium f u e l  cyc le  i s  j u s t i f i e d  on t h e  bases 

of b e t t e r  U3O8 u t i l i z a t i o n ,  improved p o t e n t i a l  f o r  long-term economics, 

and a d d i t i o n a l  f l e x i b i l i t y  wi th  regard t o  f u e l  r e c y c l e  a l t e r n a t i v e s .  

Thus, i n t r o d u c t i o n  of t h e  thorium f u e l  cyc le  provides  a d d i t i o n a l  power 

genera t ion  c a p a b i l i t y  i n  case of t h e  delayed in t roduc t ion  of commercial 

FBRs, o r  i n  case t h e r e  is in t roduc t ion  of a low-gain FBR on t h e  r e fe rence  

schedule.  

2. Use of LWR(Th)s r a t h e r  than LWR(U)s w i l l  i nc rease  t h e  amount of 

energy generated from a given U308 resource  by about 20% above t h e  r e fe rence  

va lue ,  cons ider ing  s u b s t i t u t i o n  of t h o r i a  f o r  u ran ia  i n  p re sen t  type LWR 

designs.  Use of LWR(Th)s beginning i n  1995-2000 inc reases  t h e  energy 

genera t ion  from s p e c i f i e d  U308 resources  by 12-16% relative t o  complete 0-  
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t use  of LWR(U)s. However, LWR(Th) systems do not  appear economic compared 

t o  LWR(U) systems based on p resen t  commercial r e a c t o r  designs even when 

t h e  u308 p r i c e  is  $100/lb o r  more. 

3. I f  t h e  u n c e r t a i n t i e s  regarding commercial i n t roduc t ion  of t h e  HTGR 

i n  t h e  U.S. can be reso lved  favorably ,  then  t h e  HTGR appears  t o  o f f e r  t h e  

b e s t  combination of economics and f u e l  u t i l i z a t i o n  w i t h  t h e  thorium f u e l  

cyc le .  Fu r the r ,  p o s s i b l e  f u t u r e  inc reases  i n  thermal e f f i c i e n c y  through 

a p p l i c a t i o n  of combined cyc le  HTGRs s i g n i f i c a n t l y  inc reases  economic and 

f u e l  u t i l i z a t i o n  p o t e n t i a l .  

4 .  The HWR(Th) system appears  b e t t e r  s u i t e d  than the  LWR(Th) 

system f o r  a t t a i n i n g  high conversion r a t i o s .  However, the  c a p i t a l  

component of t h e  HWR power cos t  appears  a t  l eas t  as h igh  as that of 

LWRs, exc lus ive  of t h e  HWR requirement f o r  heavy water, such t h a t  t o t a l  

power c o s t s  of HWRs appear  higher  than t h a t  of LWRs f o r  U308 p r i c e s  less 

than %$50/lb. A decrease  i n  HWR c a p i t a l  c o s t s  appears important t o  HWR 

a p p l i c a t i o n  i n  t h e  U.S. A t  $100/lb U3O8, t h e  HWR(Th) system i s  more 

economic than e i t h e r  t h e  LWR(Th) o r  LWR(U) systems. 

5 .  The use  of HTGRs and HWRs w i th  conversion r a t i o s  i n  t h e  0.8 t o  

0.9 range inc reases  energy genera t ion  from a given U3O8 resource  by 20 

t o  64%, consider ing i n t r o d u c t i o n  of t h e s e  r e a c t o r s  by 1995-2000. (Power 

growth scena r ios  u t i l i z e d  i n  e s t ima t ing  t h e  above considered nuc lea r  

power l e v e l s  t o  rise t o  400 t o  600 GW(e) by t h e  year  2000.) 

6 .  Operat ion of thermal r e a c t o r s  on Pu/Th f u e l i n g  appears t o  be 

economically a t t r a c t i v e  when Pu i s  recovered from LWRs o r  enriched- 

uranium IIwRs. 

impact  on 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  because of l imi t ed  Pu 

a v a i l a b i l i t y .  Fur ther ,  t h e  use  of Pu i n  t h i s  manner does not  permit 

i t  t o  be a v a i l a b l e  f o r  s t a r t u p  of FBRs. The Pu needs of FBRs under 

re ference  i n t r o d u c t i o n  and growth scena r ios  are such t h a t  r e se rv ing  

Pu f o r  FBRs precludes l a rge - sca l e  use  of Pu/Th f u e l  cyc le s .  

However, t h e  use  of Pu/Th f u e l i n g  does not  have a l a r g e  

7. The economic a p p l i c a t i o n  of the  thorium cyc le  i n  thermal r e a c t o r s  

genera l ly  r equ i r e s  es tab l i shment  of a f u e l  r ecyc le  indus t ry ,  p a r t i c u l a r l y  

f o r  LWRs and HWRs ( f u e l  r ecyc le  is  a l s o  r equ i r ed  f o r  u t i l i z i n g  product 

Pu and uranium from t h e  uranium cycle) .  Without f u e l  recyc le ,  the  

thorium cycle  can be  used most e f f e c t i v e l y  i n  HTGRs; however, r ecyc le  i n  

HTGRs is  d e s i r a b l e  t o  i n c r e a s e  f u e l - u t i l i z a t i o n  performance and is  
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o s t s  r i  e above about $40/ lb  f o r  the 

re fe rence  condi t ions  of th is  s tudy.  

8. Converter r e a c t o r  ope ra t ion  wi th  conversion r a t i o s  above 

about 0.9 does not  appear economical; the h igh  f u e l  r ecyc le  c o s t s  

a s s o c i a t e d  w i t h  low f u e l  burnups and the h igh  f i s s i l e  inventory  

requirements outweight the improvement i n  f u e l  u t i l i z a t i o n  achieved. 

9. The discounted economic b e n e f i t s  from thorium cycle  use  i n  the  

va r ious  reference-type r e a c t o r s ,  and r e l a t i v e  t o  LWR(U)s wi th  Pu r ecyc le ,  

vary from $1-3.8 b i l l i o n  f o r  HWRs, and from $6.4-21.6 b i l l i o n  f o r  HTGRs, 

based on c a p i t a l  charge e q u a l i t y  f o r  LWRs, HTGRs and HWRs, economic conver- 

s i o n  r a t i o s ,  es t imated  power growth scena r ios ,  thorium r e a c t o r  i n t roduc t ion  

by 1995-2000, a U308 p r i c e  of $100/lb,  and U3O8 resources  of 2.5-3.5 

m i l l i o n  tons.  The use  of thorium cyc le s  i n  r e fe rence  LWRs does not  appear 

economic r e l a t i v e  t o  use  of LWR(U)s. 

10. The HTGR economic b e n e f i t s  given i n  (9) above are cance l led  i f  

t h e  u n i t  c a p i t a l  c o s t s  of HTGRs are increased  by $95-115/kW(e) above 

those  f o r  LWRs; s i m i l a r l y ,  t h e  HWR economic b e n e f i t s  are cance l led  i f  

t h e  relative HWR c a p i t a l  c o s t s  are increased  by $13-18/kW(e). 

11. Although t h e  nuc lea r  performance of t h e  thorium f u e l  c y c l e  i n  

FBRs is gene ra l ly  not  as good as t h e  uranium cyc le ,  u se  of mixed cyc le s  

i n  FBRs may be s a t i s f a c t o r y  and/or des i r ab le .  

might be p o s s i b l e  wi th  thorium whi le  not  wi th  uranium because of t he  

s u p e r i o r  p r o p e r t i e s  of thorium-based m e t a l  re la t ive t o  uranium a l l o y s .  

U s e  of metallic thorium f u e l  improves the  performance of t h e  thorium 

f u e l  cyc le  r e l a t i v e  t o  use  of oxide f u e l ;  however, s a f e t y  cons idera t ions  

may in f luence  t h e  use  of metallic f u e l .  

Also,  use  of metallic f u e l s  

12. From a safeguards  viewpoint,  developing a mixed uranium/thorium 

f u e l  cyc le  permi ts  a "denaturing" of r ecyc le  f i s s i l e  f u e l s ,  s i n c e  2 3 3 U  

can be d i l u t e d  wi th  238U. This  f l e x i b i l i t y  could be important  i f  f u e l  

feed  t o  c e r t a i n  FBR power s t a t i o n s  were l i m i t e d  t o  %20% enr iched  uranium. 

Recommendations 

Strong support  should be given t o  t h e  thorium-cycle HTGR as t h e  b e s t  

contingency r e a c t o r  i n  case t h e r e  i s  a s i g n i f i c a n t  de lay  i n  t h e  in t roduc t ion  0' 
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of LMFBRs. The emphasis should be  p laced  on commercializing HTGRs and 

in t roducing  them on a t i m e  schedule  such t h a t  they can capture  a l a r g e  

sha re  of t h e  nuc lea r  power market by 1995-2000. 

I n  a d d i t i o n  t o  t h e  above, continued s t u d i e s  and eva lua t ions  should 

be c a r r i e d  ou t  on t h e  LWR(Th) and HWR(Th) systems. Since LWRs are t h e  

most d i r e c t  v e h i c l e  f o r  thorium u t i l i z a t i o n ,  LWR(Th) systems should be 

s tud ied  more thoroughly t o  be  s u r e  t h e  conclusions of t h i s  l i m i t e d  s tudy  

are v a l i d .  Such s t u d i e s  should a l s o  eva lua te  LWR designs based on a more 

advanced technology; i n  t h e  l a t te r  case, care must be taken t o  consider  

t h e  inf luence  of l i c e n s i n g  requirements on design.  Relative t o  heavy 

water r e a c t o r s ,  HWR(Th)s should be  considered f o r  commercial i n t r o d u c t i o n  

i n t o  t h e  U.S. as a backup t o  t h e  HTGR. Associated e f f o r t  should inc lude  

an eva lua t ion  of t h e  c o s t s  and schedules  f o r  commercial i n t roduc t ion  and 

l i c e n s i n g  of HWRs, of t h e  c a p i t a l  investments requi red  f o r  D 2 0  s e p a r a t i o n  

p l a n t s ,  and an assessment of a l l  c o s t s  no t  expected t o  be borne by indus t ry .  

F ina l ly ,  i t  should be noted t h a t  t h e  above cons iders  no l i m i t a t i o n s  

on f u e l  use o r  on f u e l  r e c y c l e  o t h e r  than those  a s soc ia t ed  wi th  economic/ 

t echn ica l  f a c t o r s .  I f  l i m i t a t i o n s  on f u e l  r e c y c l e  are imposed upon the  

nuc lea r  i ndus t ry  because of safeguards cons ide ra t ions ,  t h e  use of thorium/ 

uranium mixed cyc le s  i n  FBRs may be necessary t o  have a breeder  economy, 

and could have impl i ca t ions  on thermal r e a c t o r  f u e l  cyc les .  This s i t u a t i o n  

w a s  examined only p e r i p h e r a l l y  i n  t h i s  r e p o r t ;  based on t h e  r e s u l t s  ob ta ined ,  

i t  is  recommended t h a t  thorium/uranium f u e l  cyc le s  i n  FBRs be s tud ied  i n  

d e t a i l ,  a long  wi th  t h e i r  p o s s i b l e  i n t e r a c t i o n s  wi th  thermal r e a c t o r s .  
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APPENDIX A 

PHYSICS CONSIDERATIONS 

Summary: The phys ics  a s p e c t s  of thorium f u e l s  i n  both thermal and f a s t  

neutron s p e c t r a  are d iscussed .  Higher conversion r a t i o s  (CR) are pos- 

s i b l e  us ing  t h e  thorium f u e l  cyc le  i n  a thermal neutron spectrum because 

of t h e  f avorab le  r a t i o  of neutron captures  t o  f i s s i o n s  i n  U-233. The 

importance of t h i s  r a t i o  i n  t h e  conversion r a t i o  can be seen i n  Eq. (Al):  

CR = ne '  - 1 - l o s s e s  , (AI) 

where 

CR = conversion r a t i o ,  

= v / ( l  + a) = neutrons c rea t ed  pe r  neutron destroyed ( e t a ) ,  

u = neutrons produced pe r  f i s s i o n  (nu) ,  

a = r a t i o  of cap tu res  t o  f i s s i o n s  ( a lpha ) ,  

8 '  = r a t i o  of t o t a l  f i s s i o n s  t o  f iss i le  f i s s i o n s  ( eps i lon  prime).  

Neutron l o s s e s  t o  f i s s i o n  products  and captures  i n  h igher  i so topes  are 

a l s o  discussed.  

I n  a f a s t  neutron spectrum t h e  va lues  of a lphas  f o r  U-233 and Pu-239 

are about t h e  same. Pu-239 has  a h igher  va lue  of nu, and t h e  U-238 

f e r t i l e  i s o t o p e  has  nuc lear  p r o p e r t i e s  which y i e l d  a higher  va lue  of 

eps i lon  prime than  i n  t h e  Th-232 f e r t i l e  atoms. The o v e r a l l  r e s u l t  is  a 

higher  conversion r a t i o  f o r  t h e  U-Pu f u e l  cyc le  i n  a f a s t  spectrum. 

However, t h e r e  are s a f e t y  advantages a s soc ia t ed  wi th  thorium f u e l  i n  a 

f a s t  spectrum, which are d iscussed  i n  some d e t a i l .  I n  add i t ion ,  t h e  

phys ica l  p r o p e r t i e s  of thorium m e t a l  are more favorable  f o r  use  as a 

nuclear  f u e l  than  t h e  phys ica l  p r o p e r t i e s  of uranium metal. 

breeder  r e a c t o r  us ing  thorium metal f u e l  i n  t h e  co re  would have a lower 

breeding ga in  than  a plutonium o,xide fue l ed  core ,  bu t  might r e q u i r e  a 

lower s p e c i f i c  inventory  because of t h e  h igher  power dens i ty  achievable  

wi th  metal f u e l .  

.gain a s soc ia t ed  wi th  thorium cyc le s .  

A f a s t  

This  would p a r t i a l l y  compensate f o r  t h e  lower breeding 

A-1 



A- 2 

Advantages of t he  Thorium Fuel  Cycle i n  a Thermal Neutron Spectrum 

Of t h e  over 1000 n a t u r a l l y  occurr ing  i s o t o p e s ,  only two have t h e  necessary 

nuc lear  p r o p e r t i e s  and occur i n  s u f f i c i e n t  abundance t o  be of i n t e r e s t  

as p o t e n t i a l  sources  f o r  augmenting our l i m i t e d  f i s s i l e  f u e l  resources .  

These i so topes  are 232Th and 238U. Both are abundant i n  n a t u r e  ( i n  the  

sense  t h a t  i f  t h e i r  p o t e n t i a l  could be  f u l l y  r e a l i z e d  they would s u f f i c e  

t o  supply t h e  world energy requirements f o r  cen tu r i e s )  and both e x h i b i t  

q u a l i t a t i v e l y  t h e  same behavior when exposed t o  a neutron f l u x  i n  the  

co re  o r  b lanket  of a nuc lear  r e a c t o r .  The t ransmutat ion cha ins  f o r  

232Th and 238U, through which they are transformed t o  t h e  f i s s i o n a b l e  

i so topes  2 3 3 U  and 239Puy are shown i n  Fig.  A . l .  

t o  t h e i r  f i s s i l e  o f f s p r i n g  by a s i n g l e  neutron cap tu re  and two success ive  

f3 decays.  

Both nuc l ides  t ransform 

From a r e a c t o r  phys ics  po in t  of v i e w ,  t he  r e l a t i v e  m e r i t s  of t h e  two 

i so topes  as p o t e n t i a l  f u e l  sources  depend no t  so  much on t h e i r  i n t r i n s i c  

nuc lear  p r o p e r t i e s  (given t h e i r  i nhe ren t  f e r t i l i t y )  as on t h e  nuc lear  

p r o p e r t i e s  of t h e i r  o f f s p r i n g  and, t o  a lesser e x t e n t ,  on t h e i r  g e s t a t i o n  

per iod .  It i s  these  secondary p r o p e r t i e s  which determine t h e i r  u l t ima te  

va lue  i n  a power r e a c t o r  economy and in f luence  t h e  s e l e c t i o n  of one o r  

t h e  o t h e r  f o r  a p p l i c a t i o n  i n  a p a r t i c u l a r  r e a c t o r  type.  

The v i r t u e s  of thorium as t h e  f e r t i l e  element i n  thermal r e a c t o r  f u e l  

cyc le s  have been r e i t e r a t e d  by a number of i n v e s t i g a t o r s  over t h e  

years .  s 2  9 p 4  9 I n  t h e  f i n a l  a n a l y s i s  , a l l  of t h e  arguments revolve  

around t h e  f a c t  t h a t  233Uy t h e  f i s s i l e  daughter of 232Th, produces more 

neut rons  than  i t s  competi tor ,  239Pu, when exposed t o  a thermal neutron 

spectrum. 

per  thermal (2200 m/sec) neutron absorp t ion  is  ~ 2 . 2 8  f o r  233U ver sus  

~ 2 . 1 1  f o r  239Pu, b u t  i n  t h e  t i g h t l y  regula ted  neutron economy of a 

nuc lea r  r e a c t o r  core  where c o n t r o l  i s  exerc ised  i n  t e r m s  of increments 

of t h e  delayed neutron f r a c t i o n  (from 0.65% t o  0.21% depending on the  

f i s s i l e  component of t h e  f u e l ) ,  t h e  a d d i t i o n a l  neutrons can have a 

s i g n i f i c a n t  impact on t h e  nuc lear  performance and economics of power 

r e a c t o r  opera t ion .  

The d i f f e r e n c e  is no t  l a r g e .  The number of neutrons produced 

0-  
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The d i scuss ion  which fo l lows  desc r ibes  i n  d e t a i l  those  p a r t i c u l a r  

phys i ca l  a t t r i b u t e s  of t h e  thorium f u e l  cyc le  which make i t  a t t r a c t i v e  

f o r  implementation i n  thermal r e a c t o r  systems. It is  .ex t rac ted  essen- 

t i a l l y  verbat im from one of t h e  review papers  on t h e  t o p i c . 2  

Table A . l  shows t h e  important nuc lear  parameters of t h e  p r i n c i p a l  f i s s i l e  

i so topes  a v a i l a b l e  f o r  u se  i n  nuc lea r  power r e a c t o r s .  Figu're A . 2  shows 

t h e  spectrum averaged rl va lues6  ( p l o t t e d  as n-1) f o r  a series of b inary  

mixtures  of 233U, 235U, and 239Pu i n  a g r a p h i t e  moderator a t  room t e m -  

p e r a t u r e ,  a t  573"K, and a t  900°K. 

i n d i c a t i o n  of t h e  va r ious  i so topes '  p o t e n t i a l  f o r  high conversion r a t i o s  

i n  thermal  r e a c t o r s ,  and i t  may be seen t h a t  only 233U has va lues  of 

apprec iab ly  l a r g e r  than  2.0. 

o r  f r a c t i o n  of a l l  neutron absorp t ions  i n  f u e l  t h a t  occur a t  neut ron  

ene rg ie s  below 0.45 eV.) 

F igure  A.2 may be taken as a good 

(Also shown i n  Fig.  A.2 is  t h e  " thermali ty"  

The a t t a i n a b l e  conversion r a t i o ,  i n  a thermal r e a c t o r ,  depends somewhat 

on t h e  choice  of moderator.  The p r i n c i p a l  moderators are water, heavy 

water, bery l l ium,  bery l l ium oxide,  and g raph i t e .  The maximum conversion 

r a t i o  f o r  233U i n  each of t hese  moderators,  a l lowing only f o r  l o s s e s  i n  

t h e  moderator i t s e l f ,  i s  shown i n  Fig.  A . 3  as a func t ion  of t h e  slowing- 

down power, cas, per  f u e l  atom. (as is t h e  free-atom s c a t t e r i n g  c ross  

s e c t i o n  of t h e  moderator,  and 5 i s  t h e  mean logar i thmic  energy l o s s  of 

neut rons  i n  c o l l i s i o n  wi th  moderator atoms.) 

The curves gene ra l ly  e x h i b i t  a maximum, r e s u l t i n g  from t h e  opposing 

e f f e c t s  of r i s i n g  and inc reas ing  moderator l o s s  as moderator-to-fuel 

r a t i o  inc reases .  Losses i n  D20 are very  s m a l l ,  even wi th  an  allowance 

(which is  included i n  t h e  curve) f o r  0.14 percent  H 2 0  i n  t h e  D20. The 

maximum breeding r a t i o  i n  H20 i s  only 0.02 less than  i n  carbon; however, 

as w i t h  D20, l o s s e s  i n  s t r u c t u r e  may be important .  

appear t o  be  e s p e c i a l l y  s u i t a b l e  as a moderator f o r  thermal r e a c t o r s ;  

i t s  l a r g e  (n,2n) c r o s s  s e c t i o n  i s  only p a r t l y  o f f s e t  by a low-threshold 

(n,a)  r e a c t i o n ,  y i e l d i n g  a n e t  f a s t - e f f e c t  f a c t o r  of about 1.07 ( f o r  

Beryll ium would 

a- 
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Table A. 1 .  Neutron Cross Sections (in Barns) of the Principal 
Fissile Nuclides U, U,  Pu, and Pua 

(Neutron energy = 0.0252 eV, velocity = 2200 m/sec) 

233U 236U 239pU 2 4 l p U  

gab 578 f 2  678 f 2  1013 f 4  1375 f 9  
Qf 531 f 2  580 f 2 742 f 3 1007f7 
Qt 4 7 f l  98f1 271 f 3  368 f 8  

tl 2.284f0.006 2.072+0.006 2.109f0.007 2.149f0.014 
V 2.487 f 0.007 2.423 f 0.007 2.880 f 0.009 2.934 & 0.012 

a 0.089f0.002 0.169f0.002 0.366f0.004 0.365f0.009 
0 

~ ~~ 

Hanna, G. C. et al 1969. Af. Energ. Rea 7:3-92. .Figures in the referenced article 
were all given to one additional significant figure. 

= q+uY; a = uy/uf ; v =neutrons per fission = T( 1 +a). 
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Be)2 o r  1.04 f o r  BeO.* 

hi, which has  a neutron absorp t ion  c r o s s  s e c t i o n  of 940 barns  a t  0.025 

e V ,  and t h e r e f o r e  reaches s a t u r a t i o n  r a t h e r  quickly -more quick ly  than  

t h e  f u e l  burns up. 

v e r s i o n  r a t i o  t h a t  would fo l low s a t u r a t i o n  of t he  6 L i .  

gaseous products ,  3H and 3 H e ,  which would r e s u l t  from neutron capture  i n  

6 L i ,  are presumed t o  be unimportant,  as poisons,  because of t h e  long 

l i f e  and mob i l i t y  of t h e  3H.) 

Unfortunately,  t h e  Be(n,a) r e a c t i o n  produces 

I n  Fig.  A . 3  w e  t h e r e f o r e  i n d i c a t e  t h e  reduced con- 

(Higher-order 

F a s t  neut ron  m u l t i p l i c a t i o n  can a l s o  r e s u l t  from f i s s i o n s  o r  (n,2n) 

r e a c t i o n s  i n  235U, 232Th, o r  o the r  even-even nuc l ides  such as 2 3 4 U ,  

236U,  o r  240Pu. 

however, t hese  r e a c t i o n s  make only minor con t r ibu t ions  t o  t h e  o v e r a l l  

neut ron  product ion i n  thermal breeders .  

less important than  i n  238U because t h e  c r o s s  s e c t i o n  above threshold  is  

much lower f o r  232Th than  f o r  238U. 

I n  c o n t r a s t  t o  t h e  s i t u a t i o n  i n  fas t -breeder  r e a c t o r s ,  

F a s t  f i s s i o n  i n  232Th is  much 

Control  of t h e  neutron l o s s  due t o  leakage is l a r g e l y  a matter of eco- 

nomics. 

b lanket  reg ion  conta in ing  mainly t h e  f e r t i l e  material - e.g. , 232Th - 

t h e  e x t e n t  of t h e  r educ t ion  depending i n  p a r t  on t h e  th ickness  of t he  

b l anke t .  Inc reas ing  t h e  b l anke t  th ickness ,  w e  reach a po in t  beyond 

which a f u r t h e r  i n c r e a s e  would c o s t  more than t h e  va lue  of t h e  a d d i t i o n a l  

neut rons  saved. Indeed, i t  may be found t h a t  no b lanket  i s  economically 

j u s t i f i a b l e .  I n  any event ,  as a gene ra l  r u l e ,  leakage l o s s e s  i n  a 

r e a c t o r  designed f o r  minimum power c o s t  are no t  l i k e l y  t o  be less than 

0.01 t o  0.02 ( r e l a t i v e  t o  rl source  neut rons) .  

Leakage can be  reduced by surrounding t h e  active core  by a 

Neutron l o s s e s  t o  t h e  high-cross-sect ion f i s s i o n  product 1 3 5 X e  are w e l l  

known. The xenon poison f r a c t i o n  - i . e . ,  neutron absorp t ions  i n  xenon 

pe r  abso rp t ion  i n  f u e l -  may be  r e l a t e d  t o  t h e  f u e l  s p e c i f i c  power, 

*Based on ENDF/B-Version I11 c r o s s  s e c t i o n s  f o r  B e .  Version I1 f o r  o t h e r  
nuc l ides .  0” 
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S[MW(t)/kg fissile], which is a useful generalized measure of the 
neutron flux level in a reactor. Using the xenon yield for thermal- 

neutron fission of 233U (0.060) and cross sections appropriate to a 

graphite core at 600°C with Nc/N23 % 9000, we find for the xenon poison 

fraction 

P 0.0548(0.44 + S ) - l  . 

For typical in-core inventories of fissile fuel, values of S of 1 to 3 

MW(t)/kg will normally be attained, corresponding to values of P of 
0.037 to 0.047. Thus, a reduction of about 0.04 in conversion ratio 
will usually be associated with equilibrium concentrations of 35Xe. 

Following a reactor shutdown or reduction in power, the xenon poisoning 
temporarily increases, passing through a maximum 10 to 12 hours after 
the shutdown. The magnitude of this transient additional poison frac- 

tion also depends on the fuel specific power, and is approximately 0.01, 

0.04, or 0.07 for S = 1, 2, or 3 MW(t)/kg, respectively. 

temporary loss is not significant by itself, a reactivity reserve for 

xenon override, if normally compensated by control rods, would represent 

a permanent loss of neutrons. 

Although the 

A potentially significant neutron loss in Th fueled thermal reactors is 
that due to capture in 233Pa, which is an intermediate in the breeding 
react ion 

- - 
233u . B B 

233pa 27.4d 232Th(n,y)233Th 22m * 

233Pa has a thermal-neutron cross section of about 43 b and a resonance 

integral of about 850 b. 
is similar to the 135Xe loss, in that it involves a competition between 

neutron capture and radioactive decay, and is roughly proportional to 

fuel specific power for a(Pa)$/X << 1. 
neutron by 233Pa destroys a nascent 233U atom, as well as removing a 

The loss of neutrons by absorption in 233Pa 

However, since absorption of a 
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neutron t h a t  might have c rea t ed  y e t  another  2 3 3 U  atom, t h e  l o s s  t o  233Pa 

is  double t h e  s imple r a t i o  of absorp t ions  i n  233Pa t o  absorp t ions  i n  

233u. 

We relate t h e  233Pa loss t o  s p e c i f i c  power i n  a way s i m i l a r  t o  t h a t  used 

f o r  xenon. 

u ( ~ ~ ~ U ) ,  does depend on t h e  r e a c t o r  spectrum, a va lue  of one-third may 

be taken as t y p i c a l .  Assuming t h a t  t h e  conversion r a t i o  i s  c l o s e  t o  

u n i t y ,  and not ing  t h a t  t h e  decay cons tan t  of 233Pa is  0.0257/dayY w e  

f i n d  t h a t  t h e  loss i n  conversion r a t i o  is  given approximately by 

- 
While t h e  r a t i o  of spectrum-averaged c r o s s  s e c t i o n s ,  c ~ ( ~ ~ ~ P a ) /  

- 

6BR ’L 2S(64 + S ) - l  , 

wi th  va lues  of 0.03, 0.06, and 0.09 f o r  S = 1, 2, and 3 MW(t)/kg, respec- 

t i v e l y .  

This  l o s s  may be reduced by p a r t i a l  segrega t ion  of t h e  thorium and 

f i s s i l e  uranium so  t h a t  t h e  thorium, and hence t h e  pro tac t in ium,  ex- 

per iences  a low neutron f l u x ,  whi le  t h e  f i s s i l e  uranium is  exposed t o  a 

h igher  f l u x .  

express ion  would then  be mul t ip l i ed  by t h e  r a t i o  of e f f e c t i v e  f l u x  i n  

t h e  thorium t o  t h a t  i n  t h e  f u e l .  

The f a c t o r s  involv ing  the  s p e c i f i c  power i n  t h e  above 

An i n t e r e s t i n g  consequence of t h e  r e l a t i v e l y  long mean l i f e  of 233Pa 

(39 days) i s  t h a t  a s i g n i f i c a n t  r e a c t i v i t y  a d d i t i o n  can occur during a 

prolonged r e a c t o r  shutdown. During normal, s t eady- s t a t e  r e a c t o r  oper- 

a t i o n ,  t h e  r a t i o  of 233Pa inventory t o  f i s s i l e  uranium inventory i s  

approximately S/20, where S is ,  aga in ,  t h e  in-core f u e l  s p e c i f i c  power 

i n  MW(t)/kg ( f i s s i l e ) .  Thus, f o r  S i n  t h e  range 1 t o  3 MW(t)/kg, an 

i n c r e a s e  of 5 t o  1 5  percent  i n  f u e l  inventory would occur ,  w i th  a t i m e  

cons t an t  f o r  approach t o  s a t u r a t i o n  of 39 days. 

e f f e c t  of t h i s  a d d i t i o n a l  2 3 3 U  would depend on i t s  l o c a t i o n  - i .e . ,  on 

t h e  i n i t i a l  degree of segrega t ion  of t h e  f i s s i l e  and f e r t i l e  materials 

i n  t h e  r e a c t o r  - t h e  e f f e c t  could be as much as 40 percent  of t he  f rac-  

t i o n a l  i nc rease  i n  f u e l  inventory;  thus  a r e a c t i v i t y  inc rease  bk/k ?r 0.02 

While t h e  r e a c t i v i t y  

0 

- I  

0’ 



A-11 

t o  0.06 could occur .  Such a r e a c t i v i t y  inc rease  need not  be a problem, 

b u t  appropr i a t e  c o n t r o l  devices  would be requi red  t o  compensate f o r  i t .  

A f t e r  t h e  r e a c t o r  is  brought back t o  power, some l o s s  of neutrons t o  

c o n t r o l  poisons might be involved,  whi le  equi l ibr ium concent ra t ions  of 

f u e l  and pro tac t in ium are r ees t ab l i shed .  Unfortunately,  the  r e a c t i v i t y  

inc rease  a s soc ia t ed  w i t h  

c a p a b i l i t y ,  s i n c e  t h e  t ime cons t an t s  f o r  t h e  two processes  are ve ry  

d i f f e r e n t - - . e . ,  39 days vs 10  hours.  

3Pa decay cannot provide xenon ove r r ide  

One of t h e  most important  sources  of neutron l o s s ,  from the  s tandpoin t  

of achieving h igh  conversion r a t i o s  i n  a thermal  r e a c t o r ,  is  t h e  l o s s  t o  

s lowly s a t u r a t i n g  o r  nonsa tura t ing  f i s s i o n  products .  I n  c o n t r a s t  t o  

135Xe and 149Sm, whose very  l a r g e  neutron-absorption c r o s s  s e c t i o n s  

cause them t o  reach  s a t u r a t i o n  very  quick ly ,  t h e  g r e a t  major i ty  of t h e  

f i s s i o n  products  have c r o s s  s e c t i o n s  which are comparable t o  o r  smaller 

than  t h a t  of t h e  f u e l  i t s e l f .  Thus, t h e  aggregate  poisoning e f f e c t  of 

t hese  f i s s i o n  products  i s  roughly p ropor t iona l  t o  t h e  f r a c t i o n a l  burnup 

of t h e  f u e l  p r i o r  t o  i t s  removal from t h e  r e a c t o r  f o r  chemical processing.  

The f i s s i o n  product  poisoning depends a l s o  on t h e  neutron spectrum, on 

t h e  predominant s p e c i e s  of f u e l  i n  t h e  r e a c t o r ,  on t h e  fuel-replacement 

s t r a t e g y  employed, and on t h e  f l u x  level,  o r  f u e l  s p e c i f i c  power. 

ha rd ly  poss ib l e ,  t h e r e f o r e ,  t o  e x h i b i t  a s i n g l e  un ive r sa l  r e l a t i o n s h i p  

between f u e l  burnup and f i ss ion-product  poisoning. Nonetheless w e  show 

a few t y p i c a l  p o i n t s  i n  Fig.  A.4 i n  which t h e  f r a c t i o n a l  f u e l  burnup i s  

expressed i n  terms of f i f a  - i .e . ,  f i s s i o n s  per i n i t i a l  f i s s i l e  a t o m  i n  

f r e s h  f u e l .  

g r e a t e r  than  one f i f a  are poss ib l e . )  

(with due allowance f o r  t h e  effects  of o t h e r  v a r i a b l e s )  t h a t  neutron 

l o s s e s  i n  t h e  neighborhood of 0.10 (per  neutron absorbed i n  f i s s i l e  

atoms) may be expected f o r  f u e l  exposures of 1 t o  1.5 f i f a .  

It is  

(Note t h a t  w i t h  f u e l  r egene ra t ion  by breeding,  exposures 

It  may be i n f e r r e d  from Fig.  A4 

Another r a t h e r  important  f a c t o r  t h a t  tends t o  reduce conversion r a t i o  i n  

a thermal r e a c t o r  i s  t h e  presence of higher  i so topes  of uranium, r e s u l t i n g  

from success ive  neutron cap tu res  i n  t h e  cha in  s t a r t i n g  wi th  2 3 3 U .  The 
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. 

reduct ion  r e s u l t s  i n  p a r t  from t h e  weighted con t r ibu t ion  of t h e  lower rl 

of 235U and i n  p a r t  from t h e  added neutron l o s s  i n  236U and 237Np. 

It should a l s o  be  noted t h a t  t h e  bui ldup of 236U, and of any nuc l ides  

beyond i t  i n  t h e  cha in ,  may be  r a t h e r  slow, owing t o  a r a t h e r  s m a l l  

c r o s s  s e c t i o n  of 236U r e l a t i v e  t o  t h a t  of 233U. 

power of 1 MW(t)/kg, t h e  time cons tan t  f o r  t h e  approach of t he  236U 

concent ra t ion  t o  equ i l ib r ium is  something l i k e  50 yea r s  a t  0.8 p l a n t  

f a c t o r  (40  equiva len t  full-power y e a r s ) .  Of course a higher  s p e c i f i c  

power would produce a s h o r t e r  t i m e  cons tan t .  (For t h i s  c a l c u l a t i o n ,  t h e  

s p e c i f i c  power must be based on t h e  e n t i r e  inventory of f i s s i l e  uranium 

chargeable  t o  t h e  r e a c t o r  - i .e . ,  inc luding  t h e  out-of-pile as w e l l  as 

i n - p i l e  i nven to r i e s . )  On t h e  o t h e r  hand, i t  should a l s o  be noted t h a t  

For a f u e l  s p e c i f i c  

i f  a r e a c t o r  system i s  s t a r t e d  up i n i t i a l l y  wi th  235U,  owing t o  a l a c k  

of 2 3 3 U  f o r  s t a r t u p ,  then  a n  amount of 236U much g r e a t e r  than t h e  equi- 

l i b r ium amount would be produced e a r l y  i n  t h e  l i f e  of t h e  system, and 

t h e  equi l ibr ium concen t r a t ion  would be  approached from t h e  high s i d e .  

This  e x t r a  poisoning e f f e c t  must be  experienced somewhere i n  t h e  nuc lear  

power complex, whether o r  no t  t h e  e x t r a  236U is  r e t a i n e d  i n  t h e  r e a c t o r .  

Qui te  a p a r t  from t h e  c o s t  f a c t o r s  involved,  r a p i d  chemical processing 

may prove t o  be  undes i r ab le  i f  t h e  recovery of f i s s i l e  material from 

exposed f u e l  elements i s  incomplete. I f  a s m a l l  f r a c t i o n  of t h e  f u e l  is  

l o s t  during each f u e l  processing cyc le ,  an  e f f e c t i v e  reduct ion  i n  con- 

ve r s ion  r a t i o  i s  experienced which i s  inve r se ly  p ropor t iona l  t o  t h e  

d ischarge  f u e l  exposure,  expressed i n  f i s s i o n s  per  i n i t i a l  f i s s i l e  atom. 

For example, a t  a n  exposure of one f i f a  (neglec t ing  a s m a l l  c o r r e c t i o n  

due t o  r a d i a t i v e  cap tu re ) ,  a processing l o s s  of 0.5 percent  would g ive  

rise t o  a 0.005 r educ t ion  i n  conversion r a t i o ,  whi le  a t  0 .1  f i f a  t h e  

same processing l o s s  would lower t h e  e f f e c t i v e  conversion r a t i o  by 0.05. 

I n  Fig.  A . 5 ,  w e  see how t h e  combined l o s s  of conversion r a t i o  due t o  

f i s s i o n  products  and processing l o s s e s  might vary  wi th  f u e l  d i scharge  

exposure,  f o r  a pos tu l a t ed  l i n e a r  l o s s  due t o  t h e  f i s s i o n  product aggregate  

(excluding 5Xe and 9Sm) . 
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For s o l i d  f u e l  elements,  material l o s s e s  i n  processing and r e f a b r i c a t i o n  

are customari ly  supposed t o  be  i n  t h e  neighborhood of 1 .0  percent .  

F igure  A.5 would suggest  a n  optimum exposure of about 0 . 3  f i f a  f o r  t h i s  

rate of l o s s ;  b u t  i n  f a c t ,  because of f a b r i c a t i o n  and processing c o s t s ,  

t h e  economic optimum exposure would t y p i c a l l y  be much g r e a t e r  than t h i s .  

The d i f f e r e n c e s  between t h e  233U-232Th and 239Pu-238U f u e l  cyc le s  can be 

e x p l i c i t l y  q u a n t i f i e d  by cons ider ing  t h e  two flow c h a r t s  given i n  Fig.  

A . 6 .  These c h a r t s  r ep resen t  t he  f i s s i l e  and f e r t i l e  t ransmutat ion 

cha ins  and neut ron  u t i l i z a t i o n  i n  two i d e a l i z e d  thermal r e a c t o r  co res  

optimized f o r  t h e  r e s p e c t i v e  f u e l   cycle^.^ 
heavy water moderated r e a c t o r  and t h e  239Pu-238U system is  an optimized 

l i g h t  water r e a c t o r .  I n  a d d i t i o n ,  i t  is  assumed f o r  purposes of expos i t i on  

t h a t  no neutrons are l o s t  t o  leakage o r  p a r a s i t i c  cap tures  i n  s t r u c t u r e ,  

moderator o r  f i s s i o n  products .  

d e s t r u c t i o n  of 100 atoms of t h e  f i s s i l e  i so tope .  

The 233U-232Th system is a 

The neutron balances are based on t h e  

Considerat ion of t hese  flow c h a r t s  shows t h a t  f o r  t hese  i d e a l i z e d  thermal 

f u e l  cyc le s  t h e  233U-232Th system y i e l d s  a conversion r a t i o  of 1.18, 

i .e . ,  118 atoms of 233U are produced f o r  each 100 atoms destroyed,  whi le  

t h e  239Pu-238U c y c l e  y i e l d s  a conversion r a t i o  of 0.99. 

t h e s e  va lues  i s  achievable  i n  p r a c t i c e  because of p a r a s i t i c  cap tu res  and 

neutron leakage,  b u t  t h e  incremental  d i f f e r e n c e  between t h e  thorium and 

uranium f u e l  cyc le s  carries over t o  a c t u a l  r e a c t o r s  and can be exp lo i t ed  

by t h e  clever nuc lea r  des igner .  

Nei ther  of 

C h a r a c t e r i s t i c s  of Thorium Fuel  i n  a Fas t  Neutron Spectrum 

I n  a thermal neutron spectrum higher  conversion r a t i o s  are p o s s i b l e  wi th  

thorium f u e l s  w i th  233U as t h e  f i s s i l e  i so tope  because of t he  lower 

r a t i o  of captures  t o  f i s s i o n s  i n  233U compared wi th  235U and 239Pu. 

This  advantage does not  e x i s t  i n  a f a s t  neutron spectrum, as shown i n  

Figs .  A.7 and A . 8  from r e f  5. I n  a f a s t  spectrum t h e  l a r g e r  value of v 

f o r  239Pu dominates and r e s u l t s  i n  a h igher  conversion r a t i o  (higher  n), 
as shown i n  Fig.  A.9. Table A.2 ( r e f  7) lists va lues  of v f o r  s e v e r a l  

i so topes .  
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Table A.2. Neutrons Emitted per  F i s s ion  (v) Produced 
by 1.5 MeV Neutrons 

I so tope  V 

Th-232 2 .2  

U-233 2 . 6 6  

U-235 2.58 

U-238 2.57 

Pu-239 3.09 

Pu-240 3 .1  

Pu-241 3.2 

Another f e a t u r e  of thorium i n  a f a s t  neutron spectrum is  the  r e l a t i v e l y  

low con t r ibu t ion  of neutrons from f e r t i l e  f i s s i o n s  i n  Th-232, compared 

wi th  U-238. An important  component of t h e  conversion r a t i o  (breeding 

r a t i o )  i s  t h e  f a s t  f i s s i o n  f a c t o r ,  E ' ,  shown i n  Eq. (Al) .  A s  shown i n  

Fig.  A.10 t h e  f i s s i o n  threshold  energy i s  considerably lower i n  Th-232 

than i n  U-238, and t h e  f i s s i o n  c ros s  s e c t i o n  is  much higher  i n  U-238 a t  

a l l  neut ron  ene rg ie s  above 1 MeV.  A similar p l o t  i n  Ref (2) shows t h e  

f i s s i o n  c r o s s  s e c t i o n s  f o r  Pu-240 t o  be s i g n i f i c a n t l y  h igher  than  even 

U-238. S u b s t a n t i a l  q u a n t i t i e s  of Pu-240 are p resen t  i n  Pu-U FBR f u e l s .  

Because of t h e  neu t ron ic  p r o p e r t i e s  descr ibed  above, thorium f u e l s  are 
i n f e r i o r  t o  uranium-plutonium f u e l s  i n  f a s t  r e a c t o r s ,  wi th  r e s p e c t  t o  

breeding p o t e n t i a l .  

Reactor ,  f a s t  f i s s i o n i n g  i n  U-238 and t h e  h igher  f e r t i l e  i so topes  of Pu 

c o n t r i b u t e  1 7 %  of t h e  power produced. '  I f  Th-232 rep laced  U-238 as  the 

f e r t i l e  mater ia l ,  t h e  f a s t  f i s s i o n  con t r ibu t ion  would drop t o  approxi- 

mately 3%. 

FBR i s  a n  advantage from t h e  s t andpo in t  of resource  u t i l i z a t i o n ;  however 

t h i s  l a r g e  f a s t  f i s s i o n  e f f e c t  has  a s a f e t y  drawback. 

I n  an  LMFBR such as t h e  Clinch River Breeder 

The c o n t r i b u t i o n  of U-238 t o  d i r e c t  energy product ion i n  an 

It has  been shown t h a t  t h e  Th-U f u e l  cyc le  has  supe r io r  conversion 

c h a r a c t e r i s t i c s  i n  a thermal neutron spectrum, whi le  i n  a f a s t  spectrum 

t h e  U-Pu f u e l  cyc le  has  supe r io r  c h a r a c t e r i s t i c s .  For a f a s t  spectrum 
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wi th  a median neutron energy of 0.15 Mev ( t y p i c a l  of an LMFBR) Pu-239 

has  a h igher  breeding p o t e n t i a l  than  U-233. A s  t he  average energy of 

t h e  neutron spectrum i n c r e a s e s ,  t h e  r e l a t i v e  Pu-239 t o  U-233 breeding 

advantage inc reases .  This  i nc rease  is  due i n  p a r t  t o  t h e  increased  

c o n t r i b u t i o n  of U-238 f i s s i o n s  as t h e  neutron energy spectrum hardens.  

This  c h a r a c t e r i s t i c  of t h e  U-Pu f u e l  can l ead  t o  c o n t r o l  problems during 

p o t e n t i a l  sodium void ing  inc iden t s .  

Sodium void ing  i n  a n  FBR core  has  two major e f f e c t s  on r e a c t o r  neu- 

t r o n i c s .  F i r s t ,  t h e  average neutron energy inc reases  and second neutron 

leakage ( l o s s )  i nc reases .  

I n  a l a r g e  FBR fue led  wi th  239Pu and 238U, t he  h igher  neutron energy 

causes  increased  238U f i s s i o n s  and a higher  e ta  va lue  f o r  239Pu. 

p o s i t i v e  r e a c t i v i t y  e f f e c t s  dominate t h e  nega t ive  leakage e f f e c t  and 

l e a d  t o  a l a r g e  inc rease  i n  r e a c t i v i t y  which can cause an  uns t ab le  

c o n t r o l  condi t ion .  I n  a thorium fue led  r e a c t o r  t he  l a c k  of a s i g n i f -  

i c a n t  f a s t  f i s s i o n  f a c t o r  causes  leakage t o  be  t h e  dominant e f f e c t  s o  

t h a t  t h e  sodium void e f f e c t  i s  negat ive  o r  much less p o s i t i v e  than i n  

t h e  case of a 239Pu-238U core .  

239Pu-238U can occur only i n  l a r g e  cores .  

f u e l  would m i t i g a t e  t h i s  problem and would y i e l d  improved inhe ren t  

s a f e t y  f o r  t h e  LMFBR. 

These 

The p o s i t i v e  sodium void e f f e c t  f o r  

The use  of a thorium based 

The e f f e c t  of 233Pa as a neutron poison i s  less severe i n  t h e  case of a 

f a s t  spectrum as compared t o  a thermal spectrum because t h e  r a t i o  of t h e  

cap tu re  c r o s s  s e c t i o n s  of 233Pa and 232Th i s  only 1.5 i n  a f a s t  spectrum 

whereas t h i s  r a t i o  i s  %6 i n  a thermal spectrum. The higher  power dens i ty  

i n  a n  FBR causes  a h igher  rate of burnout of 233Pa than occurs  i n  a 

thermal r e a c t o r .  This  e f f e c t  decreases  the  product ion rate of 233U. 

The a c t u a l  breeding performance of FBRs fue led  wi th  Th and 233U depends 

s i g n i f i c a n t l y  on t h e  f u e l  form, s p e c i f i c  power, and type of core  cool ing.  

Table A.3 shows t h e  relative breeding r a t i o s  of FBRs fue led  wi th  233U-Th 

and 239Pu-U. 

e 

0' 

a- 
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Table A.3. Breeding Ratios of 2500 MW(th) FBRsa 

Power 

[ MW( Th) /liter ] 

Breeding 
Ratiob Fuel Nuclides Fuel Composition Coolant Density 

2 3 3u-Th Metal Na 0.62 1.26 
Oxide Na 0.39 1.16 

2 3 3u-Th Metal He 0.45 1.29 
Oxide He 0.24 1.21 

gPu-u Oxide Na 0.38 1.35 
Oxide He 0.24 1.44 

a Source: B. R. Sehgal, C. Lin, J. Naser, W. B. Loewenstein, 
"Thorium-Based Fuels in Fast Breeder Reactors," !l'rans. h e r .  NucZ. SOC. 
21: 422 (1975). 

bThe .values shown are for a spherical reactor and would be smaller 
for the usual cylindrical reactor. 



A-24 

No 239Pu-U metal f u e l  i s  shown i n  Table A . 3  because t h e  poor i r r a d i a t i o n  

p r o p e r t i e s  of uranium-plutonium metal a l l o y s  exclude t h e i r  cons ide ra t ion  

f o r  economical FBRs. The Th metal systems show s u b s t a n t i a l  breeding 

ga ins  over  Th oxide  systems. The 239Pu-U oxide system has a b e t t e r  

breeding r a t i o  than  e i t h e r  t h e  Th m e t a l  o r  oxide cases. The h igher  

power d e n s i t y  considered i n  t h e  Th metal system caused t h i s  r e a c t o r  t o  

have a s i g n f i c a n t l y  lower f i s s i l e  inventory than  t h e  oxide fue l ed  cores  

and t h e  lower inventory  would p a r t i a l l y  compensate f o r  t h e  breeding 

r a t i o  d i f f e r e n c e  between t h e  thorium metal and uranium oxide cases. 
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APPENDIX B 

THORIUM FUEL CYCLES I N  LWRs 

Summary: Severa l  s t u d i e s  have been done which have considered t h e  use  of 

thorium f u e l  cyc les  i n  l igh t -water  r e a c t o r s  t o  improve uranium o r e  u t i l i z a -  

t i o n .  These s t u d i e s  are descr ibed  and compared i n  t h i s  Appendix. Fuel  cyc le  

c o s t  c a l c u l a t i o n s  have been made f o r  these thorium cycles  using a c o n s i s t e n t  

technique (described i n  Appendix L) that  has a l s o  been used f o r  o t h e r  

r e a c t o r  concepts us ing  thorium f u e l  cyc le s .  According t o  the  s t u d i e s  

c i t e d ,  conversion r a t i o s  of up t o  0.73 are p o s s i b l e  using 233U02-Th02 

f u e l  i n  s tandard  LWR f u e l  elements,  achieving burnups similar t o  those  

achieved by LWR f u e l s  ope ra t ing  on t h e  uranium f u e l  cyc le  (about 30 

MWd/kg HM). 

p o s s i b l e  wi th  233U-Th metal f u e l s .  

c o s t s  of metal f u e l s  are 'not known, bu t  i t  is  a n t i c i p a t e d  t h a t  cons iderable  

c o s t  savings could be  r e a l i z e d  i n  f a b r i c a t i o n  i f  metal f u e l  and z i r c a l o y  

cladding were coextruded. It has been concluded t h a t  a cons iderable  

development e f f o r t  would be  requi red  t o  q u a l i f y  t h e  processes  and product 

f o r  t h i s  concept and t h a t  t h e  expense incu r red  may not  be j u s t i f i e d  i n  

terms of t h e  b e n e f i t s  received.  

S l i g h t l y  h ighe r  conversion r a t i o s  (up t o  about 0.79) are 

The reprocess ing  and r e f a b r i c a t i o n  

Conversion r a t i o s  of near  un i ty  have been c a l c u l a t e d  f o r  metal f u e l s  ope ra t ing  

t o  very low exposures.  It is  emphasized t h a t  t h e s e  c a l c u l a t i o n s  have been 

made f o r  a s tandard  LWR core  arrangement, wi th  no modi f ica t ions  except  t o  

r ep lace  ceramic U02 wi th  Th-U metal f u e l  and t o  decrease f u e l  exposures.  

The f u e l  cyc le  c o s t  c a l c u l a t e d ,  assuming t h e  same c o s t s  on a $/kg HM b a s i s  

as those used f o r  ceramic f u e l s ,  w a s  very h igh  f o r  t h i s  concept because 

of t h e  f requent  reprocess ing  required.  

The i n i t i a l  and makeup uranium inventory  f o r  a l l  t h e  cases considered i n  

t h i s  Appendix were 93% enr iched  i n  U-235. According t o  t h e  s t u d i e s ,  Pu can 

be s u b s t i t u t e d  f o r  t h e  h ighly  enr iched  uranium wi th  some economic advantage. 

Nuclear performance is s l i g h t l y  b e t t e r  wi th  uranium f i s s i l e  feed.  

B-1 
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Ore U t i l i z a t i o n  Using Thorium Fuel  Cycles i n  LWRs 

Calcu la t ions  der ived from s e v e r a l  l i t e r a t u r e  sources  have been used as 

i n d i c a t o r s  of t he  o r e  u t i l i z a t i o n  c a p a b i l i t i e s  of LWRs us ing  thorium- 

uranium and thorium-plutonium f u e l  cyc les .  Table B . l  de sc r ibes  s e v e r a l  

parameters f o r  1000 m(e) PWRs ope ra t ing  w i t h  U 0 2 ,  u ran ia- thor ia ,  uranium- 

thorium metal, p lu tonia- thor ia ,  plutonium-thorium metal, and urania-  

p lu ton ia .  

uranium-thorium metal f u e l .  Severa l  i t e m s  of i n t e r e s t  are: 

The t a b l e  a l s o  has similar information f o r  BWRs using U 0 2  and 

1. 

2. 

3. 

4. 

5. 

Only the f i r s t  and second cyc le s  are included i n  t h e  t a b l e .  Information 

on t h e  equi l ibr ium cyc le  is  needed t o  make v a l i d  comparisons. 

The conversion r a t i o  f o r  t h e  f i r s t  uranium cyc le  i s  lower than t h a t  

f o r  t h e  second cyc le .  This  i s  cont ra ry  t o  what i s  usua l ly  repor ted  

and is  no t  explained i n  t h e  re ference .  

caused by use  of i n c o n s i s t e n t  c r o s s  s e c t i o n s  f o r  plutonium. 

These r e s u l t s  are probably 

It w a s  assumed t h a t  t h e  r e a c t o r  is  opera t ing  w i t h  annual re loading and 

t h a t  t h e  f u e l  is  discharged a f t e r  reaching 33 MWd/kg HM burnup. 

The i s o t o p i c  composition of t h e  d ischarge  Pu a f t e r  33 MWd/kg HM i s  

58.9% Pu-239, 21.4% Pu-240, 14.2% Pu-241, and 5.5% Pu-242. 

The l a r g e  amount of Pu-240 t h a t  conver t s  t o  Pu-241 is t h e  reason f o r  

t h e  h igher  conversion r a t i o  i n  t h e  plutonia-urania  column, compared 

w i t h  t h a t  i n  t h e  U 0 2  column. 

s e c t i o n s  were used f o r  plutonium i so topes ,  d i s t o r t i n g  t h e  r e s u l t .  

It appears  t h a t  i n c o n s i s t e n t  c ros s  

The burnup cha rac t e r  of U02, PuO2, and'U-Th metal f u e l s  i s  compared i n  

Fig. B . l .  There is a very r ap id  r e a c t i v i t y  change i n  the  U 0 2  l a t t i c e .  

The l a r g e  amount of Pu-240 i n  t h e  Pu02 l a t t i ce  he lps  t o  reduce the  

r e a c t i v i t y  swing through t h e  f u l l  f u e l  cycle .  

which has t h e  h ighes t  conversion r a t i o  of t h e  t h r e e ,  shows the  least 

The metal f u e l  (U-Th), 



Table B . l .  LWR Fuel  Cycle C h a r a c t e r i s t i c s  f o r  1000 MW(e) Reactors 

PWR BWR 

UO2 U02-Th02 U-Th Pu02-UO2' Pu02-Th02a Pu-Tha UO 2 U-Th 

Initial fissile enrichment-w/o 

Initial uniform loading 
(MT fissile) 

Natural U (102MT) 

Separative Work (102KG) 

Conversion ratio of first fuel cycle 

Makeup requirement per year 
(MT fissile) 
Natural U (lo2MT) 

Separative work (102KG) 

Conversion ratio of second cycle 

U-3.20 U-4.50 U-3.91 Pu-2.37 Pu-4.48 
U-0.72 

U-2.740 U-3.681 U-4.583 PU-2.079 Pu-3.720 
U-0.618 

5.028 7.189 8.951 

4.063 9.324 11.608 

0.61 0.76 0.81 0.74 0.78 

U-0.459 U-0.315 U-0.176 Pu-0.253 Pu-0.310 
U-0.206 

0.824 0.615 0.344 

1.018 0.798 0.446 

0.67 0.79 0.84 0.75 0.81 

Pu-3.71 U-2.70 U-3.67 

Pu-4. 398 U-3.802 U-6.830 

6.889 13.337 

5.148 17.299 
W 
1 0.81 0.62 0.81 (J 

Pu-0. 302 

0.84 
a 

Source: C. Lin and B. Zolotar, "Thorium: An Alternative Fuel for LWRs," Electric Power Research Institute (EPRI) 

Values of Pu are those of Pu-239 plus Pu-241 only. 

Research Progress Report NP-2 (February 1975) p. 19. 
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r e a c t i v i t y  change. The i n i t i a l  d i p  i n  r e a c t i v i t y  is due t o  t h e  27-day 

ha l f  l i f e  of Pa-233 decaying t o  U-233. The s m a l l  relative r e a c t i v i t y  

change i n  t h e  U-Th f u e l  reduces the amount of poison c o n t r o l  requi red  

and t h e r e f o r e  enhances the conversion r a t i o .  

6 .  The BWRs r e q u i r e  somewhat more f u e l  because of t h e  lower power d e n s i t y  

relative t o  PWRs. The same t r ends  were noted i n  comparing U02 and 

U-Th metal i n  the BWR, as had been observed f o r  t he  PWR. Therefore ,  

f u r t h e r  comparisons w i t h  the BWR were no t  considered. 

7. Higher conversion r a t i o s  f o r  p lu tonia- thor ia  than f o r  uran ia- thor ia  

are repor ted  i n  Table B . l .  

f inanced by EPRI  do no t  support  t h i s  observat ion.’  

u t i l i z a t i o n  is  achieved using uranium (93% enr iched)  and thorium than 

using plutonium and th0rium.l 

more r e p r e s e n t a t i v e  of LWR performance, and these  r e s u l t s  are c o n s i s t e n t  

wi th  t h e  l i m i t e d  c a l c u l a t i o n s  performed a t  OWL. 

Addi t iona l  s t u d i e s  by Combustion Engineering 

Better f u e l  

It is judged t h a t  t he  CE r e s u l t s  are 

A second s tudy  on t h e  use  of thorium f u e l  cyc le s  i n  LWRs is  descr ibed  i n  

Table B.2 ( r e f .  2) .  The c a l c u l a t i o n s  presented  i n  Table B . 2  are f o r  a 

587 MW(e) PWR, t h e r e f o r e ,  most of t h e  numbers cannot be d i r e c t l y  compared 

wi th  t h e  numbers i n  Table B . l ,  a l though t h i s  w i l l  be r e c t i f i e d  la ter .  

Severa l  i t e m s  of i n t e r e s t  are noted from t h e  Correa s tudy  ( r e f .  2 ) .  

1. Marginally h igher  conversion r a t i o s  are p o s s i b l e  wi th  metal f u e l  

compared wi th  oxide f u e l .  

wi th  t h e  m e t a l  f u e l ,  w i th  lower makeup requirements.  

Higher i n i t i a l  i nven to r i e s  were employed 

2. S i g n i f i c a n t  improvements i n  conversion r a t i o  are poss ib l e  using 

U-233 i n  p l ace  of U-235. 

as from a breeder  r e a c t o r ) ,  t h e r e  is  l i t t l e  oppor tuni ty  t o  take  

advantage of t h i s  improvement. 

However, without  a source of U-233 (such 



Table B.2. Fuel Cycle Characteristics f o r  a 587 MW(e) PWR 

Fuel u02 (3.3%) Pu02+Natu02 235U02fTh02 233U02+Th02 235U+Th 233U+Th PuOp+ThO2 
(standard) 

Av Absorption 
(450 days) 

Fissile 
Fertile 
Fission Products 
Structural Materials 

H20 
B-10 

Initial Enrichment - 
(450 days) 

E (450 days) 
- 

Conversion Ratio 
CR (450 days) 
- 

Inventorf (kg) 
U-233 

U-235 

Pu-239 
Pu-241 
Total 

0.478 

0.328 

0.087 

0.023 

0.037 

0.040 

3.30 

1.93 

1.09 

0.61 

1589 

1589 

0.480 

0.381 

0.078 

0.016 

0.022 

0.023 

3.51 

1.91 

1.09 

0.72 

333 

1133 

249 

1715 

0.480 

0.302 

0.101 

0.026 

0.041 

0.046 

4.19 

2.04 

1.02 

0.61 

1843 

1843 

0.442 

0.335 

0.097 

0.029 

0.042 

0.049 

3.20 

2.22 

1.02 

0.73 

1405 

1405 

0.480 

0.327 

0.094 

0.022 

0.032 

0.037 

3.67 

2.03 

1.03 

0.65 

0.440 

0.362 

0.090 

0.024 

0.035 

0.041 

2.60 

2.21 

1.03 

0.79 

1521 

2157 

2157 1521 

0.496 

0.354 

0.087 

0.016 

0.022 

0.022 

m 
1 
o\ 

4.29 

1.96 

1.03 

0.69 

1542 

335 

1877 

4 
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3. Comparison of the U 0 2  and U02-Th02 cases  reveals a f i s s i l e  requi re -  

ment of about 22.51 kg U-235/MW(e) f o r  30 yea r s  of ope ra t ion  wi th  

U 0 2  and no r ecyc le ,  compared wi th  about 26.33 kg U-235/MW(e) f o r  

U02-Th02. I f  complete r ecyc le  i s  assumed, t h e  30-year consumption 

va lues  are 16.20 and 16.07 kg U-235/MV(e) r e spec t ive ly .  From t h i s  

comparison, i t  appears t h a t  there i s  l i t t l e  incen t ive  t o  develop 

235U02-Th02 as a replacement f o r  t he  U02 cyc le .  

233U02-Th02 case w i t h  t o t a l  r e c y c l e  r e q u i r e s  only 11.44 kg U-235/ 

MW(e) over  30 years .  A s  i nd ica t ed  earlier, a supply of U-233 i s  

requi red  t o  t ake  advantage of t h i s  cycle .  

made even less a t t rac t ive  when s e p a r a t i v e  work requirements are 

considered.  About 1.76 t i m e s  as much s e p a r a t i v e  work i s  requi red  

p e r  kilogram of product  f o r  t h e  93% enriched f u e l  used i n  t h e  

235U-Th02 cyc le  as t h a t  requi red  f o r  t he  3% enriched U02 cyc le .  

However, t he  

The 235U02-Th02 case is  

Another s tudy on t h e  use  of thorium f u e l s  i n  LWRs w a s  done by E. He t t e rgo t t  

and R. K. Lane of General Atomic Company. This s tudy  is summarized i n  

Table B.3.  The GA work i n  Table B.3 is compared wi th  t h e  EPRI s tudy  c i t e d  

earlier.4 Several  conclusions can be drawn from t h e  GA study:  

0 

0 '  

1. More uranium o r e  is  requi red  by t h e  thorium f u e l  cyc le  i n  LWRs than 

by t h e  uranium cyc le ,  i f  r e c y c l e  is  no t  permi t ted .  

permi t ted ,  the thorium cyc le  y i e l d s  s l i g h t l y  b e t t e r  o r e  u t i l i z a t i o n .  

Without r ecyc le ,  t h e  o rde r  of preference  ( r e l a t i v e  t o  o r e  u t i l i z a t i o n )  

is U 0 2 ,  U02-Th02, and U-Th m e t a l .  With r ecyc le ,  t h e  o rde r  of 

preference  is reversed.  

I f  recycle i s  

2. The EPRI r e s u l t s  are s l i g h t l y  more o p t i m i s t i c  wi th  r e spec t  t o  o r e  

u t i l i z a t i o n  f o r  t h e  r ecyc le  cases and s l i g h t l y  less o p t i m i s t i c  f o r  

t h e  nonrecycle  cases .  

3 .  Both t h e  GA and t h e  EPRI s t u d i e s  show t h a t  t h e  amount of power 

produced from a fixed-ore resource  can be doubled by the  a p p l i c a t i o n  

of a thorium f u e l  cyc le  (with r ecyc le )  i n  LWRs, as compared wi th  the  

uranium cycle  (without r ecyc le ) .  The advantage drops t o  about a 25% 

i n c r e a s e  when compared wi th  t h e  uranium cyc le  wi th  complete recyc le .  

0' 
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Table B . 3 .  Regionwise Mass Flows a t  Equi l ibr ium Conditions 

I n i t i a l  F i n a l  Number of 
Assemblies  Burnup Heavy Metalb U-235 U-235 Makeup F i s s i l e  Pu U-233 U-235 F i s s i l e  Pu U-233 
(1 Region) (MWd/MTHM)' Ckg) 0% 1 (kg 1 0% 1 (kg) (kg) (kg 1 (kg) 

Cese 1 - UOg Reference 

No Recycle  
GAC 64 33 000 28 , 350 907 
EPRI 64 33 000 28 395 909 

GAC 64 33 000 28 , 485 770 537 203 
Recycle  

EPRI 64 33,000 28,655 693 458 200 

Case 2 - Tho2 

No Recycle  
GAC 64 34 500 27 , 160 1099 
EPRI 64 34 500 27 , 140 1220 

GAC 64 34 500 27 170 657 399 
EPRI 64 34 , 500 27,210 722 313 

Recycle  

Case 3 - Th-Metal 

N o  Recycle  
GAC 64 25,800 36,520 1257 
EPRI 64 24 100 38 , 880 1520 

234 203 
236 200 

257 258 
228 255 

258 
408 

370 169 
382 247 

401 
665 

W 
1 370 \o 

382 

441 
488 

426 
490 

Recycle  
GAC 64 25 , 800 36 , 590 741 340 426 253 537 
EPRI 64 24,100 38 910 840 175 490 365 670 

a 

bOne-third of c o r e  f o r  1000 MW(e) r e a c t o r .  

Megawatt-days p e r  metric ton  o f  heavy metal. 
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4 .  The advantage of t h e  thorium f u e l  cyc le  w i t h  metal f u e l  over t he  

thorium cycle  w i t h  oxide f u e l  i s  s m a l l  i n  t h e  GA study (about 9%). 

This s m a l l  i nc rease  does not  j u s t i f y  the c o s t  and t i m e  requi red  

t o  q u a l i f y  and s p e c i f y  metal f u e l  f o r  LWRs. I n  the  EPRI s tudy ,  the 

advantage is considerably l a r g e r  (33%); however, t h e  Correa r e s u l t s  

suppor t  the GA s tudy ,  t h e r e f o r e  the conclusion is s t i l l  considered 

v a l i d .  

The t h r e e  s t u d i e s  summarized i n  Tables  B . l  through B.3 are compared i n  

Tables B.4 and B.5. Some a d d i t i o n a l  information from o t h e r  s t u d i e s  f o r  

t h e  LWR uranium cyc le  is  a l s o  presented.  There i s  reasonable  agreement 

between these  s t u d i e s ,  except  i n  a few areas t h a t  have a l r eady  been 

i d e n t i f i e d .  The s u p e r i o r i t y  of U-233 f u e l  over U-235 f u e l  is  c l e a r l y  

shown i n  these  t a b l e s .  I n  o rde r  t o  e x p l o i t  t h i s  s u p e r i o r i t y ,  i t  w i l l  be 

necessary  t o  e s t a b l i s h  a r ecyc le  c a p a b i l i t y  very e a r l y  t o  recover  and 

u t i l i z e  t h e  bred U-233. The thorium cycle ,  using U-235, i s  less a t t r a c t i v e  

than  the  uranium cyc le ,  assuming no recycle;  and wi th  f u l l  r ecyc le ,  the  

thorium cyc le  o f f e r s  only a s l i g h t  improvement, c e r t a i n l y  not  enough t o  

j u s t i f y  t h e  t i m e  and expense t o  e s t a b l i s h  t h i s  cycle .  Unless a n  e x t e r n a l  

source  of U-233 (such as from a thorium-fueled FBR) can be e s t a b l i s h e d ,  

i t  i s  concluded t h a t  thorium cyc le s  i n  LWRs are no t  a t t rac t ive  enough t o  

warrent  commercialization. 

A s  a l r eady  descr ibed ,  t h e  b e s t  resource  u t i l i z a t i o n  us ing  a thorium f u e l  

cyc le  i n  LWRs is  achieved us ing  metal f u e l .  The s t u d i e s  summarized i n  

Table B.4 ref lect  a conversion r a t i o  approaching 0.8, achieved wi th  

233U-Th metal f u e l  i r r a d i a t e d  t o  about  27 MWd/kg HM. Higher conversion 

r a t i o s  are p o s s i b l e  i f  lower exposures can be accepted. Reference (5) 

p r e s e n t s  some c a l c u l a t i o n s  which probably r ep resen t  t h e  l i m i t  of performance 

of thorium f u e l  i n  LWRs t h a t  can be achieved without  major des ign  changes 

i n  the reac to r .  Performance c h a r a c t e r i s t i c s  of t h e  Thorium Replacement 

Reactor Core (TRRC) are summarized i n  Table B.6. 
. 
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Table B . 4 .  Comparisona of S tud ie s  on LWR Fuel Cycles 

L i n b  Corr@ac Pardued 
(EPRI)  ( IEA B r a z i l )  (BMI) ANLe GAf EPRIf 

I. U02 No Recycle  

(1) Core HM Inven- 
t o r y  

(2) Core F i s s i l e  
Invent0  r y  

(3) Annual F i s s i l e  
Cons ump t i o n 9  

(4) Burnup 
(5) Convers ion  R a t i o  

Nat 11. Pu02- uop 

(1)  Core HM Inven- 
t o r y  

(2) Core F i s s i l e  
I n v e n t o r y  

(3)  Annual F i s s i l e  
Consump t i o n g  

(4) Burnup 
(5) Conversion R a t i o  

111. 235U02-Th02 

(1) Co,re HM Inven- 
t o r y  

(2) Core F i s s i l e  
I n v e n t o r y  

(3) Annual F i s s i l e  
Consump t i o n 9  

(4) Burnup 
(5) Conversion R a t  i o  

I V .  233U02-Th02 

(1) Core HM Inven- 
t o r y  

(2) Core F i s s i l e  
I n v e n t o r y  

(3) Annual F i s s i l e  
Consump t i o n g  

(4) Burnup 
(5) Conversion R a t i o  

85.63 

2.74 

0.46 

33.00 
0.61 

87.72 

2.70 

0.46 

33.00 
0.74 

81.80 

3.68 

0.32 

33-00  
0.76 

81.97 92.36 94.40 85.05 85.19 

2 .71  1 .97  2.83 2.72 2.73 

0.45 0.37 ' 0.44 0.47 0.47 

33.27 30.00 30.50 33.00 33.00 
0 .61  0 .61  

83.18 

2.92 

0.38 

32.79 
0.72 

74.88 

3.14 

0.43 

36.42 
0.61 

74 .81  

2.39 

0.30 

36.49 
0.73 

81.48 81.42 

3 .30  3.66 

0.40 0 . 3 1  

34.50 34.50 
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Table B.4 .  Comparisona of S tud ie s  on LWR Fuel  Cycle (cont’d) 
~~ ~~~ ~~~ ~~ 

Linb Cor r eac Pardued 
(EPRI) (IEA Brazil) (BMI) ANLe GAf EPRIf 

v. 23%-Th 

(1) Core HM Inven- 
tory 

(2) Core Fissile 
Inventory 

(3) Annual Fissile 
Consump tiong 

(4) Burnup 
(5) Conversion Ratio 

VI. 233u-Th 

(1) Core HM Inven- 
tory 

(2) Core Fissile 
Inventory 

(3) Annual Fissile 
Consumptiong 

(4) Burnup 
(5) Conversion Ratio 

VII. PuOp-Th02 

Core HM Inven- 
tory 
Core Fissile 
Inventory 
Annual Fissile 
Consump tion9 
Burnup 
Conversion Ratio 

ii7. 21 100.10 

4.58 3.67 

0.18 0.41 

33.00 27.26 
0.81 0.65 

99.80 

2.59 

0.30 

27.38 
0.79 

83.04 74.59 

3.72 3.20 

0.31 0.46 

33.00 36.58 
0.78 0.69 

109.56 116.64 

3.77 4.56 

0.34 0.18 

25.80 24.10 

VIII. Pu02-U02 (235U Makeup) 

(1) Core HM Inven- 94.40 85.46 85.97 

(2) Core Fissile 2.83 2.71 2.68 

(3)  Annual Fissile 0.44 0.54 0.46 

(4) Burnup 30.50 33.00 33.00 
(5) Conversion Ratio 0.61 

tory 

Inventory 

Consump tion9 

a A l l  inventory values are kg/MW(e) 
All fissile consumption values are kg/MW(e) yr 
All burnup values are MWd/kg HM 

e 

- 

4 

0’ 
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'C. L in  and B. Zo lo ta r ,  "Thorium: An A l t e r n a t i v e  Fuel f o r  LWRs," E l e c t r i c  
Power Research I n s t i t u t e ,  EPRI Res. Frog. Rep. Feb. 1975, NP-2, p .  19. 

e 

d 
Francisco Correa, "Thorium U t i l i z a t i o n  i n  PWRs", MS Thesis.  

W. M. Pardue e t  a l . ,  "A Comparison of Advanced Reactor Po ten t i a l s " ,  p resented  
a t  t h e  ASME/ANS I n t e r n a t i o n a l  Conference on Advanced Nuclear Energy Systems, 
March 14-17, 1976, P i t t sbu rgh ,  Pa. 
e R. V. Laney e t  a l . ,  "A Brief Survey of Considerations Involved i n  In t roducing  

CANDU Reactors i n t o  the U.S.," unpublished ANL Report. 

f P r i v a t e  communication from R. K. Lane (GA) t o  F. J. Homan (ORNL) da ted  
11 June 1976. Based on work performed by E. He t t e rgo t t  (now wi th  WON).  

gFor accu ra t e  comparison, t h e  annual f i s s i l e  consumption numbers should be 
normalized t o  the e f f e c t e d  load f a c t o r  assumed i n  t h e  c a l c u l a t i o n .  This 
can be done as fo l lows:  

MWd(th) Day kg HM Charged 0.33 MW(e) - MW(e) -year 
kg HM year  Mw(th) year  

- 

Days 
365 year  

Consider t h e  GA numbers f o r  U 0 2  (NR): 

MW(e)-year - - (33.00) (85050)(0.33) = 846 
yea r  3 (365) 

0.85 Therefore,  load  f a c t o r  'L 846 - =  
1000 

F i s s i l e  Consumption = - -  470 kg 235U 
8 46 - m ( e ) y e a r  
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Table B.5. Comparison of Fissile Consumption for LWR 
Fuel Cycles 

Fuel Cycle 
30 yr 235U Requirementsa 

kg/W (e  1 
Lin Corr@a BMI ANL GA EP RI 

Without Recycle 

uo2 
U02-ThO 2 

U-Th 

With Recycle 
235u02 16.54 

2 3  'U02-Th02 13.28 
233uo2-~o2 

'U-Th 9.98 
233u-m 

22.43 24.59 28.93 29.93 29.93 
26.34 36.27 40.26 

27.85 41.48 50.16 

16.20 13.01 17.54 18.83 16.47 
16.07 15.27 13.05 

11.44 

15.99 13.97 9.81 

11.48 
. 

a kg 235U/W(e) = Initial Inventory + 30 (annual makeup). 
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Table B.6. Performance C h a r a c t e r i s t i c s  of 
Thorium Replacement Reactor  Core (TRRC) 

Equilibrium exposure, MWd/ton (U + Th) 10,000 15,000 20,000 25,000 

Feed enrichment, wt % fissile material 1.59 1.67 1.76 1.88 

233U inventory, g/kW(e) 1.880 1.975 2.085 2.225 

Breeding ratio 0.96 0.93 0.88 0.83 

235U initial charge, g/kg (U + Th) 24.8 25.4 26.5 28.3 

Initial uranium inventory,a tons natural U/GW(e) 589 603 630 692 
U makeup, g/kg (U + Th) 1.47 2.67 4.18 6.14 2 3 5  

Annual uranium consumption,b tons natural U/GW(e) 30 37 44 54 
Total ore consumption,c tons natural U/GW(e) 1489 1713 1950 2312 

Source: G. B. Zorzoli, "An Evaluation of a Near-Breeder, Low Cost, LWR Concept," 

a Diffusion plant discharge: 

bDiffusion plant discharge: 
20 years. 

'Initial inventory plus 30-year makeup. 

Energia NucZeare 19(3) : 151 (March 1972). 
0.25% wt 235U. 
0.25% wt 235U; load factor: 80%; average over 

. 
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The c a l c u l a t e d  performance c h a r a c t e r i s t i c s  t abu la t ed  i n  Table B.6 were 

based on the fol lowing assumptions: 

1. Recycle of a l l  U and Pu produced by t h e  Th-232 and U-233 neutron 

cha ins ,  account ing f o r  1.5% l o s s e s  during reprocessing and r e f a b r i -  

c a t i o n .  

2. A l l  Pu-233 i n  discharged f u e l  decays t o  U-233 before  re loading ,  

which r e q u i r e s  a t  least 120 days between f u e l  d i scharge  and 

re loading .  

3. Makeup f i s s i l e  material is  U-235. 

The o r e  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  of LWRs and CANDUs are shown i n  Table 

B .7 .  A comparison of t h e  t o t a l  o r e  consumption va lues  i n  Tables B.6 and 

B . 7  shows a decided advantage f o r  t h e  TRRC over s tandard LWRs and CANDUs. 

Table B.7. Uranium Exp lo i t a t ion  i n  LWRs and CANDUs 

Natura l  Uranium Requirement, tons/GW(e) 

Reactor System Annual I n i t i a l  Inventory 
Consumption p lus  30-Year Makeup I n i t i a l  Inventory 

BWR 
~~ 

592 125 4342 

PWR 406 133 4396 

CANDU-PHW 144 103 3234 

Source: G. B. Zo rzo l i ,  "An Evaluat ion of a Near-Breeder, Low Cost ,  LWR 
Concept ,'I Energia Nucleare 1 9  (3) : 151 (March 1972).  

0-  
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Cost Considerat ions f o r  Thorium Fuel  Cycles i n  LWRs 

Cost of thorium: The c o s t  of thorium should not  be a b ig  con t r ibu t ion  t o  

the f u e l  cyc le  cos t .  

Th02) and t h e  d a t a  from Table B . l ,  t h e  fo l lowing  c o s t s  are ca l cu la t ed :  

Using $lOO/kg thorium (corresponding t o  about $52/ lb  

i n i t i a l  inventory = 0.26 mills/kWhr 

yea r ly  makeup = - 0.37 mills/kWhr 

0.63 t o t a l  thorium component. 

The i n i t i a l  inventory charge w a s  based on the l a r g e s t  i n i t i a l  inventory  

g iven  i n  Table B . l ,  that f o r  metal f u e l  [about  115 kg of thorium f o r  t h e  

r e a c t o r  and about 65 kg of thorium elsewhere i n  t h e  f u e l  cyc le  f o r  a t o t a l  

Th inventory of 180 kg/MW(e)]. A charge of 10% year  f o r  t he  i n i t a l  Th 

inventory  a g a i n s t  yea r ly  power product ion w a s  assumed. The year ly  makeup 

was assumed t o  be a l l  f r e s h  thorium. Under r ecyc le  opera t ion  i t  would be 

poss ib l e  t o  r ecyc le  recovered thorium and l a r g e l y  e l imina te  the  yea r ly  

makeup cos t .  The c o s t  of $lOO/kg thorium ($52/lb Th02) i s  very high. 

F igures  B.2 and B . 3  desc r ibe  t h e  c o s t  and q u a n t i t y  r e l a t i o n s h i p s  f o r  both 

uranium and thorium ore .6  

are s t i l l  i n  reasonable  agreement wi th  r e c e n t l y  publ ished information 

f o r  uranium ore.’ A comparison of Figs .  B.2 and B . 3  i n d i c a t e s  t h a t  t h e  

c o s t  per  q u a n t i t y  r e l a t i o n s h i p  f o r  Tho2 and U3O8 are s imi la r .  

Fig.  B.3, i t  appears  t h a t  t h e r e  is  from 1 t o  10 m i l l i o n  tons  of Tho2 

a v a i l a b l e  a t  $50/ lb  o r  less. 

The b a s i c  d a t a  are about e i g h t  years  o l d ,  bu t  . 

From 

Fuel  Cycle Costs  f o r  several of t h e  f u e l  management concepts descr ibed  

i n  this  Appendix are t abu la t ed  i n  Appendix N. 

i n  the main po r t ion  of t h i s  r e p o r t  and compared wi th  f u e l  cyc le  c o s t s  f o r  

o the r  r e a c t o r  types t h a t  have been c a l c u l a t e d  on t h e  s a m e  bas i s .  

These c o s t s  are d iscussed  
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APPENDIX C 

THORIUM mTEL CYCLES I N  HTGRs 

'C 

Summary: 

cyc le ,  and so  r e l a t i v e l y  l i t t l e  development has been c a r r i e d  ou t  i n  t h i s  

country on the  uranium cycle  f o r  HTGRs. This  appendix d iscusses  modi- 

f i c a t i o n s  which can be made t o  t h e  r e fe rence  HTGR f u e l  (conversion 

r a t i o  = 0.66) t o  i n c r e a s e  t h e  conversion r a t i o .  

t o  0.82 are p o s s i b l e  wi th  c u r r e n t l y  achievable  changes i n  f u e l  management 

and thorium loading. 

wi th  modi f ica t ions  t o  t h e  f u e l  element which would permit higher  volu- 

metric f u e l  loadings  than are p o s s i b l e  under t h e  re ference  des ign ,  and 

The HTGR system ope ra t e s  most e f f i c i e n t l y  on t h e  thorium f u e l  

Conversion r a t i o s  of up 

Conversion r a t i o s  of 0.95 and h igher  are p o s s i b l e  

wi th  decreased f u e l  exposure. Fuel  u t i l i z a t i o n  i s  nea r ly  doubled over a 

30-year r e a c t o r  l i f e t i m e  by inc reas ing  the  conversion r a t i o  from 0.66 t o  

0.90, bu t  because of t h e  h igher  s p e c i f i c  inventory requi red  f o r  h igher  

conversion r a t i o s ,  t h e  improved o r e  u t i l i z a t i o n  is  not  r e a l i z e d  f o r  t h e  

f i r s t  10 years  of opera t ion .  

While the  economic p e n a l t i e s  a s soc ia t ed  wi th  high conversion r a t i o s  i n  . 
HTGRs have not  been t o t a l l y  eva lua ted ,  i t  appears  t h a t  near-minimum f u e l  

cyc le  c o s t s  are achieved wi th  a conversion r a t i o  of 0.75 t o  0.80. The 

t rade-of fs  between economics and conversion r a t i o  are s e n s i t i v e  t o  both t h e  

assumed c o s t s  of f u e l  reprocess ing  and r e f a b r i c a t i o n  and t o  f u t u r e  uranium 

c o s t s .  

Fuel U t i l i z a t i o n  Considerat ions and Options 

Among the  types of power r e a c t o r s  c u r r e n t l y  i n  advanced s t a g e s  of commercial 

development, only t h e  Light-Water Breeder Reactor (LWBR) and t h e  High- 

Temperature Gas-Cooled Reactor (HTGR) have been envis ioned from incep t ion  

as u t i l i z e r s  of thorium. 

c o n s i s t s  of a mixture of thorium and uranium conta in ing  microspheres i n  

* 
Because of t h e  HTGR's  unique f u e l  des ign ,  which 

* 
The Molten-Salt Breeder Reactor (MSBR) is an a t t ract ive user  of t h e  
thorium cycle ,  b u t  development work on t h a t  concept has been discont inued.  
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i n d i v i d u a l  f u e l  rods ,  a wide l a t i t u d e  of f i s s i l e  t o  f e r t i l e  and heavy metal 

t o  moderator atom r a t i o s  are achievable  without  a l t e r a t i o n  of t h e  b a s i c  

concept and f u e l  design.  These parameters c o n t r o l ,  t o  a l a r g e  e x t e n t ,  t h e  

conversion r a t i o  of t h e  r e a c t o r  system, and thus  t h e  cu r ren t  design HTGR is  

amenable t o  a l t e r a t i o n s  i n  conversion r a t i o  over a f a i r l y  l a r g e  range. For 

t h i s  reason,  t h e  r e a c t o r  f u e l  cyc le  can be t a i l o r e d  by varying t h e  f u e l  

loadings and f u e l  exposures t o  m e e t  changing economic and resource  avail- 

a b i l i t y  condi t ions .  

It i s  important  t o  recognize t h a t  minimum s h o r t  term energy c o s t s  do not  

occur  wi th  m a x i m u m  conservat ion of f i s s i l e  resources .  

ve r s ion  r a t i o  of an HTGR can be achieved by fou r  b a s i c  design and ope ra t ing  

changes, These are (1) i n c r e a s e  t h e  core  thorium load ,  (2) decrease t h e  

core  power dens i ty ,  (3) decrease t h e  f u e l  res idence  t i m e ,  and ( 4 )  

i nc rease  t h e  r e f u e l i n g  frequency. Each of t h e s e  s t e p s  can ca r ry  wi th  i t  

an  economic penal ty  which MY o r  MY no t  be  o f f s e t  by t h e  advantages of 

improved f u e l  u t i l i z a t i o n .  

Increas ing  t h e  con- 

The cu r ren t  "reference" HTGR i s  designed t o  ope ra t e  wi th  a conversion r a t i o  

of 0 .66,  not  much h igher  than i t s  competi tors ,  t h e  l i g h t  water r e a c t o r s ,  

which u t i l i z e  the  238U-239Pu f u e l  cyc le  t o  achieve conversion r a t i o s  of 

approximately 0.60. Table C . l  shows t h e  r e a c t o r  parameters f o r  t he  

r e fe rence  HTGR which had been optimized t o  then cu r ren t  economic condi t ions .  

Curren t ly  p ro jec t ed  uranium o r e  c o s t s  now favor  a design of h igher  conversion 

r a t i o ,  t h a t  i s ,  CR = 0.76. Table C.2 ( r e f .  2) shows t h e  inc reases  t h a t  can 

be achieved wi th  t h e  c u r r e n t  f u e l  element design by t h e  va r ious  s t r a t e g i e s  

l i s t e d  above. The achievable  conversion r a t i o  ( in  t h e  event  t h a t  a l t e r n a t e  

f u e l  designs are considered and t h e  thorium loading i s  increased  beyond what 

is  volumetr ica l ly  poss ib l e  wi th  t h e  cu r ren t  element) is  a l s o  ind ica t ed .  It  

i s  noteworthy t h a t  t he  mined o r e  requirements can be reduced s u b s t a n t i a l l y  

without  r e s o r t i n g  t o  undeveloped technology. 

The economic p e n a l t i e s  a s soc ia t ed  wi th  t h e  ind ica t ed  gains  i n  conversion 

r a t i o  are real b u t  less e a s i l y  quan t i f i ed .  

nomic cond i t ions ,  t h e  s c a r c i t y  and hence increased  cos t  of uranium o re ,  

s epa ra t ive  work cos t s ,  and t h e  approximate knowledge of t h e  cos t  t o  recyc le  

bred f u e l  and t o  s h i p  and d ispose  of r ad ioac t ive  materials. 

They depend on p ro jec t ed  eco- 

e' I 
* '  

e- 
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Table C . l .  Optimum HTGR Fuel  Cycle Parameters 
under Curren t  Economic Conditions 

Core average power d e n s i t y ,  W/cm3 

Average C/Th  r a t i o  ( i n i t i a l  co re / equ i l ib r ium 

Fuel l i f e t i m e ,  a yea r s  

Refueling i n t e r v a l  ,a  yea r s  

F rac t ion  of co re  r e f u e l e d  

F e r t i l e  l oad ,  kg/MW(e) 

recyc le)  

I n i t i a l  c o r e  

Equilibrium c o r e  

2 3  'U requirements 

I n i t i a l  co re ,  kg/MW( e) 

Equilibrium annual makeup,a kg/MW(e) 

Average conversion r a t i o  

I n i t i a l  c y c l e  

Equilibrium cyc le  

8.4 

214/238 

4 

1 

1 / 4  

32 

29 

1.40 

0.33 

0.69 

0.66 

a A t  80% average capac i ty  f a c t o r .  

Table C. 2. Conversion Ra t io  Improvements* 

Case F i s s i l e  Relative 
Conversion Ra t io  Ore Equivalent 

Reference HTGR 0.66 1.0 

25% Inc rease  i n  thorium load  0.71 0.85 

Add semiannual f u e l i n g  0.76 0.71 

Add reduced power d e n s i t y  
(lower t o  6 W/cm3) 

0.82 0.53 

Modified f u e l  rods  and/or 
improved f u e l  p a r t i c l e s  

-0.9 2+0 .9 5 

"Based on 4 y r  f u e l  r e s idence  t i m e .  
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The inc rease  i n  thorium loading,  which i s  a primary means by which the  con- 

vers ion  r a t i o  can be  inc reased ,  carries w i t h  i t  a requirement f o r  a h igher  

i n i t i a l  f i s s i l e  inventory t o  achieve and maintain c r i t i c a l i t y  i n  t h e  

r e a c t o r .  Thus, while the o v e r a l l  uranium u t i l i z a t i o n  is  increased  over 

t h e  p l a n t  l i f e t i m e ,  the i n i t i a l  core  and f u e l  r ecyc le  c o s t s  are h ighe r ,  

Figure C . l  shows the cumulative uranim-235 requirements per  e lectr ical  

megawatt f o r  HTGRs with d i f f e r e n t  conversion r a t i o s , '  

is  given i n  Table C.3 i n  terms of o r e  feed  requirements f o r  t h r e e  H T G R s . ~  

Note t h a t  whi le  the t o t a l  o r e  requirements are almost halved i n  going from 

a conversion r a t i o  of 0.66 t o  0.90, t h e  i n i t i a l  f i s s i l e  loading i s  more 

than doubled. The a t t r a c t i v e n e s s  of committing a l a r g e  i n i t i a l  investment 

t o  f i s s i l e  inventory becomes more appeal ing i f  l a r g e  p r i c e  inc reases  are 

envis ioned f o r  f r e s h  f u e l  feed over t he  l i f e  of t he  r e a c t o r .  

* 

Simi la r  information 

Decreasing t h e  r e a c t o r  power dens i ty  a l lows an  increased  conversion r a t i o  

p r imar i ly  because,  f o r  a given electrical  ou tpu t ,  a lower power dens i ty  

impl ies  a l a r g e r  core  volume, and hence a d d i t i o n a l  volume i s  made a v a i l a b l e  

f o r  f e r t i l e  thorium loading.  Also,  neutron l o s s e s  t o  135Xe and 233Pa are 

reduced i n  a lower power dens i ty  core .  

0 '  

The incremental  c o s t s  i ncu r red  by a reduct ion  i n  r e a c t o r  power dens i ty  

arise i n  p a r t  from t h e  requirements f o r  a l a r g e r ' r e a c t o r  p re s su re  vessel. 

Such c a p i t a l  cos t  i n c r e a s e s  may be o f f s e t  i n  p a r t  by a reduct ion  i n  the  

pumping power requi red  t o  f o r c e  coolant  gas through t h e  r e a c t o r  core .  Also,  

decreas ing  the  f u e l  exposure . leads to an  increased  conversion r a t i o  due t o  

t h e  more f requent  removal of f i s s i o n  product poisons and, hence,  an  i m -  

proved u t i l i z a t i o n  of t h e  neutrons i n  t h e  r e a c t o r .  Attendant  c o s t s  arise 

from t h e  need f o r  increased  f u e l  reprocess ing  and r e f a b r i c a t i o n .  

* 
Because of t h e  cons tan t  4 year  f u e l  exposure,  i nc reas ing  t h e  thorium 
loading  a lso  decreases  the f u e l  exposure. 
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Table C.3.  Reactor Feed Requirement 

a 
. U3O8 Requirement, tons/MWe, f o r  

D i f f e ren t  Conversion Rates 

'0  

HTGR, 0.66 HTGR, 0.82 HTGR, 0.90 

I n i t i a l  core  0.44 0.64 0.94 

Annual r e load  0 .lo5 0.0565 0.035 

40-year t o t a l  4.53 2.90 2.30 

a A t  0.3% t a i l s  enrichment,  80% annual capac i ty  f a c t o r  and 
r ecyc le  of bred material. 

Thus, t h e  reduced t o t a l  uranium o r e  requirements a f forded  by u t i l i z a t i o n  of 

h ighe r  conversion r a t i o s  can be  achieved only by t h e  acceptance of h ighe r  

c a p i t a l  o r  ope ra t ing  c o s t s  i n  o t h e r  areas. It m u s t  a l s o  be emphasized t h a t  

t h e  o r e  savings thus  r e a l i z e d  are achieved only a f t e r  a cons iderable  pe r iod  

of opera t ion .  

r a t i o  case and t h e  0.90 conversion r a t i o  case f o r  t h e  f i r s t  10 yea r s  of 

ope ra t ion  i n  Fig. C . 1 . )  As shown, t h e  mined o r e  requirements f o r  t h e  high 

conversion systems are h ighe r  during t h e  e a r l y  yea r s  of opera t ion .  

(Compare the  cumulative o r e  demands of t h e  0.66 conversion 
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HTGR Near Breeders 

The i n t e r e s t  i n  thermal break-even breeder  systems as a contingency 

p o s i t i o n  i n  the event  LMFBRs are no t  commercialized on t h e  schedule  now 

assumed has r e s u l t e d  i n  several s t u d i e s  conducted a t  General Atomic 

C ~ m p a n y ~ ' ~  on near-bre.eder HTGRs. 

similar t o  t h e  Light-Water Breeder Reactor (LWBR) system descr ibed i n  

Appendix F,  i n  that a 233U inventory is  produced i n  a convent ional  HTGR 

t o  f u e l  a near-breeder machine. 

been considered. 

observa t ions  can be made: 

A near-breeder  HTGR system would be 

Severa l  pre-breeder a l t e r n a t i v e s  have 

They are summarized i n  Table C . 4 ,  from which several 

1. The b e s t  pre-breeders ( i .e , ,  t h e  l a r g e s t  r a t i o  of 233U produced 
t o  235U consumed) have low power d e n s i t i e s  and in t e rmed ia t e  thorium loadings 
(C/Th r a t i o s  of 150 t o  170).  
c o s t s .  

Low power d e n s i t i e s  r e s u l t  i n  h igher  c a p i t a l  

I f  f u e l  from t h e  pre-breeders i s  no t  reprocessed f o r  t h e  f i r s t  11 
yea r s  of opera t ion ,  t h e  g ross  U-235 requirement is such t h a t  t h e r e  i s  l i t t l e  
in f luence  of power dens i ty  on optimum U-233 production. However, i f  t h e  
" res idua l"  U-235 can be recyc led  i n  t h e  pre-breeders,  t h e r e  is  s t rong  incen- 
t ive f o r  lower power d e n s i t i e s  (independent of t h e  in f luence  of h igher  
c a p i t a l  c o s t s ) .  

l a t i o n s  a s soc ia t ed  wi th  near-breeder systems i n  pebble bed HTRs ( re f .  5). 

2. 

3. The r e s u l t s  shown i n  Table C.4 are i n  agreement wi th  German calcu- 

A comparison of several HTGR near  breeders  i s  shown i n  Table C.5. 

shown are German c a l c u l a t i o n s  f o r  near-breeder pebble bed H T R s . ~  

and German c a l c u l a t i o n s  are i n  good agreement; t h e  d i f f e rences  i n  n e t  

U-233 makeup can be expla ined  by d i f f e r e n c e s  i n  t h e  c a l c u l a t i o n s :  

Also 

The GA 

1. The GA c a l c u l a t i o n s  assumed 98% enriched U-233 from GCFBR blankets  
and t h e  German c a l c u l a t i o n s  assumed se l f -genera ted  U-233. The GA calcu- 
l a t i o n s  f o r  t h e  case corresponding most c l o s e l y  t o  t h e  German near-breeder 
case were repeated us ing  a f u e l  composition of 71% U-233, 20% U-234, 
7% U-235, 2% U-236 and 0% U-238, and t h e  r e s u l t s  are shown i n  t h e  comparison 
given i n  Table C.6. The use of 98% U-233 feed  i n  t h e  i n i t i a l  core  reduces 
t h e  i n i t i a l  core  requirement by 228 kg f i s s i l e  r e l a t i v e  t o  us ing  HTGR bred 
uranium. Eventual ly ,  t h e  makeup requirement f o r  t h e  case wi th  GCFBR U-233 
w i l l  become e s s e n t i a l l y  equal  t o  t h a t  f o r  t h e  HTGR U-233 case, s i n c e  most 
of t h e  t o t a l  charged material w i l l  be  se l f -genera ted  U-233 of equi l ibr ium 
composition. 
yea r s  when s t a r t i n g  wi th  98% U-233. 
yea r s  t o  compensate f o r  t h e  bui ldup of U-234. 

This equi l ibr ium s i t u a t i o n  is no t  reached i n  t h e  f i r s t  t e n  
The makeup is h igher  i n  t h e  earlier 



* Table C . 4 .  Pre-Breeder C h a r a c t e r i s t i c s  

U-233 U-233 Case W/CC C/Th Gross U-235 N e t  U-235 U-233 t 
kg kg kg Net U-235 Gross U-235 

1 
2 
3 

4 

5 
6 

7 
8 

9 
10 

11 

12 

13 

6 1'50 

7 240 

7 190 

7 150 

9 190 

8.3 2 40 

8.4 140 

4.5 365 

10 -80 

6 2 40 

4 240 

4 140 

9 215 

10520 

7620 

8480 

10090 

8577 

7695 
10360 

7042 

28097 

7883 

8519 

14026 

8000 

8532 

7314 

7695 

84 70 

79 70 
7472 
8714 

7061 

14250 

7330 

7396 

9428 

7664 

4409 

2668 

3298 

4038 

2915 

2487 

3878 

2338 

5838 

3009 

3844 

5734 

2583 

0.516 

0.365 

0,429 

0.477 

0,366 

0.333 

0.445 

0.331 

0.410 

0.410 

0.519 

0.608 

0.337 

= 

0.419 

0.350 

0.389 

0.400 

0.340 

0.323 

0.374 

0.332 

0.21 

0.382 

0.451 

0.409 

0.323 
* 
Kilograms f o r  11 years  of o p e r a t i o n  a t  1000 MW(e). 

'About 4500 kg U-233 requi red  f o r  s t a r t i n g  CR = 0.97 breeder .  



Table C.5. Prel iminary Comparisons f o r  HTGR Near Breeders 

Pebble Bed* 
HTGRs* Near Breeders Feeder Breeder 

C/Th = 205 C/Th = 125 
C/Th = 70 C/Th = 90 C/Th = 110 C/Th = 110 C/HM = 198 C/HM = 110 

~~ 

Fuel  L i f e  
~~ 

4 Y r  4 Y r  4 Y r  2 Y r  1 .2  y r  2.2 y r  

Power Dens i ty  5 w/cc 5 w/cc 5 w / c c  5 w / c c  5 w/cc 5 w/cc 

CR 1.0 0.97 0.94 0.97 0.76 0.97 
t I C  Inventory ,  

kg/lOOO W(e) 4907 3545 2822 2822 1414 2710 U-233 
+284 U-235 

IC' + Reload 1 
Inventory kg / 
1000 MW(e) 6292 4569 3690 4328 

N e t  Makeup 
(10th year)* 

yea r  
kg 233/1000 MW- 

1% l o s s e s  < 69 < 75 < 103 < 124 235 37 

2.8% l o s s e s  < 95 < 93 < 119 < 146 
* 

HTGRs: 3% Ak leakage;  GCFR U-233 feed .  
Pebble  bed: 2% Ak leakage;  pebble bred U-233 feed.  

r e a c t o r s  are based on 80% yea r ly  capac i ty  f a c t o r s .  

Cases n o t  t r u l y  e q u i l i b r a t e d  at 10th  year .  
1 0 t h  y e a r  net requirements.  

'IC = I n i t i a l  co re ;  I C  inventory and re load  requirements for HTGRs and pebble bed 

* 
Equil ibr ium va lues  are 1 / 3  t o  1 / 2  the  

. 
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'0  
. 

Table C.6. Comparison of GAC and German Calcula t ion  of 
Near Breeder Using HTGR Bred Uranium Feed 

GAC HTGR German Pebble-Bed 
C/Th = 110 C/Th = 125 

c/HM = 110 

Fuel  L i f e  

Power Density 

CR 

Leakage, % Ak 

I C  Inventory 

kg f i s s i l e / 1 0 0 0  MW(e) 

Reload 1 
kg f i s s i l e / 1 0 0 0  MW(e) 

N e t  Makeup 
kg f i s s i l e / 1 0 0 0  MW(e) , 
wi th  1% l o s s e s  and 
80% yea r ly  capac i ty  
f a c t o r s  

2 yea r s  

5 w/cc 

0.97 

3% 

2776 U-233 
274 U-235 

3050 

1882 

31 

%2.2 yea r s  

5 W I C C  

0.97 

2% 

2710 (U-233) 
+284 (U-235) 
2994 

Not given 

37 

2. The GA c a l c u l a t i o n s  assumed 3% Ak/k i n  leakage and t h e  German 
c a l c u l a t i o n  assumed 2% ak/k.  
U-233 enrichment. 
core  f i s s i l e  inventory  by less than  50 kg. 

This  e f f e c t  i s  s m a l l  compared t o  t h e  i n i t i a l  
A 1% Ak/k leakage d i f f e r e n c e  is  est imated t o  change t h e  

From t h e  s t u d i e s  summarized i n  Table C.4, coupled wi th  c a p i t a l  c o s t  estimates 
f o r  t h e  pre-breeder HTGR, an o v e r a l l  optimized pre-breeder HTGR has been 

s e l e c t e d . 6  

170 (C/Th = 150 f o r  r e l o a d s ) .  For b e s t  near-term o r e  u t i l i z a t i o n ,  t h i s  pre- 

hreeder  would be  coupled wi th  a near-breeder HTGR wi th  a conversion r a t i o  of 

0.97. While t h e  near-breeder HTGR cont inues t o  r e q u i r e  makeup f u e l ,  i t  re- 

q u i r e s  a considerably lower i n i t i a l  f i s s i l e  inventory  than  t h e  HTGR break- 

even breeder  (see Table C . 5 ) .  

This  r e a c t o r  has  a s p e c i f i c  power of 5 w/cc and a C/Th r a t i o  of 
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Economic Considerat ions 

The dec is ion  t o  implement s t e p s  toward h igher  conversion r a t i o  systems are 

dependent on economic cons idera t ions  which, i n  t u r n ,  rest on specu la t ive  

economic p ro jec t ions .  For example, Fig.  C.2 shows t h e  r e s u l t s  of a s tudy7 

t o  determine an optimum HTGR conversion r a t i o  based on p ro jec t ed  rea l -cos t  

i nc reases  i n  U3O8 of 2% and 6% p e r  yea r .  The low base  p r i c e  of $26/lb u308 

w a s  assumed i n  t h e  c a l c u l a t i o n s  presented  i n  Fig.  C.2. Other f a c t o r s  being 

equa l ,  t he  h igher  f u t u r e  uranium c o s t s  favor  t h e  h igher  conversion r a t i o  

system. 

I n  summary, t he  HTGR is  a technologica l ly  developed r e a c t o r  system t h a t  has 

t h e  capac i ty  t o  extend t h e  e lec t r ica l  power genera t ion  ob ta inab le  from a 

given f i s s i l e  uranium resource  considerably beyond t h e  va lue  assoc ia ted  wi th  

l igh t -water  r e a c t o r s  ope ra t ing  on t h e  uranium-plutonium cycle .  P r a c t i c a l  

conversion r a t i o s  of up t o  about 0.82 are p o s s i b l e  f o r  t h i s  system wi th  

p re sen t  technology. Conversion r a t i o s  above 0.9 can be obta ined ,  based on 

phys ics  cons idera t ions .  The a c t u a l  impact t h a t  t h e  system may have on t h e  

nuc lea r  resource  p i c t u r e  depends f i r s t  on i t s  commercial acceptance;  second, 

on i t s  in t roduc t ion  rate vis-a-vis l ight-water  r e a c t o r s ;  and t h i r d ,  on t h e  

economic p i c t u r e  e x i s t i n g  a t  t h e  t i m e  of i t s  in t roduc t ion .  These f a c t o r s  

0’  
. 

are considered i n  Appendix G and Appendix N .  
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APPENDIX D 

THORIUM FUEL CYCLE I N  HwRs (CANDU) 

Summary: The f u e l  u t i l i z a t i o n  c h a r a c t e r i s t i c s  and f u e l  cyc le  c o s t  f o r  

CANDU r e a c t o r s  are compared i n  t h i s  Appendix wi th  LWRs. CANDU r e a c t o r s  

are considered ope ra t ing  wi th  no r ecyc le ,  wi th  plutonium recyc le ,  and 

ope ra t ing  wi th  a thorium-uranium f u e l  cycle .  

reached : 

Severa l  conclusions w e r e  

1. Considerable f l e x i b i l i t y  e x i s t s  wi th  t h e  CANDU system, and con- 

ve r s ion  r a t i o s  of up t o  1.0 can be  achieved using t h e  thorium f u e l  

cycle .  An economic penal ty  is a s soc ia t ed  wi th  h igher  conversion 

r a t i o s  s i n c e  lower s p e c i f i c  power and lower burnups are required.  

2.  CANDUs ope ra t ing  on t h e  thorium f u e l  cyc le  wi th  a conversion r a t i o  

of 0.9 r e q u i r e  0 . 4 3  times as much U3O8 as LWRs opera t ing  on t h e  

uranium cyc le  wi th  plutonium recyc le .  Numerous o the r  comparisons 

are made between CANDUs and LWRs ope ra t ing  wi th  both uranium and 

thorium cyc le s ,  wi th  and without  r ecyc le .  The CANDU i s  s u p e r i o r  t o  

t h e  LWR i n  f u e l  u t i l i z a t i o n .  

3. When a c t u a l  y e a r l y  o r e  requirements are considered ( in s t ead  of t h e  

30 year  r e a c t o r  commitment descr ibed  above),  i t  requ i r e s  up t o  15 

yea r s  be fo re  t h e  cumulative o r e  requirements of a r e a c t o r  ope ra t ing  

on t h e  thorium f u e l  cyc le  wi th  h igh  conversion r a t i o  are less than  

t h e  cumulative requirements f o r  a CANDU r e a c t o r  ope ra t ing  wi th  no 

recyc le .  This  is  due t o  t h e  h igh  s p e c i f i c  inventory requi red  t o  

achieve h igh  conversion r a t i o s .  

4 .  The lowest f u e l  cyc le  c o s t s  were achieved wi th  CANDUs ope ra t ing  on 

t h e  thorium f u e l  cyc le  wi th  conversion r a t i o s  i n  t h e  range of 0.85 

t o  0.90 based on a v a i l a b l e  information. 

D-1 
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Operating C h a r a c t e r i s t i c s  and Fuel  U t i l i z a t i o n  i n  CANDU Reactors  

This  p o r t i o n  of t h e  r e p o r t  p re sen t s  t h e  r e s u l t s  of a very  b r i e f  survey 

of t h e  i s s u e s ,  t h e  advantages and disadvantages,  t h a t  would r e q u i r e  

cons ide ra t ion  i n  any f u t u r e  dec i s ion  t o  u t i l i z e  CANDU r e a c t o r s  i n  the  

U.S., s p e c i f i c a l l y  those  f u e l i n g  op t ions  t h a t  w i l l  u t i l i z e  thorium. 

Fac to r s  considered and discussed h e r e  are t h e  r e l a t i v e  performance 

c h a r a c t e r i s t i c s  of t h e  f u e l i n g  op t ions ,  t h e  inhe ren t  U3O8 f u e l  u t i l i -  

z a t i o n  economics, and t h e  re la t ive f u e l  cyc le  c o s t s .  The U.S. designed 

PWR, both  wi th  and wi thout  uranium and plutonium r e c y c l e ,  has  been taken 

as t h e  s tandard  f o r  comparison. 

The f u e l  cyc le  c h a r a c t e r i s t i c s  of t h e  s tandard  CANDU (but  uprated i n  

s p e c i f i c  power from t h e  19 kWth/kg HM of t h e  Canadian P icker ing  P l a n t )  

both wi th  and without  plutonium recyc le ,  and f o r  two ve r s ions  of t h e  

thorium-fueled CANDU, are presented i n  Table D . l .  Two b a s i c  f u e l i n g  

op t ions  are considered f o r  t h e  use  of thorium i n  t h e  CANDU concept.  

One op t ion  (when t h e  conversion r a t i o  is  less than 1.0)  u t i l i z e s  plu- 
I 

tonium makeup f o r  t h e  equi l ibr ium r e f u e l i n g  cyc le  and t h e  o t h e r  u t i l i z e s  

h ighly  enr iched  ( ~ 9 3 % )  U-235 as t h e  makeup f u e l .  Both op t ions  w i l l  

r e q u i r e  s u b s t a n t i a l  amounts of h ighly  enriched U-235 f o r  s t a r t u p  of the  

systems. 

w i th  conversion r a t i o s  of 1.0.  

Both op t ions  appear t o  be capable  of being designed t o  ope ra t e  

Some of t h e  p o t e n t i a l  t radeoff  a s soc ia t ed  wi th  high f u e l  u t i l i z a t i o n  i n  

CANDU r e a c t o r s  are l i s t e d  i n  Table D . 2 .  The use  of thorium can improve 

t h e  conversion r a t i o  i n  any thermal r e a c t o r  type ,  bu t  t h e  neutron economy 

of D 2 0  moderation and cool ing  a l lows  more p o t e n t i a l  f o r  high conversion 

r a t i o .  

Inc reas ing  t h e  s p e c i f i c  power reduces core  s i z e  and D 2 0  inventory.  

u t i l i z a t i o n  i s  decreased as evidenced by g r e a t e r  f i s s i l e  makeup and 

lower conversion r a t i o  t o  maintain t h e  same burnup. Optimizat ion f o r  

Fuel 

0' 



Table D.l. Performance Characteristics of Fueling Options for CANDU Reactors 
CANDU 

NO Pu CANDU-Th (Pu Makeup, from Argonne Study) CANDU-Th (U-235 Makeup)** 
Recycle Recycle* A B C D E F 1 2 3 4 5 

Specific Power, kWth/kg HM 
Inventory, MT/GWe 
Discharge Burnup, MWd/kg HM 
Fuel Residence Time, Years 
Equilibrium Cycle Loading*** 

MT HM/GWe-yr, U 
u-Pu-02 
(Th + U-233)-02 

Fissile Enrichment % U-235 
Fissile Pu, wt % 

Equilibrium Cycle Discharge, 

Fissile Pu, wt % 
wt %, U-235 

Requirement, ST u308/GWe-yr*** 
0.2 Tails 
0.3 Tails 

0.2 
0.3 

Conversion Ratio 
a, Capture to Fissiol. Ratio 

Equilibrium Cycle Fissile Loading 
g U-235Fg HM 
g Fissile Pu/kg HM 
g Recycle U Fissile/kg HM 
Total Fissile, g/kg HM 
Average Fissile, g/kg HM 

Sep. Work, MT SWU/GWe-yr*** 

26 26 

7.5 18 
1.0 2.37 

128 12a 

127.7 31.5 
40.1 

0.711 0.71(U) 

0.17 
' 0.27 

168 

0 
0 
0.74 
0.2 

7.11 
0 
0 
7.11 

1.26 (Pu) 

0.17 
0.33 

94 

0 
0 
0.74 
0.32 

3.13 
7.06 
0 
10.19 
%l 

29 
115 
10 
1.2 

0 
0 

95.7 

0 

1.0 
0.10 

0 
0 

$18 
$18 
$1 8 

29 
115 
20 
2.4 

18.8 

40.8 
lt 

24.7 

0.96 
0.12 

1 
18 
19 
18.5 

29 
115 
25 
3.0 

24.5 

30.9 
2t 

32.2 

0.93 
0.13 

2 
18 
20 
19 

29 
115 
33 
3.9 

34.2 

21.2 
4t 

44.9 

0.90 
0.15 

4 
18 
22 
20 

29 
115 
40 
4.7 

40.7 
6t 
16.3 

53.4 

0.87 
0.18 

6 
18 
24 
21 

29 
115 
44 
5.2 

45.6 

14.0 
8+ 

59.9 

0.85 
0.19 

8 

38.4 38.4 38.4 
86.8 86.8 86.8 
15 27 44 
1.52 2.74 4.47 

64.9 36.0 22.1 

31.2 40.2 52.6 
38.8 49.9 65.4 

31.1 40.1 52.5 
26.4 34.0 44.6 
0.90 0.87 0.82 
0.12 0.12 0.12 

1.9 4.4 9.4 

18 %18 $18 $18 
26 20 22 27 
22 19 20 23 

25.6 
130.2 
8.5 
1.29 

114.5 

0 
0 

0 
0 
1.0 
0.12 

0 

17.2 
17.2 
17.2 

25.6 
130.2 
27 
4.11 

36.0 

21.9 
27.2 

21.9 
18.6 
0.93 
0.12 

2.4 

16.4 
18.8 
17.6 

*See Annex D.2 for plutonium recycle basis. 
**Personal communication from A .  M. Perry, IEA. to E. H. Gift, March 1, 1976. 

***At 80% load factor. 
+Fissile Pu only, g/kg HM 



Table D.2. CANDU-Th Cycle Considerat ion 

Ranges O p t i m u m  Trend f o r  
P icker ing  Standard Considered Major Ef fec t  on Fabr ica t ion  - 

S t a t i o n  pHW-NU* f o r  Capital Cost and Cap i t a l  U3O8 Cost Refabricat ion 
D a t a  Data Th Cycle Fuel  U t i l i z a t i o n  In t ens ive  In t ens ive  Cost In t ens ive  

Medium S p e c i f i c  19  26 16-38 Increased s p e c i f i c  High** Low 
Power ( 2 8  p i n s )  (37 p ins )  Power : 
(kWth/kg HM) 1. Reduced D 2 0  

inventory 
2.  Poor f u e l  u t i l i z a -  

t i o n  - increased 
f i s s i l e  makeup o r  
reduced burnup 

Lat t ice  28.6 
P i t c h  (cm) 

Burnup 7.5 
(MWd/kg HM) 

Coolant PHW 

28.6 

7.5 

PHW 

28.6-22.9 Reduced l a t t i ce  p i t ch :  Low High 
1. Reduced D 2 0  

inventory 
2 .  Poor f u e l  u t i l i z a -  

t i o n  - increased 
f i s s i l e  makeup o r  
reduced burnup 

10.0 up Increased burnup: 
1. Poor conversion 

2 .  Increased f i s s i l e  
ra t io  

makeup 

PHW BLW & OCR: Reduced BLW 
BLW D 2 0  inventory or 
OCR OCR: Higher thermal OCR 

e f f i c i e n c y  and h igher  
s p e c i f i c  power l i m i t  

Low 

High 

Medium 

*CANDU-PHW, n a t u r a l  uranium fueled.  
**For example, a "High" s p e c i f i c  power is  the  optimum t rend  i f  cap i ta l  c o s t s  are dominant. 

' 
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h igh  s p e c i f i c  power i s  d e s i r a b l e  i f  c a p i t a l  c o s t s  are high,  and undes i rab le  

i f  U3O8 c o s t s  are high.  

Reducing t h e  l a t t i c e  p i t c h  tends t o  reduce t h e  D20 inventory,  bu t  t h e  

overwhelming e f f e c t  i s  t o  reduce t h e  f u e l  u t i l i z a t i o n .  Thus opt imiza t ion  

would probably main ta in  t h e  p re sen t  l a t t i c e  p i t c h ,  e s p e c i a l l y  when 

U3O8 and f a b r i c a t i o n  c o s t s  are high. 

Increas ing  t h e  burnup of CANDU-Th op t ions  from 10 MWd/kg HM r ap id ly  

reduces t h e  achievable  conversion r a t i o ,  thus  inc reas ing  f i s s i l e  makeup 

requirements.  I f  f a b r i c a t i o n  and reprocess ing  c o s t s  are high,  t he  f u e l  

c y c l e  economics would f avor  h igh  burnup over improved f u e l  u t i l i z a t i o n .  

Changing t h e  coolan t  from D20 t o  e i t h e r  l i g h t  water o r  organic  substan- 

t i a l l y  lowers t h e  D 2 0  inventory ,  thus  s u b s t a n t i a l l y  lowering c a p i t a l  

c o s t s .  The conversion r a t i o  i s  lowered as a r e s u l t  of increased  neutron 

l o s s e s  i n  t h e . c o o l a n t .  

U t i l i z i n g  t h e  d a t a  of Table D . l  and t h e  der ived  d a t a  shown i n  Table D.3, 

estimates have been made of t h e  n a t u r a l  uranium f u e l  needs of CANDUs and 

PWRs, wi th  and wi thout  plutonium r e c y c l e  and of CANDUs fue led  wi th  

thorium . 

Table D . 4  shows, on an  i n d i v i d u a l  r e a c t o r  b a s i s ,  t h e  U3O8 requirements 

r e l a t i v e  t o  a CANDU having no r ecyc le .  

r e q u i r e  30% more U3O8 than  t h e  CANDU wi th  no r ecyc le ;  f o r  uranium recyc le  

a lone ,  t h e  PWR and CANDU U3O8 needs are nea r ly  equal ;  wi th  uranium and 

plutonium r e c y c l e  t h e  PWRs' f u e l  needs are 80% of those  of t h e  CANDU 

wi th  no r ecyc le .  

Thus t h e  PWR a t  no r ecyc le  w i l l  

Recycle of Pu i n  t h e  CANDU system l e a d s  t o  a 40% f u e l  saving ( e s s e n t i a l l y  

t h e  same percentage f u e l  sav ing  t h a t  plutonium + uranium recyc le  y i e l d s  

f o r  t h e  PWR). 

U-235 makeup l e a d s  t o  f u e l  sav ings  of 70-75% f o r  conversion r a t i o s  near  

1 .0 .  Even f o r  a conversion r a t i o  near  0.8, f u e l  savings of 60% could be 

expected. 

The use  of thorium w i t h  e i t h e r  f i s s i l e  plutonium o r  



T a b l e  D . 3 .  D a t a  f o r  U s e  h.1 Mined Fuel N e e d s  E s t i m a t e s  

Mined Fuel 
Average 100% Need at 

Specific Inventory* Thermal Capture Load Factor 0.8 Load 
ST Natural kg Efficiency, Conversion to Fission Doubling Factor, 

Reactor Description UsOe/GWe Fissile/GWe % Ratio Ratio, a Time = D** ST U3Oe 

CANDU, No Recycle 168*** 0.30 0.74 0.20 -1.0 5208 

CANDU, Pu Recycle 303 1.456 0.30 0.74 0.32 -2.58 3100 

CANDU, Th-Pu Fueled 
CR = 1.0 1360 5.38 0.30 1.0 0.10 m 1360 
CR = 0.96 970 3.83 0.30 0.96 0.12 -70.27 1301 
CR = 0.93 907 3.59 0.30 0.93 0.13 -37.31 1490 
CR = 0.90 870 3.43 0.30 0.90 0.15 -24.52 1722 
CR = 0.87 860 3.40 0.30 0.87 0.18 -18.22 1993 
CR = 0.85 875 3.46 0 ;  30 0.85 0.19 -15.93 2193 

CANDU, Th-U-235 Fueled 
3.9 0.30 0.9 0.11 -28.88 1813 

0.87 0.12 -16.94 1837 
CR = 0.9 990 
CR = 0.87 760 3.0 0.30 
CR = 0.82 735 2.9 0.30 0.82 0.13 -11.72 2240 
CR = 1.0 1470 5.8 0.30 1.0 0.10 m 1470 
CR = 0.93 940 3.7 0.30 0.93 0.12 -38.79 1522 

PWR, No Recycle 495 0.33 0.6 0.2 -1.88 6800 

PWR, Uranium Recycle Only 495 

PWR, Plutonium Recycle 495 

0.33 0.6 0.2 -2.42 5410 

0.33 0.6 -3.06 4370 

*Based on 700 days ex-core inventory. 
2.74 * (Thermal Efficiency) (Specific Inventory) 

time is defined as: (Conversion Ratio - 1.0) (1 + a) (Reactor Load Factor) 
***Initial core and annual reload at 0.8 load factor. 
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Table D . 4 .  Relative 30-Year U308 Requirements 
(at 0.8 load factor) 

Relative U3Oe Need 

PWR, No Recycle 1.31 

PWR, Uranium Recycle 1.04 

Ph’R, Plutonium and Uranium Recycle 0.82 

CANDU, No Recycle 1.0 

CANDU, Pu Recycle 0.60 

CANDU, Th-Pu Fueled 
CR = 1.0 
CR = 0.96 
CR = 0.93 
CR = 0.90 
CR = 0.87 
CR = 0.85 

CANDU, Th-U-235 Fueled 
C R =  0.9 
CR = 0.87 
CR = 0.82 
CR = 1.0 
CR = 0.93 

0.26 
0.25* 
0.29 
0.33 
0.38 
0.42 

0.35 
0.35 
0.43 
0.28 
0.29 

Small variations from expected values result from approximations in 
the data of Table 2 .  

* 
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Although these  f u e l  sav ings  are real  they cannot be r e a l i z e d  a t  t h e  

beginning of t he  r e a c t o r  l i f e t i m e .  I n  f a c t ,  f o r  t h e  thorium fue led  

r e a c t o r  having a conversion r a t i o  of 1.0,  t h e  e n t i r e  f u e l  requirement is 

e s s e n t i a l l y  requi red  a t  t h e  beginning of r e a c t o r  l i f e .  F igure  D . l  shows 

t h e  U3O8 usage p a t t e r n  over a 30-year r e a c t o r  l i f e  ( a t  0 .8  load  f a c t o r )  

of s e l e c t e d  1000 MWe CANDU r e a c t o r  op t ions .  Approximately seven years  

are requ i r ed  be fo re  t h e  mined f u e l  needs of a CANDU, no r e c y c l e  r e a c t o r  

su rpass  those  of a CANDU r e a c t o r  on t h e  thorium cyc le  wi th  a conversion 

r a t i o  equal  t o  1.0.  

plutonium recyc le  op t ion  t o  exceed t h e  thorium cyc le  having a conversion 

r a t i o  equal  t o  1.0.  

S imi l a r ly  about  1 2  yea r s  are requi red  f o r  t h e  

To ga in  a b e t t e r  f e e l i n g  f o r  t h e  dynamics of o r e  u t i l i z a t i o n  of d i f f e r e n t  

concepts  and r e a c t o r  op t ions  t h e  fol lowing scena r io  can be  employed. 

A s s u m e ,  f o r  comparative purposes ,  t h a t  a l l  of t hese  concepts and r e a c t o r  

op t ions  are a v a i l a b l e  now and t h a t  a country is  going t o  choose one 

concept and m e e t  a l l  i t s  power needs f o r  50 yea r s  wi th  t h i s  one concept.  

Also,  i t  might be  assumed t h a t  f u e l  u t i l i z a t i o n  is of major importance. 

S ince  t h e  a c t u a l  power growth cannot be  known wi th  any c e r t a i n t y ,  t he  

r e p r e s e n t a t i v e  power growths shown i n  F igure  D.2  have been chosen. 

(Growth B [5  GWe/yr] of t h e  f i g u r e  i s  approximately one - f i f th  of t he  

growth ra te  of t h e  1975 low ERDA growth p ro jec t ion . )  

A,  B y  and C of F igure  D.2  l ead  t o  t o t a l  nuc lear  c a p a c i t i e s  a t  t h e  end of 

50 yea r s  of 370, 250, and 170 GWe, r e spec t ive ly .  

The growth rates 

Figure  D.3  cons iders  growth rate A (370 GWe i n  50 years )  and compares 

t h e  re la t ive U3O8 requirements  of t h e  PWR and t h e  CANDU r e a c t o r s  (no 

thorium concepts ) .  F i r s t  i t  i s  apparent  t h a t  over t h e  50-year t i m e  

per iod  t h e  t o t a l  cumulative requirements are r e l a t i v e l y  t h e  same as 

those  f o r  t h e  i n d i v i d u a l  r e a c t o r s  (as d iscussed  i n  Table D.4) .  It is of 

i n t e r e s t  t o  no te  t h a t  a l though t h e  50-year uranium requirements f o r  t h e  

PWR w i t h  plutonium r e c y c l e  are only about 85% of those  f o r  t h e  CANDU, no 

r ecyc le ;  f o r  t h e  f i rs t  1 7  t o  18 yea r s  of t h e  campaign t h e  U308 requi re -  

ments f o r  t h e  CANDU, no r e c y c l e  are s l i g h t l y  lower. 

0 -  
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I n  F igure  D.4 t h e  cumulative U3O8 requirements f o r  t he  CANDU, no r ecyc le ,  

are compared wi th  those  of t h r e e  CANDU thorium opt ions  f o r  growth rate A 

(of F igure  D.2) .  

rate C. 

requi red  by t h e  thorium fue led  r e a c t o r  op t ions .  

r e s u l t s  are compared wi th  those prev ious ly  repor ted  i n  Table D.4  f o r  t he  

i n d i v i d u a l  30-year r e a c t o r  requirements.  Table D.5 shows t h a t ,  as the  

growth rate inc reases ,  a longer  t i m e  is  requi red  be fo re  p o t e n t i a l  f u e l  

ga ins  of a n  advanced conver te r  are r e a l i z e d .  

F igure  D.5 p re sen t s  a similar comparison f o r  growth 

These f i g u r e s  show t h e  e f f e c t  of t h e  high i n i t i a l  f u e l  loadings 

I n  Table D.5  these  

This  e f f e c t  shows up a l s o  i n  t h e  t i m e  requi red  before  t h e  f u e l  requi re -  

ments of a n  advanced conver te r  are less than those  of a less neutron 

e f f i c i e n t  concept. This  is  i l l u s t r a t e d  i n  Table D.6  which lists the  

t i m e  i n  yea r s  be fo re  t h e  f u e l  requirement of a high conversion r a t i o ,  

thorium-fueled CANDU r e a c t o r  is less than t h e  f u e l  requirements of a l l  

lower conversion r a t i o  concepts.  

t h e  thorium CANDU having a conversion r a t i o  equal  t o  1 .0 ,  approximately 

15 yea r s  are requ i r ed  before  i t s  f u e l  requirements are less than those 

of t h e  CANDU, no r e c y l e ,  23 yea r s  be fo re  they are less than  CANDU, Pu 

r ecyc le ,  19 yea r s  f o r  thorium CANDU, CR = 0.85 and 38 yea r s  f o r  thorium 

CANDU, CR = 0.93. 

For example, f o r  power growth A and 

I n  a d d i t i o n  t o  t h e  cumulative U3O8 requirement,  i t  is  of i n t e r e s t  t o  

cons ider  t h e  amount of U3O8 t h a t  is  committed f o r  t he  l i f e t i m e  of a 

nuc lea r  power growth campaign. 

nuc lea r  growth campaign, t h e  committed U3O8 i s  much g r e a t e r  than  the  

amount a c t u a l l y  requi red .  Table D.7  compares the  committed and cumula- 

t i v e  U3O8 requirements f o r  50-year growth f o r  t h e  power growths A and C. 

A t  any p a r t i c u l a r  t i m e ,  i n  an expanding 

For power growth A ,  t he  cumulative requirement a t  t h e  end of 50 years  

f o r  t h e  PWRs and CANDUs u t i l i z i n g  plutonium and uranium f u e l s  only is  

one-half of t h a t  a c t u a l l y  committed. 

e 

0 '  
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Table D . 5 .  Effect of Power Growth Rate of Cumulative (50-Year) 
U3O8 Requirements 

Individual Nuclear Nuclear 
Growth A* Growth C** Reactor Type Reactor 

CANDU, No Recycle 1.0 1.0 1.0 

CANDU, Pu Recycle 0.595 0.610 0.605 

CANDU, Th-Pu Feed 
CR = 0.85 
CR = 0.93 
CR = 1.0 

0.423 
0.287 
0.261 

0.524 
0.356 
0.326 

0.506 
0.337 
0.296 

"Nuclear growth A = 5 t'.', GWe (t = years). 50-year capacity is 

0.9 370 GWe. 
**Nuclear growth C = 5 t , GWe. 50-year capacity is 169 GWe. 



T a b l e  D.6. T i m e  R e q u i r e d  t o  A c h i e v e  B r e a k e v e n  Fue l  N e e d s  

CANDU , CANDU , CANDU, Th-Pu 
N o  R e c y c l e  Pu R e c y c l e  CR = 0.85 CR = 0.93 CR = 1.0 

A. Ind iv idua l  R e a c t o r ,  30-Year L i f e  

CANDU, N o  R e c y c l e  0 

CANDU, Pu R e c y c l e  1 

CANDU, Th-Pu 
CR = 0.85 
CR = 0.93 
CR = 1.0  

B. P o w e r  G r o w t h  R a t e  A 

CANDU, N o  R e c y c l e  

CANDU, Pu R e c y c l e  

CANDU, Th-PU 
CR = 0.85 
CR = 0.93 
CR = 1.0 

6 
5 
7 

0 

1 

12.5 
10 
15 

C. Power G r o w t h  R a t e  C 

CANDU, N o  R e c y c l e  0 

CANDU, P u  R e c y c l e  

CANDU, Th-Pu 
CR = 0.85 
CR = 0.93 
CR = 1.0 

1 

11 
9 

13 

0 

11 
8 

11 

0 

30 
18 
2 3  

0 

2 7  
17  
2 2  

0 
2 

11 

0 
1 

19 

0 
1 

1 7  

0 
2 8  

0 
38 

0 
35 

0 

0 

0 



Table D . 7 .  Comparison of Committed and Cumulative 
U3O8 Requirements for a 50-Year Campaign 

Power Growth A Power Growth C 
(Power at 50 years = 370 GWe) j 

ST U?OR ST U?OR 
Cumulative Committed Cumulative Committed 

Reactor Typ e Requirement Requirement" Requirement Requirement 

PWR, No Recycle 2.04 x lo6 4.08 x lo6 1.02 x 106 1.86 x lo6 

PWR, Uranium Recycle 1.63 x lo6 3.22 x lo6 0.813 x lo6 1.47 x lo6 

PWR, Pu Recycle 1.32 x l o 6  2.57 x 106 0.658 x lo6 1.18 x l o 6  t j  

CANDU, No Recycle 1.54 x lo6 3.17 x lo6 0.776 x l o 6  1.44 x lo6 

CANDU, Pu Recycle 0.939 x lo6 1.85 x lo6 0.469 x lo6 0.846 x lo6 

CANDU, Th-Pu Fueled 
CR = 0.85 0.807 x lo6 1.136 x lo6 0.392 X lo6 0.519 X l o 6  
CR = 0.93 0.549 X l o 6  0.695 x lo6 0.262 X lo6 0.318 x lo6 
CR = 1.0 0.503 x lo6 0.503 x l o 6  0.230 X l o 6  0.230 X l o 6  

*For 50-year reactor lifetime at 0.8 load factor. 



D-18 

For t h e  thorium-fueled CANDUs, much more of t h e  t o t a l  commitment would 

be requi red  a t  t h e  end of t h e  50-year per iod .  I n  t h i s  a n a l y s i s ,  f o r  

cases  where t h e  conversion r a t i o  equals  1 .0 ,  t h e  cumulative requirement 

and t h e  commitment are equal .  

Fue l  Cycle Cost C h a r a c t e r i s t i c s  of CANDU Reactors  

The f u e l  cyc le  c o s t s  f o r  t h e  CANDU r e a c t o r  concepts are est imated using 

a s i m p l i f i e d  f u e l  c o s t  model d i scussed  i n  Annex D . l .  Much of t he  input  

requi red  by t h e  model is  de r ivab le  from t h e  d a t a  of Tables  D . l  and D.3 

of t h e  f u e l  performance and f u e l  u t i l i z a t i o n  s e c t i o n s  of t h i s  Appendix. 

Cost assumptions f o r  reprocess ing ,  f a b r i c a t i o n ,  shipping and waste 

d i s p o s a l  charges  are from Appendixes H and I of t h i s  r e p o r t .  

These c o s t  and f u e l  material flow requirements f o r  t h e  equi l ibr ium 

r e f u e l i n g  cyc le  are shown i n  Table D . 8  f o r  several'CANDU f u e l i n g  opt ions  

and f o r  comparison, those  of a t y p i c a l  PWR r e a c t o r .  It is  apparent  from 

t h e  t a b l e  t h a t  a s u b s t a n t i a l  c o s t  pena l ty  w i l l  occur i n  t h e  f a b r i c a t i o n  

of e i t h e r  uranium-plutonium, thorium-U-233, o r  thorium-U-233-plutonium 

f u e l s .  The f a b r i c a t i o n  c o s t  r a t i o s  of t hese  d i f f e r e n t  f u e l s  may be of 

g r e a t e r  i n t e r e s t  than  t h e  est imated magnitudes shown i n  Table D . 8 .  

These r a t i o s  are l i s t e d  i n  Table D.9. 

The es t imated  reprocess ing  c o s t s  f o r  t h e  PWR were based on the  AGNS 

p l a n t  expanded t o  handle  t h e  conversion of uranyl  n i t r a t e  t o  UFg, 

plutonium n i t r a t e  t o  Pu02, and t h e  s o l i d i f i c a t i o n  o r  containment of a l l  

r a d i o a c t i v e  l i q u i d ,  gaseous and s o l i d  wastes from t h e  reprocess ing  p l a n t  

ope ra t ion .  

handle  a p a r t i c u l a r  f u e l  type.  A s  such w i t h i n  t h e  l i m i t  of accuracy of 

t h e  e s t ima t ion  process ,  no s i g n i f i c a n t  c o s t  d i f f e r e n t i a l  w a s  found f o r  

any of t h e  several f u e l  types t h a t  might be considered by e i t h e r  t he  

CANDU o r  t h e  PWR. A s  a r e s u l t  t h e  b a s i c  reprocess ing  c o s t  w a s  taken t o  

be $226/kg. Since t h e  recovery of t h e  f i s s i l e  conten t  of thorium f u e l s  

t h a t  are c l a d  wi th  zirconium i s  poorly understood, f u e l  cyc le  c o s t  

They are based on 5 MT/day p l a n t  s p e c i f i c a l l y  designed t o  

0 '  

0' 
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Table D . 8 .  Data f o r  Equi l ibr ium Fuel Cycle Cost Calcu la t ions  of CANDU Reactors1 

Annual U3Oe Annual ThOz Separative Sum of Fab., Topping In-Core Shipping Plus Permanent 
Feed Rate, Feed Fate, Work Req'd., Fabrication Shipping and Fissile Plus Reproc. Plus No Fuel Assembly 
ST U3Og/ ST Th02/ MT SW/ Rate,** Reproc. Costs, Pu Feed, Ex-Core*** Fabrication Waste Disposal Storage Costs, 

Case GWe-Year GWe-Year GWe-Year MT/GWe-Year $/kg U g/kg HM Time, Year Cost, $/kg Costs, $/kg $/kg 

CANDU, NO 

CANDU, Pu 
Recycle 

Recyclett 
A 
B 
C 
D 
E 
F 
1 
2 
3 
4  
5 

PWR, NO 
Recycle 

PWR, Uranium 
Recycle 

Recycle 
PWR, Pu 

168 

9 4  

0 
2 4 . 7  
3 2 . 2  
4 4 . 9  
5 3 . 4  
59.9 
3 1 . 2  
4 0 . 2  
5 2 . 6  

0 
2 1 . 9  

2 1 0 . 5 7  

1 6 2 . 8 4  

1 2 9 . 1 8  

0 

0 

1 0 7  
5 3 . 6  
4 2 . 8  
3 2 . 5  
2 6 . 7  
2 4 . 3  
7 1 . 4  
3 9 . 6  
2 4 . 3  

1 2 6 . 0  
3 9 . 6  

0 

0 

0 

0 

0 

0 
0 
0 
0 
0 
0 

31.2  
40 .2  
5 2 . 6  

0 
2 1 . 9  

1 3 1 . 2  

1 3 1 . 2  

96 .2  

1 2 7 . 7  

5 4 . 1  

9 7 . 3  
4 8 . 7  
3 8 . 9  
2 9 . 5  
2 4 . 3  
2 2 . 1  
6 4 . 9  
3 6 . 0  
2 2 . 1  

1 1 4 . 5  
3 6 . 0  

2 7 . 6 5  

2 7 . 6 5  

2 7 . 6 5  

1 3 2 . 5 t  

5 3 8 1  

611 
611 
611 
611 
611 
611 
611 
611 
611 
611 
611 

2 5 0 t  

3 7 6  

4 6 9 . 5 5 1  

0 

0 

0 
1 
2 
4  
6 
8 
0 
0 
0 
0 
0 

0 

0 

0 

2 . 9 1 8  

4 . 2 9  

3 . 1 2  
4 . 3 2  
4 . 9 2  
5 . 8 2  
6 . 6 2  
7 . 1 2  
3 . 4 4  
9.66 
6.39 
3 . 2 1  
6 . 0 3  

4 . 8 2  

4 . 8 2  

4 . 8 2  

7 9 . 5  - 
312 2 2 6  

3 8 5  2 2 6  
3 8 5  2 2 6  
3 8 5  2 2 6  
3 8 5  2 2 6  
3 8 5  2 2 6  
3 8 5  2 2 6  
3 8 5  2 2 6  
3 8 5  2 2 6  
385 2 2 6  
3 8 5  2 2 6  
3 8 5  2 2 6  

150 - 
1 5 0  2 2 6  

5 0 0  Mop + 
1 5 0  UOz 

Av. = 2 4 3 . 5 1 1  

*All data refer to an 0.8 reactor load factor. 
**This is also used for the reprocessing and shipping rate. 
***Ex-core time = 7 0 0  days. 
?Includes $lOO/kg perpetual storage costs for PWR and $ 5 0 / k g  for CANDU. 
++Cases A to F represent the CANDU-Th Pu makeup concepts, and Cases 1 to 5 represent the CANDU-Th U-235 makeup concept described in Table R1. 
§Assumes all of the reload batch is of mixed oxide. 

§§Assumes only 0 . 2 6 7  of a reload batch is mixed oxide. 
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Table D.9. 

F a b r i c a t i o n  Cost Rat ios  o f  CANDU and PWR Fuels  

PWR, slightly enriched UO2 1 .oo 
PWR, slightly enriched UO2-PuO2 3.33 

CANDU, natural uranium (UO2) 0.53 

CANDU, slightly enriched (U02-Pu02) 2 -08 

CANDU, slightly enriched (U02-Pu02-Th02) 2.57 0 -  
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estimates were a l s o  made f o r  a 50% inc rease  i n  t h e  reprocess ing  charge 

when appl ied  t o  thorium f u e l s .  I n  a d d i t i o n  t o  t h e  u n i t  c o s t s  l i s t e d  i n  

Table D . 8 ,  t h e  remaining b a s i c  c o s t  assumptions of t h e  s tudy are: 

Sepa ra t ive  work $70/SWU 
Tho2 $15/ lb  Tho2 

Inventory charge rate 15%/yr  

Reactor load f a c t o r  0.8 

Figure D.6 p resen t s  a comparison of t h e  f u e l  cyc le  c o s t  of t h e  PWR and 

t h e  CANDU when both r e a c t o r  types are not  fue l ed  wi th  thorium. 

This  f i g u r e  shows t h a t  f o r  a l a r g e  U3O8 c o s t  range,  t h e  CANDU no r e c y c l e  

concept shows p o t e n t i a l  f o r  lowest f u e l  cyc le  c o s t s .  I n  these  estimates 

t h e  c o s t  of D20 i n i t i a l  inventory and annual l o s s e s  have not  been included.  

Other s tud ie s*  have est imated t h e  D 2 0  l o s s  c o s t  t o  be about 0.35 mills/kWhr 

( f o r  D 2 0  a t  $11O/kg and 16%/yr  charge r a t e )  and t h e  i n i t i a l  inventory 

c o s t  t o  be  about 2.5 mills/kWhr. The dashed l i n e s  show the  e f f e c t  of 

adding t h e  annual D20 l o s s  c o s t  t o  t h e  CANDU f u e l  cyc le  c o s t .  Even wi th  

t h i s  c o s t  added t h e  CANDU, no r ecyc le  f u e l  c o s t  is  less than t h e  PWR 

plutonium r e c y c l e  c o s t  when t h e  c o s t  of U3O8 is  less than $25/ lb .  

A s  presen t ly  conceived (and understood by t h i s  au thor )  t h e  Canadian 

concept f o r  plutonium r e c y c l e  w i l l  never be economically competi t ive.  

This  f u e l i n g  concept adds plutonium t o  a l l  re load  f u e l  assemblies  t o  

inc rease  t h e  f i s s i l e  loading t o  near  1% such t h a t  t h e  achievable  burnup 

approaches 18-19 MWd/kg HM. 

f a b r i c a t i o n  c o s t  f o r  a l l  assemblies .  It is p o s s i b l e  t h a t  the  use  of 

A s  such,  t h i s  concept pays a high plutonium 

* 
A Brief Survey of Considerations Involved i n  Introducing CANDU Reactors 
in to  the U.S., Argonne Nat iona l  Lab., December 1975 (unpublished).  
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Fig .  D.6. Comparison of f u e l  c y c l e  c o s t  of t h e  PWR and CANDU as 

a f u n c t i o n  of U3O8 c o s t .  
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plutonium sp ik ing  and s l i g h t l y  enr iched uranium assemblies  ( a s  contem- 

p l a t e d  by t h e  PWR) might produce more f avorab le  economics. 

b a s i s  t h e  PWR wi th  plutonium r e c y c l e  i s  very  competi t ive wi th  t h e  CANDU. 

Uranium r e c y c l e  only i n  t h e  PWR is seen  t o  be economically j u s t i f i e d  a t  

a U 3 0 8  c o s t  of w e l l  under $20/ lb .  

On an economic 

F igure  D . 7  compares t h e  f u e l  cyc le  c o s t s  (not  inc luding  D 2 0  l o s s e s )  of 

concepts on uranium o r  thorium f u e l  op t ions .  I n  a l l  circumstances 

considered,  t h e  CANDU-Th concept having a conversion r a t i o  equal  t o  1 .0  

w a s  uneconomical. Based on Figure  D . 7  t h e  p re fe r r ed  method f o r  u t i l i z a -  

t i o n  of thorium i n  CANDUs is  t o  use  h ighly  enriched U-235 as t h e  makeup 

f u e l .  This  concept (at  CR = 0.85) w a s  t h e  lowest cos t  op t ion  s tud ied  

and w a s  remarkably i n s e n s i t i v e  t o  U3O8 c o s t  i nc reases .  The use  of 

plutonium as t h e  makeup f u e l  w a s  found t o  be considerably less economic. 

However, t hese  c a l c u l a t i o n s  w e r e  based on u n i t  c o s t s  of Pu as recovered 

from CANDU r e a c t o r s .  U s e  of Pu from LWRs ( i f  a v a i l a b l e )  o r  from s l i g h t l y  

enr iched CANDU cyc le s  would g ive  more f avorab le  r e s u l t s  f o r  Pu use.  

F igure  D . 8  shows t h e  f u e l  cyc le  c o s t  as a func t ion  of t h e  conversion 

r a t i o  f o r  t h e  CANDU thorium concept having plutonium makeup. D i s t i n c t  

minima were found a t  about  0.9 t o  0.92 conversion r a t i o .  The e f f e c t  of 

i nc reas ing  t h e  reprocess ing  c o s t  from $226/kg t o  $339/kg ( a  50% inc rease )  

is  a l s o  shown. This  i nc rease  tends t o  d r i v e  t h e  optimum conversion 

r a t i o  down. 

the optimum conversion ratio. 

Conversely, i nc reas ing  .the c o s t  of U3O8 tends t o  inc rease  

F igure  D.9 p resen t s  s i m i l a r  r e s u l t s  f o r  a CANDU thorium concept having 

93% U-235 as t h e  makeup f u e l .  For t h i s  makeup f u e l  t h e  optimum con- 

ve r s ion  r a t i o  i s  seen  t o  be less than  0.8. This  f i g u r e  a l s o  shows t h e  

e f f e c t  o f ’ i n c r e a s i n g  t h e  power d e n s i t y  on both conversion r a t i o  and f u e l  

c o s t s .  A t  t h e  h igher  power d e n s i t y  i t  seems apparent  t h a t  conversion 

r a t i o  of 1 .0  i s  probably no t  a t t a i n a b l e .  

seems t o  have t h e  p o t e n t i a l  f o r  somewhat lower f u e l  cyc le  c o s t s  a t  i t s  

optimum conversion r a t i o .  

The lower power dens i ty  concept 
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ANNEX D . l  

TIONAL MODEL FOR EQUILIBRIUM FUEL CYCLE COSTS 

The cos t  model employed i n  t h i s  work i s  h ighly  s i m p l i f i e d ,  bu t  does 

consider  t h e  b a s i c  c o s t s  incur red  by a u t i l i t y .  

va lue  i s  a t t ached  t o  recycled f i s s i l e  material. 

i s  not  done, b u t  a n  inventory  charge based on t o t a l  in-core p lus  ex-core 

t i m e  i s  es t imated .  

I n  t h i s  model no d o l l a r  

Present  va lue  d iscount ing  

A .  The burnup c o s t  (of e i t h e r  U3O8 o r  Th02) i s  def ined  by the  equat ion  

$ ST 2000 l b  l o 3  m i l l s  GW y r  D 
l b  GWe-yr ST $ l o6  kW 365 D 24 h r  B = F c - *  

= 2.28311 x Fc F, mills/kWhr . 

B. The s e p a r a t i v e  work c o s t  i s  def ined as 

l o 3  m i l l s  GW l o 3  kg y r  D MT sw $ .  
GWe-yr .* kg-SWU $ l o b  kW MT 365 D 24 h r  s = x *  

= 1.14155 x X Y ,  mills/kWhr . 

C. The f a b r i c a t i o n ,  reprocess ing ,  shipping o r  waste d i s p o s a l  c o s t s  are 

def ined  as 

l o 3  m i l l s  GW l o 3  kg y r  D $ 
106 kW MT 365 D 24 h r  

MT . 
X = GWe-yr Fx $ 

= 1.14155 x M Fx, mills/kWhr . 

D. The c o s t  of supplemental  plutonium feed  (used f o r  topping i n  some 

CANDU-Th concepts) is based s o l e l y  on t h e  money inves ted  i n  recovery 

of plutonium from a s tandard  n a t u r a l  uranium CANDU t h a t  would not  

otherwise be recover ing  t h e  plutonium. Thus, i t  is  def ined as: 
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m Pu MT HM . l o 3  k g  . l o 3  m i l l s  . y r  . D 
365 D 24 h r  GWe-yr MT $ 

Cp = M p L *  V p k .  
kg HM 

= 1.14155 x Mp Vp M ,  mills/kwhr , 

where 

$ kg HM 
rec kg HM 2.7 gm f i s s i l e  Pu V p = F  -. 

= 0.37037 Frec, $/gm. 

= N e t  recovery c o s t  of CANDU plutonium’, 

= Fr + F’w - Fs, $/kg HM, 

Fret 

where 

F r  = Reprocessing c o s t ,  

Fw = Waste and safeguards  handling c o s t s ,  

Fs  = Cost of p e r p e t u a l  s t o r a g e  of spen t  CANDU f u e l  assemblies.  m -  
mills/kWhr . Fret, .*. Cp = 4.22796 x Mp M 

E. The inventory  c o s t  i s  based on t h e  average  va lue  of a l l  o t h e r  f u e l  

c y c l e  charges p ro ra t ed  over t h e  e n t i r e  in-core p l u s  ex-core t i m e  

and is def ined  as: 

1 IC = (B + S + Cx + Cp) 7 I T ,  mills/kWhr , 

where 

Cx = Sum of f a b r i c a t i o n ,  reprocess ing ,  sh ipping  and w a s t e  d i s p o s a l  

c o s t s ,  

I = Annual charge rate, % / y r ,  

T = Sum of equ i l ib r ium in-core p l u s  ex-core f u e l  t i m e s ,  years.  

e- 
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ANNEX D.2  

CANDU-PLUTONIUM RECYCLE DATA 

Subsequent t o  t h e  a n a l y s i s  made i n  t h i s  r e p o r t  and as a r e s u l t  of 

f u r t h e r  d i scuss ions  by ANL wi th  t h e  Canadians, t h e  plutonium recyc le  

concept f o r  CANDUs has  been updated.* 

cons iders  t h e  se l f -genera ted  r e c y c l e  of plutonium. Some of t h e  

p e r t i n e n t  f u e l  c h a r a c t e r i s t i c s  of t h e  previous and present  r ecyc le  

concept are l i s t e d  i n  Table DA. l .  

The r ev i sed  r ecyc le  concept 

, 

The uranium requirements f o r  t h e  updated r ecyc le  mode are 82% of 

those  est imated o r i g i n a l l y .  Relative t o  t h e  no r ecyc le  mode, t h i s  

method of plutonium r e c y c l e  provides  a 50% f u e l  sav ing  as compared 

wi th  60% f o r  t h e  r ecyc le  concept given i n  Table D . l .  

does no t  change t h e  conclusions prev ious ly  obtained. 

This r e s u l t  

* 
Personal  communication from Edward M. Bohn, ANL, t o  P. R. Kasten, 
ORNL, September 22, 1976. 
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Table DA.l. Comparison of Pu Recycle in CANDU Reactors 

Reactor System Self-Generated 
in Table D. 1. Recycle System 

Specific Power, kWth/kg HM 
Inventory, MT/GWe 

Discharge Burnup, MWd/kg HM 

Fuel Residence Time, Years 

Equilibrium Cycle Loading, 
MT HM/GWe-year 

uo2 
u-Pu-02 

Fissile Enrichment, wt % HM 
U-235 in U02 
Fissile (U + Pu) in U-Pu-02 

U-235 in U02 
Fissile Pu 

Equilibrium Cycle Discharge, wt % 

u308 Requirement, STa/GWe-year 

30-year Commitment, ST/GWe 

26 

128 
16 

2.37 

31.5 

40.1 

0.711 

(1.26 + 0.71) 

0.17 
0.33 

94 

3100 

26 

128 

18 
2.1 

59.8 

0.711 

1.02 

0.11 
0.35 

79 

2540 
~~~~ 

a Short tons 
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APPENDIX E 

THORIUM FUEL CYCLE IN FBRs 

c 
Summary: Several alternatives are available for use of thorium fuel 

cycles in FBRs. Thorium can be utilized in the FBR core, blanket, or 

both. Use of thorium in the core results in reduced breeding gain 

compared with the uranium-plutonium fuel cycle, but lower specific 

inventories might be possible if high power densities are practical. 

Under the latter circumstances, the doubling time of the two fuel cycles 

would be comparable. If core power densities are about the same value, 

the uranium cycle would have lower doubling times than the thorium 

cycle. Use of thorium in the core results in significantly more negative 
sodium void coefficients of reactivity for LMFBR cores. The lack of 

reprocessing experience on thorium containing FBR fuels, and the lack of 

irradiation performance data on thorium metal fuels are primary impedi- 

ments for use of thorium FBR fuels. Incentives are the improved reactivity 
coefficients possible with thorium fuels, possible application of the 

thorium cycle in "denatured" fuel use, and in fast and thermal reactor 
fuel cycles once the fissile resource problem is solved. 

Thorium Use Options in FBRs 

'C 

Thorium can be utilized in an FBR in four modes: 

used in the core with thorium blankets so that no plutonium or natural 
uranium is involved in the breeder fuel cycle. 
can be used in the core with variations on relative 239Pu to 233U 

ratios and blankets can contain thorium or uranium. 3 )  A thorium radial 
blanket can be used with a 239Pu-238U core that has axial blankets of 
uranium as proposed for the GCFR;I 4 )  A thorium radial blanket and a 
233U-238U core. 

disadvantages, many of which are described in this Appendix in comparison 

with the conventional LMFBR or GCFR designs that incorporate 239Pu-238U 

cores with uranium blankets. Additional information on "denatured" fuel 

use is given in Appendix Q. 

1) 233U-Th fuel can be 

2) 239Pu-233U-Th fuel 

Each of these systems has its own advantages and 

E-1 
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Performance and Safety Considerations 0 
In Appendix A it was shown that for identical fuel forms and coolants 
the uranium-plutonium cycle would have the largest breeding gain. It 
was also shown that thorium metal fuels have better breeding performance 

than thorium oxide fuels. 

is that thorium can be used as a metal fuel whereas the irradition 
properties and temperatures of phase change of uranium metal severely 

restrict its usefulness. Some selected properties of thorium and 

uranium fuels are shown in Table E.l. 

melting temperature of Th metal are significantly higher than those of 

U metal. 
U and Pu without significantly affecting its melting point. Uranium 

metal has anisotropic properties such that severe swelling and distortion 

take place under thermal cycling and reactor irradiation. 
alloys that have been developed to reduce irradiation distortion still 

show fuel swelling of about 10 vol % per atom percent burnup. Thorium 
metal with up to 20% uranium has shown excellent radiation stability in 

thermal neutron irradiation with volume increases of 2.5 vol % per atom 

percent burnup at 65OoC, for burn-ups up to 4 atom percent. 
metal and thorium-Pu-U alloys show promise for use in FBRs. Irradiation 

experience with thorium metal in FBR environments is, however, very 
limited. The use of thorium metal as fuel in FBRs also offers the 
possibility of using cladding alloys other than stainless steel. A 
vanadium-20% titanium alloy has been suggested as a possible candidate 

because of its compatibility with thorium metal and its superior irradi- 
ation behavior.2 

require that the oxygen content be kept very low. 

of this alloy is less than stainless steel so that improved breeding is 

feasible. There is, of course considerable uncertainty in the practi- 

cality of thorium metal use, and that should be borne in mind in the 

following discussion. 

A key point for thorium utilization in FBRs 

The phase change temperature and 

In addition the Th matrix can contain significant fractions of 

Uranium 

Thus thorium 

The use of this alloy in a sodium envionment would 

The neutron absorption 

The performance of FBRs fueled with mixed oxides of Pu and U, mixed 

oxides of 233U and Th, and Th metal fuels has been recently studied.2 

+ 

a- 
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Table E.l. Selected physical properties of thorium and uranium f u e l s  

hleltirig point ('C) 2750 3290 1130 1100 2320 2480 2C25 2655 

hlelting point ('n 4980 5970 2070 31 00 4200 4600 4760 4F10 

Density (roorii ~enip.rarurc) (g/cm') 10.5 9. I 19.0 11.6 13,O 11 10. 6 9 .6  

Therrnal conductivity a 
at  C50'C (W/cni 'C) 
at 650'C ( B u d h i  fr 'F) 

change occurs ('C) 
Temp-rature at  which phase 

0.035 O.OI0 
2 . 0  2 .3  

I 0.37 
21 

0.45 0.23 
26 13 

C65 ( a  to E) 1315 

775 ( E  to y) (FCC io BCC) 

- 0.2 - 0.25 - 13 - I 4  

a Ceramics gcncrallg S u l f C r  a dccicarc in conductivity with long rcacior cxposure a t  rclarivcly low tcnipcraturc. which is nor considcrcd in 111.- abovc values. 
At high tcnipcraruro (> - ISOO'C). itradiation cffccts on k do not apFar significanl. 

m 
I 

W 

SOURCE: P .  R .  Kasten, "The Role of Thorium i n  Power Reactor Development," Atomic Energy 
Review, vol VIII, No. 3 ,  p .  473 .  
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The neu t ron ic s  c a l c u l a t i o n s  were performed f o r  s p h e r i c a l  r e a c t o r s  wi th  

37 V% f u e l ,  1 7  V% s t r u c t u r e ,  and 46 V% coolant  i n  t h e  core  reg ion .  Because 

t h e  c a l c u l a t i o n s  assumed s p h e r i c a l  cores ,  t h e  breeding r a t i o s  are h igher  

than i n  p r a c t i c a l  systems and t h e  ca l cu la t ed  f i s s i l e  masses are lower 

than  i n  p r a c t i c e ;  however, because a l l  t h e  s t u d i e s  were performed wi th  

c o n s i s t e n t  bases  f o r  co re  power d e n s i t i e s ,  r e l a t i v e  performance comparisons 

can be made. Table E.2 l ists  t h e  r e s u l t s  of t h i s  s tudy.  

Cases No. 1, 4 ,  7 ,  and 11 show t h e  p o t e n t i a l  c a p a b i l i t y  of 233U-Th 

breeders  w i th  m e t a l  o r  oxide f u e l s  and N a  o r  H e  coolan ts .  

do n o t  involve  any u s e  of Pu o r  n a t u r a l  U .  A s  a b a s i s  f o r  comparison 

case No. 10  i s  t h e  r e fe rence  LMFBR wi th  Pu-U oxide  co re  and U b lankets .  

The r e a c t i v i t y  e f f e c t  of complete sodium voiding f o r  t h e  233U-Th systems 

is  s t r o n g l y  nega t ive  as compared t o  the  approximately $11 of p o s i t i v e  

r e a c t i v i t y  t h a t  is  generated i n  t h e  r e fe rence  LMFBR. 

of t h e  233U-Th m e t a l ,  N a  cooled co re  (case 1 )  is  .09 less than  t h e  

r e fe rence  LMFBR (case 1 0 ) ;  however, t h e  f i s s i l e  mass of t h e  233U-Th 

case i s  only 70% of t h e  f i s s i l e  Pu m a s s  i n  t h e  r e fe rence  case. Thus t h e  

doubling times of t h e s e  two systems would be nea r ly  i d e n t i c a l .  There 

are no c u r r e n t  d e t a i l e d  eva lua t ions  of t h e  t e c h n i c a l  problems a s soc ia t ed  

wi th  Th m e t a l  f u e l  development f o r  FBR. 

s t u d i e s  suggest  t h a t  such eva lua t ions  should be undertaken t o  assess t h e  

f e a s i b i l i t y ,  quan t i fy  t h e  b e n e f i t s ,  and determine t h e  necessary develop- 

ment of Th f u e l  f o r  FBRs. I n  p a r t i c u l a r ,  i t  i s  no t  c e r t a i n  t h a t  t h e  core  

power d e n s i t i e s  assumed i n  these  pre l iminary  s t u d i e s  are p r a c t i c a l  f o r  

t h e  metal f u e l  cases. 

These systems 

The breeding r a t i o  

These prel iminary neu t ron ic s  

The va lues  are probably too high.  

A second class of Th u t i l i z a t i o n  i n  FBR involves  the u s e  of Pu-U-Th 

f u e l  a l l o y s .  Cases 2, 3 ,  5 ,  and 6 from Table E.2 demonstrate t h e  per- 

formance of t hese  metal f u e l s .  Again t h e  i n c l u s i o n  of Th l e a d s  t o  a 

nega t ive  sodium void c o e f f i c i e n t  f o r  t o t a l  c o r e  voiding.  The 239Pu- 

233U-Th system wi th  a U metal b lanket  (case  3) shows a nea r ly  s e l f -  

s u f f i c i e n t  Pu core  and a l a r g e  n e t  2 3 3 U  product ion.  A s  a matter of 

comparison a 1000 MW(e) h igh  ga in  (CR = 0.84)  HTGR r e q u i r e s  only 157 

kg/yr of 233U f u e l .  Thus t h e  Th based LMFBR could supply t h e  f i s s i l e  
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' i s s i le  )(ass 
t g )  

1512 
1343 Vu 
t425 'I'U 

glu 
2141 
1831 Pu 
6 7 0  l rrU 
1831 Pu 
+4& "'U 
1819 
2466 
2451 

:::: %su 
2910 
3711 
3693 
3178 Pu 
+209 I 3 5 U  

- 

*sa 

1 
2 

3 

4 
5 

6 

1 
8 
9 

10 

11 
12 
13 
14 

ko. 

st for Fertile- 
Coolant Cd tures 

Doppler Yoldlng' f t s s l l e  
Cccff ( I )  Absorptions 
-0.039 -4.U 1.26 
-0.039 -2.29 1.38 

-0.009 -0.11 1.46 

-0.007 4 .13  1.29 
-0.Wl W.01 1.4: 

-0.010 tO.02 1.55 

-0.016 -2.17 1.16 
-0.014 tO.50 1.18 
-0.014 M.70 1.20 

+3.73 1.35 

4.011 +0.01 1.21 
-0.010 W.26 1.21 
-0.010 tO.21 1.39 -- a . 3 9  1.44 

-- 

Table E.2. Characteristics of thorium and uranium fast breeder reactors 

Produced 

233" 

2Q8.1 
891.2 

482.0 

224.1 
924.6 

486.5 

130.1 
1103.2 
169.1 -- 
169.9 

1149.1 
821.6 -- 

Cladding 
(kg/yr) 

239p, -- 
-598.1 

-43.7 

-- 
-584.3 

-44.2 

-- 
-959.6 

358.2 

-- 

-mJ.' 

-925.5 
-564.9 
419.5 

ln )*tal Alloy 

-. 

n mx 

u mx 

~h mx 

u mx 

v-20 T i  

5s 

I 

Blanket 

ln veta1 

u )*tal 

Th )*tal 

u veta1 

no1 

wr 

mal 

w1 

I I 

core core Avg 
Volm Pcuer Density 
(I i lcrl [hlU(lh)/l i trr  
4003 0.62t. 

0.62 

0.60 

5456 0.45 
0.45 

0.43 

6311 O.39.t 
0.39 
0.38 
0.38 

0.B6 0.24** 
0.24 
0.24 
0.24 

etely from a11 mgions. 
I 7 

spherical reactor 8nd rwld be s m l l e r  for the usual cylindrical reactor. 

- nimd oxidc. +% Is the n o m 1  breeding m t l o  for t h e  s y s t w  i n  rhlch the f i s s i l e  Mterial produced Is the $14 as that  cmsumd. . The values s h m  are for a 

.%a TII-U-PU alloy contains 9.5 WX I ' ~ P u .  

t*lhis value of the m e r  density i s  I n s  than that for  theVirly EBR-I1 U:m(dl-fueled cores. 
'mew p a r r  densities a r e  tne s u m  as in the demnstrattm-lize designs of the L W B R  and the MFR. 

SOURCE: B. R. Sehgal, C. Lin, J. Noser, W. B. Loewenstein, "Thorium- 
Based Fuels in Fast Breeder Reactors," !Trans. Am. NucZ. Soe. 
21: 422 (1975). 
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material f o r  i t s e l f  and f o r  two t o  t h r e e  HTGRs. This  high breeding 

performance w a s  ob ta ined  wi th  a Th loaded FBR core  t h a t  had a n  o v e r a l l  

nega t ive  sodium void  c o e f f i c i e n t .  It should be emphasized t h a t  t o t a l  

sodium void ing  i s  usua l ly  no t  t h e  worst  case from t h e  viewpoint of re- 

a c t i v i t y  changes. Fur ther  s t u d i e s  of c y l i n d r i c a l  cores  by t h e  au thors  

of t h e  above comparison s tudy showed t h a t  f o r  case 3 ,  t h e  "worst case" 

r e a c t i v i t y  inc rease  w a s  only 1 / 3  of t h a t  i n  a Pu-U LMFBR.3 For case  1 

t h e  ' 'worst case" r e a c t i v i t y  i n c r e a s e  w a s  1/12 of t h a t  i n  a Pu-U LMFBR. 

The t h i r d  u s e  f o r  thorium i n  FBRs i s  as a r a d i a l  b lanket  material f o r  

233U product ion.  I n  t h e  case of mixed oxide FBRs t h e  s u b s t i t u t i o n  of a 

thorium blanket  f o r  a uranium b lanke t  does no t  s i g n i f i c a n t l y  a f f e c t  t h e  

o v e r a l l  breeding performance, a l though t h e r e  i s  a s m a l l  decrease .  Thus t h e  

t h e  s e l e c t i o n  of uranium o r  thorium b lanke t s  f o r  an  LMFBR depends on the  

relative economics of t h e  bred materials and on t h e  a v a i l a b i l i t y  of t h e  

necessary  reprocess ing  and r e f a b r i c a t i o n  technology. 

Another p o s s i b l e  FBR f u e l  combination involves  use  of U-233 and U-238 

i n  t h e  core ,  and thorium i n  t h e  b lanket .  This  corresponds t o  a mixed 

cyc le  wi th  Pu generated i n  t h e  core .  This  type  of f u e l i n g  might be 

u t i l i z e d  i f  "denatured" f u e l  conta in ing  less than  20% f i s s i l e  uranium 

w e r e  imposed on s p e c i f i c  FBRs. The nuc lear  performance would be somewhat 

b e t t e r  than  t h e  FBR fue led  wi th  U-233 and Th i n  t h e  co re  and Th i n  the  

b l anke t .  More information on t h i s  is  given i n  Appendix Q. 

- 
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APPENDIX F 

USE OF 233U AND 238U I N  FAST BREEDER REACTORS 

("Denatured" Fuel  Cycles) 

I. In t roduc t ion  

The purpose of t h i s  appendix i s  t o  examine t h e  f e a s i b i l i t y  of us ing  

233U-238U oxide f u e l  i n  f a s t  breeder  r e a c t o r s .  

conten t  t o  less than  20% of t h e  uranium, t h e  safeguard requirements 

should be reduced s i g n i f i c a n t l y ,  s i n c e  such a f u e l  system would avoid 

t h e  p o s s i b i l i t y  of chemical s e p a r a t i o n  of f i s s i l e  i so topes  of t h e  i n i t i a l  

f u e l ,  and t h e  enrichment l i m i t a t i o n  is considered no t  t o  lend i t s e l f  f o r  

u se  i n  a nuc lear  weapons device .  The Pu bred i n  these  r e a c t o r s  is  

assumed t o  be separa ted  from t h e  spent  f u e l  and u t i l i z e d  i n  FBRs loca ted  

i n s i d e  safeguarded areas. 

commercial-sized [1200 MW(e)] conceptual  breeder  des igns ;  an LMFBR co re  

des ign  from GE, and a GCFR core  des ign  from GA. 

c a l c u l a t i o n s  were f i r s t  performed f o r  t h e  P u - ~ ~ ~ U  des ign  and then f o r  

23 3U-2 38U f u e l  f o r  comparative purposes. 

r e s u l t s  of t h e  comparison. 

By l i m i t i n g  t h e  233U 

The i n v e s t i g a t i o n s  h e r e  centered around two 

I n  both breeders ,  

This  appendix g ives  pre l iminary  

11. LMFBR System 

The LMFBR model used i n  t h i s  i n v e s t i g a t i o n  i s  a GE design s e l e c t e d  f o r  

benchmark use  by t h e  Large Core Code Evaluat ion Working Group. 

c o n s i s t s  of a two-enrichment zone co re  of PuO2 and deple ted  2 3 8 U 0 2 .  

co re  composition i s  f o r  t h e  beginning of an equi l ibr ium cycle .  A more 

complete des ign  d e s c r i p t i o n  i s  given i n  Table F . l .  

dimensional d i f f u s i o n  theory (P t r a n s p o r t  - cor rec t ed )  c a l c u l a t i o n  f o r  

t h e  P u - ~ ~ ~ U  core ,  233U-238U f u e l  w a s  s u b s t i t u t e d  f o r  t h e  P u - ~ ~ ~ U  case.  

The average f i s s i l e  core  enrichment dropped by 1.5% whi le  t he  breeding 

r a t i o  dropped by 1 2 %  as a r e s u l t  of changing from P u - ~ ~ ~ U  f u e l  t o  a 

233U-238U f u e l .  

beginning-of- l i fe  composition inne r  co re  zone w a s  removed i n  both f u e l  

systems i n  o rde r  t o  estimate t h e  e f f e c t  of 2 3 3 U  on t h e  N a  worth. 

It 

The 

Following a two- 

0 

Deta i led  r e s u l t s  are shown i n  Table F.2. The N a  i n  t h e  

Although 

F-1 
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Table F.l. LMFBR Design Parameters 

Reactor Power, MW(t) 

Reactor Power, MW(e) 

Core Height, cm 

Core Diameter, cm 

Core volume, R 
Radial Blanket thickness, cm 

Axial Blanket, thickness, cm 

Composition 

Core 

Axial Blanket 

Radial Blanket 

(each end) 

Enrichment (% fossile in total 
heavy metal) 

Inner Core 

Outer Core 

Core Average 
Pu Composition 

% 239Pu 

% 24OPu 

% 241Pu 
% 242PLl 

Inventory (tonne) 

Fissile 

Fertile 

Volume Fractions 

Fuel 

Sodium 

Structural 

3085 

1200 
107.72 

286.30 

6940 

38.91 

33.35 

PU02 + depleted 238U02 
Depleted 238U02 

Depleted 238U02 

10% (239Pu + 241Pu) 
13.4% (239Pu + 241Pu) 
11.6% (239Pu + 242Pu) 

60% 

23% 

11% 
6% 

3.07 

67.39 

Core and Axial 
Blanket Radial Blanket 

0.306 0.481 

0.365 0.274 

0.329 0.245 
. I  
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Table F.2. W B R  Calculational Parameters 

233u - - Fuel Pu (Reference) 

1.037 1.037 
Enrichment 
( X  fissile by atom) 

Inner Core 10.0 8.7 
Outer Core 13.4 11.6 
Core Average 11.6 10.1 

Breeding Ratio* 
Inner Core 0.549 0.525 
Outer Core 0.441 0.300 

Total Core 0.990 0.825 
Axial Blanket 0.163 0.190 

Radial Blanket 0.222 0.198 

TOTAL 1.375 1.213 

2 39 *238U breeding Pu + 240Pu breeding 241Pu. 
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void ing  t h e  inner  c o r e  increased  t h e  e f f e c t i v e  system m u l t i p l i c a t i o n  i n  

both cases, t h e  inc rease  f o r  t h e  233U-fueled system w a s  an  order  of 

magnitude less than  f o r  t h e  Pu-fueled system. A very  pre l iminary  burnup 

s tudy  f o r  t h e  233U-fueled case ind ica t ed  t h a t  t h e  233U/239Pu r a t i o  i n  

t h e  co re  approached 1/1 over t h e  equi l ibr ium cycle .  

void c o e f f i c i e n t  of r e a c t i v i t y  would inc rease  over t h a t  of t h e  i n i t i a l -  

fue l ed  co re ,  t h e  r e a c t i v i t y  change a s soc ia t ed  wi th  sodium voiding i n  an  

equi l ibr ium core  would s t i l l  be only about ha l f  t h a t  of t h e  plutonium- 

fue l ed  system. 

Thus, whi le  t he  

111. GCFR System 

The GCFR model used i n  t h i s  i n v e s t i g a t i o n  w a s  con t r ibu ted  by GA. 

c o n s i s t s  of a four-enrichment zone core  of Pu02 and deple ted  238U02 

surrounded by a n  axial  b lanket  of deple ted  238U02 and a r a d i a l  b lanket  

of Th02. The co re  compositions used w e r e  f o r  t h e  i n i t i a l  loading.  A 

more complete model d e s c r i p t i o n  is  given i n  Table F.3. S imi la r  t o  the  

LMFBR case, a two-dimensional d i f f u s i o n  c a l c u l a t i o n  (P t r anspor t -  

co r rec t ed )  w a s  performed f o r  t h e  P u - ~ ~ ~ U  f u e l  system and than  a c r i t i -  

c a l i t y  sea rch  w a s  performed f o r  t h e  equiva len t  233U-238U system. 

average percent  f i s s i l e  co re  enrichment dropped by 1.8% and t h e  breeding 

r a t i o  dropped by 13%, as a r e s u l t  of changing from P u - ~ ~ ~ U  t o  233U-238U 

f u e l .  Details are g iven  i n  Table F.4. When an  e q u a l - f i s s i l e  inventory 

233U-238U case w a s  run  (atoms 2 3 3 U  = atoms 239Pu + 241Pu, and 238U w a s  

added t o  r e t u r n  t o  t h e  o r i g i n a l  k e f f  
below t h e  o r i g i n a l  P u - ~  38LJ case .  

It  

0 

The 

) ,  t h e  breeding r a t i o  w a s  only 8% 

I V .  Conclusions and Observations 

The i n i t i a l  c a l c u l a t i o n s  f o r  233U-238U fue l ed  breeders  i n d i c a t e  t h a t  a 

breeder  w i th  accep tab le  breeding ga in  can be designed. 

c a l c u l a t i o n s  t h e  only des ign  change w a s  t h e  f u e l  s u b s t i t u t i o n  and en- 

richment change t o  achieve  cons tan t  k e f f e c t i v e .  A proper eva lua t ion  

must i nc lude  opt imiza t ion  of each of t h e  candida te  des igns  wi th in  the  

same c o n s t r a i n t s  and performance goa ls .  The p resen t  r e s u l t s  i n d i c a t e  

I n  these  i n i t i a l  

0 

.' 
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Table F.3. GCFR Design Parameters 

Reactor Power, MW(t) 

Reactor Power, MW(e) 
Core Height, cm 

Core Diameter, cm 

Core Volume, R 

Radial Blanket thickness, cm 

Axial Blanket, thickness, cm 

Composition 

Core 

Axial Blanket 

Radial Blanket 

(each end) 

Enrichment (% fissile in total 
heavy metal) 

Core 1 
Core 2 

Core 3 

Core 4 
Average Core 

Pu Composition 

% 239Pu 

% 24OPu 

% 241Pu 
% 242Pu 

Inventory (tonne) 

Fissile 

Fertile 

3158 

1200 

135.2 

321.7 

10 , 980 
34.53 

33.35 

Pu02 + depleted 238U02 
Pu02 + depleted 238U02 
Tho2 

12.3% (239Pu + 241Pu) 
14.0% (239Pu + 241Pu) 
16.6% (239Pu + 241Pu) 
18.4% (239Pu + 241Pu) 
14.8% (239Pu + 241Pu) 

67% 

26% 

5% 
2% 

3.23 

75.53 

Volume Fractions 

Helium 

Fuel 

Structural 

Core and Axial 
Blanket Radial Blanket 

0.640 0.34 

0.221 0.50 

0.139 0.16 
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Table F . 4 .  GCFR Calculational Parameters 

233u 
Pu (Reference) - Fuel - 

I 

1.024 1.024 kef f 
Enrichment 
( X  fissile by aton) 

Core Zone 1 12.3 10.5 

Core Zone 2 

Core Zone 3 

Core Zone 4 

1 4  .O 

16.6 

18.4 

12 .o 
14.3 

15.9 

Core Avel'age 14.8 12,. 7 

Breeding Ratio* 

Core Zone 1 

Core Zone 2 

Core Zone 3 

Core Zone 4 

Core Total 

Axial Blanket 

Radial Blanket 

TOTAL 

0.328 

0.206 

0.100 

0,091 

0.725 

0.388 

0.307 

1.421 

0.236 

0.180 

0.086 

0.077 

0.639 

0.327 

0.268 

1.234 

*238U breeding 239Pu, except in radial blanket, where 232Th breeding 2 33u 
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that such designs would be practical for both LMFBR and GCFR breeder 

reactors. 

Assorted observations from the initial study are as follows: 

1. 233U provides a lower critical mass than Pu because of a 

higher fission cross section, but depresses the breeding 

relative to Pu because of the lower eta values in the 

important regions of the neutron energy spectrum. 

The LMFBR and GCFR designs used here were those optimized 

for Pu fuels. While substituting 233U fuel results in 

reasonable breeding performances, the designs probably 

are not optimal for 2 3 3 ~  use. 

2. 

3 .  Current results indicate that variations in relative core 

zone enrichments and in fuel density will improve nuclear 

performance. 

The use of 233U fuel in the LMFBR should reduce the sodium 

void coefficient. Current results indicate that the 

sodium void coefficient would drop approximately by factors 

of 2 to 4 for the equilibrium cycle. The higher 238U fuel 

content should lead to a slight improvement in the Doppler 
coefficient. 

4 .  

5. The effects of fission products and control poisons which 

were omitted in the initial calculations will not change 

the overall conclusions. This is largely due to the high 
conversion ratios for these large breeder cases. 
The combined effects of 233U-238U fuel in possibly reducing 

safeguards risks and in reducing sodium void coefficients 
suggest that this fuel should be given further consider- 

ation in FBRs. 

6 .  
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APPENDIX G 

ORE AND SEPARATIVE WORK REQUIREMENTS 
I N  AN INTEGRATED NUCLEAR ECONOMY 

Summary: 

of a given r e a c t o r  system are descr ibed  by c a l c u l a t i n g  t h e  o r e  requi re -  

ments t o  provide t h e  i n i t i a l  f i s s i l e  inventory ,  and makeup inventory f o r  

30 years  of r e a c t o r  opera t ion .  This information i s  use fu l ,  b u t  does no t  

provide i n s i g h t  i n t o  t h e  t i m e  v a r i a t i o n  of o r e  requirements.  

high ga in  conve r t e r s  have a h igh  i n i t i a l  inventory  compared t o  low ga in  

conver te rs ,  and o r e  requirements  i n  t h e  e a r l y  yea r s  of ope ra t ion  are 

the re fo re  h ighe r  f o r  t h e  high ga in  conver te rs .  Another shortcoming of 

t h e  " r eac to r  commitment'' method of desc r ib ing  o r e  u t i l i z a t i o n  is t h a t  i t  

does not  permit ea sy  comparison of d i f f e r e n t  s t r a t e g i e s  o r  r e a c t o r  

mixes. To overcome t h i s  shortcoming a s imple model has  been developed 

t o  eva lua te  t h e  time v a r i a t i o n  i n  o r e  and s e p a r a t i v e  work requirements.  

This  model i s  descr ibed  i n  t h i s  appendix, and several example cases 

given. The model f o r  computation of cumulative o r e  requirements i s  

given by E q .  (Gl).  

I n  several p l a c e s  i n  t h i s  paper o r e  u t i l i z a t i o n  c a p a b i l i t i e s  

For example, 

c 

F m = S P - / o  ~ d t ,  SP 

where 

Fm = cumulative o r e  requirements  (kg) f o r  a given r e a c t o r  type,  

S = specific inventory  [kg ore/Mw(e)], 

P = i n s t a l l e d  electrical  capac i ty  [MW(e)] f o r  a given r e a c t o r  type,  

D = doubling t i m e  f o r  t h e  given r e a c t o r  type (years ) .  This  is a 

nega t ive  number f o r  conver te rs .  

t = yea r s  s i n c e  i n i t i a l  i n s t a l l a t i o n  of t h e  r e a c t o r  type. 

I f  a l i n e a r  power growth rate i s  assumed, t h e  i n t e g r a l  i n  Eq. (Gl) i s  

e a s i l y  evaluated.  

The model f o r  computation of s e p a r a t i v e  work requirements i s  given i n  

Eq. (G2): 

G-1 
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= V(XP) - kg Swu 
P 

where 
X V(X) = (2X - 1) Rn - 1 - X '  

= "value function" which represents the value of one unit 

of uranium at enrichment X, 

X = product enrichment (decimal), 

X = tails enrichment, 

XF = feed enrichment, 

P 
T 

k Swu 
P = kg of separative work per MW(e). 

Five sample cases are given, which compare the ore and separative work 

requirements of LWRs, HTGRs, and FBRs. The point is made that if FBRs 

are delayed to the year 2000 or beyond, some form of high gain converter 

is needed to permit nuclear energy generation at that time to continue 

at the same level. 

Model for Ore Requirement Computation 

A simple accurate model of fuel resource requirements would be bene- 

ficial to the understanding of the factors which influence fuel resource 
requirements as well as for initial survey estimates. Fuel resource 

requirements are currently estimated with complex computer programs such 

as ALPSY1 which was not available to us in the time available for this 

study . 

A model of the mined fuel requirements is developed for a system of 

similar reactors (LWRs, BWRs, or HTGRs, etc.) after which it is gener- 

alized to include a mixture of reactor types. The greatest unknown 

input to this model which has the most significant influence on fuel 

resource requirements is the estimated total nuclear power production 
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‘0  

growth and how i t  i s  divided among t h e  r e a c t o r  types.  Several  examples 

w i l l  be given a f t e r  t h e  model development has been completed t o  i l l u s -  

trate t h i s  e f f e c t .  

A f u e l  u t i l i z a t i o n  model of a system of similar r e a c t o r s  can be developed 

from a s imple mass flow balance.  L e t  t i m e  be divided i n t o  equal  i n t e r v a l s  

of l eng th  A t .  

r equi red  t o  produce a s p e c i f i e d  power is  then: 

For t h e  i t h  - t i m e  i n t e r v a l ,  t h e  r e a c t o r  f u e l  inventory 

Ii = F. + Ri-k + Ii-l (1 - fAt)  , 
1 

where 

fAt = f r a c t i o n  of f u e l  rep laced  each A t ,  

1 - fAt = f r a c t i o n  of r e a c t o r  f u e l  remaining each A t ,  

f = f r a c t i o n  of r e a c t o r  f u e l  rep laced  yea r ly ,  

A t  = incrementa l  time s t o p  (yea r s ) ,  

F. = mined f u e l  f o r  i t J t i m e  i n t e r v a l ,  

I. = r e a c t o r  f u e l  inventory  f o r  i2 t i m e  i n t e r v a l ,  

= f u e l  recyc led  from k e  i n t e r v a l  f o r  u s e  i n  ie i n t e r v a l ,  Ri-k 

1 

1 

b u t  

Ii = SPi , 

and 

Ri-k = (fAtIi-k + 

where 

= power a t  i& t i m e  i n t e r v a l  (power capac i ty ) ,  pi 
S = f u e l  inventory  per  u n i t  power, 

$ = f r a c t i o n  of f u e l  l o s t  dur ing  r ecyc le  (assume B = O), 

f u e l  cyc le  inventory  
rate of excess  f u e l  product ion D =  
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The total mined fuel requirements for the first m time intervals is just 

the summation of F. from i = 1 to i = m. If this summation is carried 

out and At allowed to approach zero, the result is: 
1 

t 0 

t-t’ -t’ 
F(t) = S [P(t) - P(0) + f 1 P(x) dx - f 1 P(x) dx 

where 

F(t) = mined fuel requirements at time t (total mined fuel put 

into reactors from time 0 to time t), 
t’ = recycle time (storage time + reprocessing time + 

ref abr icat ion time) . 

If t’ = 0, a’ 

Everything has been defined in the above equations except D. 

D depends on reactor type and can be defined on the basis of certain 

characteristic reactor parameters. 

The constant 

fuel cycle inventory 
rate of excess fuel production D =  

- SP(t) x l/lf x P(t) - 
excess kg (1 + a) kg burned kg fissioned Mw 365 days x -  year QMwT (CR - kg burned kg fissioned 1000 MWDt 

. D =  2.74 nS 
(CR -1) (1 + a) (If) ’ 
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where 

f i s s i l e  produced 
f i s s i l e  consumed CR = (convers t ion  r a t i o ) ,  

n = thermal  e f f i c i e n c y ,  

1.f = l oad  f a c t o r ,  

a = c a p t u r e s / f i s s i o n s  ( i n  f i s s i l e  i so tope ) .  

Therefore ,  t o  estimate t h e  mined f u e l  requirements ,  va lues  f o r  t h e  

fol lowing parameters  are requi red :  

and 

P ( t )  (We)  f o r  each r e a c t o r  type. 

The above d e r i v a t i o n  w a s  f o r  a system of r e a c t o r s  t h a t  were a l l  of t h e  

same type.  

economy comprised of several r e a c t o r  types,  t h e  f u e l  requirement f o r  

each r e a c t o r  type  must b e  summed, o r :  

To determine t h e  t o t a l  mined f u e l  requirements i n  a nuc lea r  

N 

where 

N = number of r e a c t o r  types ,  

mined f u e l  requirement f o r  r e a c t o r  type  j i n  kg 

of f i s s i l e  f u e l ,  

t o t a l  mined f u e l  requirement i n  kg of f i s s i l e  f u e l .  
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Model for Separative Work Requirement Computation 

The separative work requirement can readily be calculated from the 

preceding model for the mined fuel requirement. The preceding model 
calculated the mined fuel requirements in terms of fissile fuel placed 

in each reactor type. Since separative work is a measure of the value 

of fuel of a certain enrichment, the separative work requirement for 

each reactor type can be determined. The total separative work require- 

ment would then just be the sum of the separative work for each reactor 

type 

Separative work is calculated as follows : * 

Let 
x =  

x =  

x =  

P 
T 
F 

(1) 

where 

product enrichment (decimal), 

tails enrichment, 

feed enrichment. 

Then 

F = flow weight of feed, 

P = flow weight of product. 

X (2) V(x) = (2x - 1) kn - 1 - x 7  

where V(x) = ''value function" which represents value of one unit of 

uranium of assay x, and 
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SR = - swu [SR is a constant which depends on reactor type 
(depends on fuel, tails, and feed enrichments 

but feed and tails enrichments are assumed the 
same for all reactors in the system) . ]  

P 

The total separative work units in an integrated nuclear economy is 

then: 

N 
Swu(t) = F.(t)SR./x , 

j =1 J J P j  

where 

N = number of reactor types, 
F.(t) = mined fuel requirement for the j& reactor type in kg 

J 
of fissile fuel, 

x = enrichment of fissile fuel, 

SR 
'j 

j 
= defined above and for jtJ reactor type. 

The total natural uranium requirement is: 

The total u308 ore requirement is then: 

F (t) = 1.18 FNat(t). ore 
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Example Cases 

Five example cases are presented .  Each example is  performed f o r  va r ious  

t o t a l  nuc lea r  power rates from 1980 on. The amount of mined o r e  requi re -  

ment i s  presented  f o r  each example and t h e  s e p a r a t i v e  work requirement 

i s  c a l c u l a t e d  f o r  s e v e r a l  examples. Five r e a c t o r  types  are  considered; 

s tandard  and high-gain HTGRs,  LWRs (U and Th c y c l e ) ,  and FBRs. The 

fo l lowing  va lues  f o r  t h e  necessary  r e a c t o r  parameters were s e l e c t e d  t o  

r ep resen t  t h e  r e a c t o r  types .  

Table G . l  Reactor Parameters 

LWR LWR-Th HTGR HTGR FBR 
(s tandard)  (high-gain) 

T o t a l  f i s s i l e  
Core f i s s i l e  1.5 1.5 1.34 

CR .60 .70 .66 

rl .33 .33 .39 

a .27 .15 .15 

D (y r )  -11.91 -16.02 -7.26 

xT .003 .003 ,003 

.00711 .00711 .00711 

.030 ,9315 ,9315 

2.23 2.56 

1.45 1.5 

.82 1.25 

.39 .39 

.15 .25 

-23.82 +22.52* 

.003 

.00711 

.9315 

* 
The FBR has  a f a s t  f i s s i o n  e f f e c t  which decreases  t h e  parameter D by 
about 20%. About 20% of t h e  f i s s i o n s  are n o n f i s s i l e  f i s s i o n s .  

I n  t h e s e  examples t h e  o r e  and s e p a r a t i v e  work va lues  included i n  t h e  

t a b u l a t i o n s  r e f l e c t  commitment on ly  t o  t h e  yea r  s p e c i f i e d .  The t o t a l  30 

year  commitment of o r e  and s e p a r a t i v e  work f o r  a given r e a c t o r  are not  

included. 
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Example 1 

Example 1 models an all LWR economy from 1980 to 2030. Plutonium is 

recycled on a two-year recycling time. 

function of time is shown in the figure. 
The nuclear power capacity as a 

t 

Total U3O8 Requirement (Metric Tons X lo6> 

Year 

2000 
2010 

2030 

Year 

2000 

2010 

2030 

a = 20,000 a = 30,000 a = 40,000 

.887 
1.63 

3.73 

1.33 
2.45 

6.16 

Total Separative Work (kg X l o 9 >  

a = 20,000 a = 30,000 

.388 

.720 

1.65 

.588 

1.08 
2.72 

1.78 
3.27 
7.46 

a = 40,000 

0.787 

1.45 
3.30 
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Example 2 

I n  example 2 ,  t h e  s tandard  HTGR, t h e  high-gain HGTR, and t h e  LWR are 

compared on t h e  b a s i s  of o r e  and s e p a r a t i v e  work requirements f o r  an 

assumed number power capac i ty  curve from 1980 t o  2030. 

U-233 are recycled on a 2-year r ecyc l ing  t i m e .  

versus  t i m e  is shown i n  t h e  f i g u r e .  

Plutonium and 

The power capac i ty  

e 

200 2030 

t 

Tota l  u308 Requirement (Metric Tons X l o 6 )  

Year LWR LWR-Th HTGR (s tandard)  HTGR (high-gain) 

2000 1.78 1.59 1 .01  

2010 2.59 2.20 1.60 

2030 2.43 1.83 1.76 

1.05 

1.36 

.931 

Tota l  Separa t ive  Work Required (kg X l o 9 )  

Year LWR LWR-Th HTGR (s tandard)  HTGR (high-gain) 

2000 .787 1 .19  

2010 1.14 1.65 

2030 1.07 1.37 

.755 

1.20 

1.32 

.785 

1.07 

.696 

NOTE: The mined o r e  and sepa ra t ion  work requirement is propor t iona l  
t o  t h e  power growth rate a. 
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Example 3 '  

I n  example 3, t h e  s tandard  HTGR, t h e  high-gain HTGR, and t h e  LWR are 

compared wi th  a d i f f e r e n t  assumed power growth. 

s e p a r a t i v e  work requirment i s  p ropor t iona l  t o  t h e  va lue  of a. 

Again t h e  mined o r e  and 

Year 

2000 

2010 

2020 

2030 

u308 Requirement (met r ic  tons  x l o 6 )  

LWR HTGR (s tandard)  HTGR (high-gain) 

1 . 7 8  

2.59 

3.40 

4.21 

1.01 

1.60 

2.18 

2.77 

Separa t ive  Work Required (kg x l o 9 )  

1.05 

1.36 

1.67 

1.98 

Year LWR HTGR (s tandard)  HTGR (high-gain) 

2000 .787 

2010 1.14 

2020 1.50 

20 30 1.86 '' . .  
, . b  . ' .  

.755 

1.20 

1.63 

2.07 

.785 

1.02 

1.25 

1.48 
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Example 4 

In example 4 ,  the effect on mined ore required of the introduction of 

the FBR and the phase out of the LWR is illustrated. 

versus time is shown in the figure. 

The power capacity 

20 10 2030 

t 

Total U3O8 Requirement (Metric tons x lo6) 

Year LWR* FBR** Total 
2000 1.78 0.0 1.78 
20 10 2.90 
20 30 3.27 
2040 
2050 

3.27 
3.27 

(. 308) 
(.838) 

(. 266) 
(-. 482) 

2.90 

3.27 

3.27 

3.27 

* 
** The LWR is considered to recycle all Pu not used by the FBR. 

The numbers in parenthesis represent the equivalent U3O8 requirements 
if U235 had the same nuclear properties as Pu in FBRs. Since FBRs 
use Pu generated from LWRs, no mined U3O8 is needed f o r  FBR fissile 
requirements; however, the numbers given in parentheses do provide 
perspective relative to fissile fuel use. 

- I  
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Example 5 

.. . ..... . .. . 
. I  _ > ' -  . . . . .  . .  . . . .  . . .-, . .  . .-. . , ... : ~ 

In example 5, the effect of the introduction of the FBR in the year 2000 on 

mined ore requirement is illustrated. In this case, the LWR does not phase 
out after FBR introduction but maintains a constant power capacity level. 
The nuclear power capacity versus time is shown in the figure. 

Total U3O8 Requirements (Metric Tons x lo6) 

Year LWR* FBR** Total 
2000 
2010 
2020 
2030 
2040 
2050 
2060 
20 70 
2080 

1.78 
2.90 
3.84 
4.61 
5.20 
5.61 
5.85 
5.91 
5.80 

( 0  0 )  
( .308) 
( -441) 
(.397) 
(.177) 

(-. 218) 
(-. 790) 

(-2.46) 
(-1.54) 

1.78 
2.90 
3 . 8 4  
4.61 
5.20 
5.61 
5.85 
5.91 
5.80 

* 
** The LWR is considered to recycle all Pu not used by the FBR. 

Since FBRs use Pu generated from LWRs, no mined U3O8 is needed for 
FBR fissile requirements. The numbers in parentheses are the equiva- 
lent u308 requirements of the Pu in FBRs, if U235 had the same nuclear 
properties as Pu in FBRs; the numbers give perspective relative to 
fissile fuel use. 
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APPENDIX H 

REPROCESSING COST ESTIMATES 

Summary: The bases  on which sh ipping ,  reprocess ing ,  conversion, and waste 

s to rage  c o s t s  were es t imated  are descr ibed  i n  t h i s  Appendix f o r  LWR, CANDU, 

HTGR, and FBR f u e l .  Flow s h e e t s  f o r  reprocess ing  f u e l  from each r e a c t o r  

type were drawn. Five s t a g e s  i n  reprocess ing  were addressed i n  t h e  flow 

shee t s :  (1) head end, (2) so lven t  e x t r a c t i o n ,  (3) conversion, ( 4 )  off-gas  

t rea tment ,  and (5) waste d i sposa l .  The c o s t  of shipping i r r a d i a t e d  f u e l  

from the  r e a c t o r  t o  t h e  reprocess ing  p l a n t  w a s  a l s o  considered. The 

complexity of t h e  f i v e  s t a g e s  of t h e  reprocess ing  flow s h e e t s  were compared 

wi th  t h e  AGNS p l a n t ,  where c o s t s  are assumed t o  be known. Estimates of 

cos t  f o r  CANDU, HTGR, and FBR reprocess ing  were made on t h e  b a s i s  of t h e  

comparison of flow s h e e t s  w i th  t h e  AGNS flow s h e e t  f o r  LWR Pu-U f u e l .  

Two plant -s ize  bases  were used i n  t h i s  s tudy ,  5 tonnes HM/day and a p l a n t  

of s u f f i c i e n t  s i z e  t o  s e r v i c e  a 50 GW(e) i n d u s t r y  of a given r e a c t o r  type.  

For LWR f u e l  reprocess ing  a 5 MT/day p l a n t  w i l l  service a 50 MW(e) i n d u s t r y ,  

bu t  f o r  t h e  o the r  r e a c t o r  systems considerably l a r g e r  o r  smaller p l a n t s  

are requi red .  This  w i l l  be  d iscussed  la ter .  

A summary of r e s u l t s  of t h e  reprocess ing  c o s t  estimates on a $/kg HM 

b a s i s  i s  given i n  Table H . l .  

i n  Table H . l  are summarized i n  Table H.2. The r e l a t i o n s h i p  between 

reprocess ing  capac i ty  and i n s t a l l e d  e l e c t r i c a l  capac i ty  is given i n  

Table H . 3 .  

w i l l  support  a 50 GW(e) LWR economy. However, because of t he  high burnup 

achieved i n  HTGRs, a 5 MT/day reprocess ing  p l a n t  w i l l  support  a 157 GW(e)  

HTGR economy. 

opera t ing  i n  CANDU r e a c t o r s  ope ra t ing  on t h e  U-Pu f u e l  cyc le ,  a 26 MT/day 

reprocess ing  p l a n t  i s  requi red  t o  support  a 50 GW(e) economy. 

The f u e l  cyc le s  which have been considered 

It is noted t h a t  5 MT/day capac i ty  f o r  LWR f u e l  reprocess ing  

Likewise,  because of t h e  low exposure achieved on f u e l  

H-1 
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Table  H . l .  Thorium f u e l  c y c l e  s tudy:  es t imated  c o s t s  of s h i p p i n g ,  
reprocess ing ,  and waste d i s p o s a l  

($/kg heavy metal) 

P l a n  t c a p a c i t y  

5 tonne heavy metal /day 50 GW(e) 

Waste 
Reprocessing Disposa l  Rep r o ce s s i n  g Reactor  ( f u e l )  Shipping 

LWR (U-Pu), AGNS p l a n t  

LWR (U-Th) 

LWR (Pu-Th) 

CANDU (U,Pu) (CR = 1.0)  

CANDU (U,Th) (CR = 1.0) 

CANDU (Pu,Th) 

FBR (Pu-U), LMFBR 

FBR (U-Th) 

HTGR (U-Th) (CR = .66) 

HTGR (U-Pu) 

HTGR (Pu-Th) 

HTGR (U-Th) (CR = 0.82) 

HTGR (UrTh) (CR = 0.82) 
( p a r t i a l  b u r n i n g  of g r a p h i t e )  

1 .5  

4 

4 

30 

30 

30 

30 

30 

30 

30 

221 

222 

233 

210 

207 

223 

294 

302 

622 

631 

626 

622 

483 

7 1  

7 1  

83 

6 1  

6 1  

74 

85 

111 

85 

85 

85 

85 

85 

221 

222 

233 

86 

96 

115 

383 

394 

1148 

1151 

1153 

923 

717 
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Table H.2. Fuel cyc le s  considered f o r  comparative c o s t s  
of sh ipping ,  reprocess ing ,  and w a s t e  s t o r a g e  

Reactor I n i t i a l  Fuel  Recycle Fuel 

LWR (235U-238U) oxide ( P u - ~  8U) oxide 

( 2  5U-Th) oxide ( 2  3U-Th) oxide 

(Pu-Th) oxide ( 3U-Th) oxide 

CANDU ( 2  5u-2 8U) oxide ( P u - ~ ~  8U) oxide 

( 2  5U-Th) oxide ( 2  3U-Th) oxide 

(Pu-Th) oxide (233U-Th) oxide 

( P u - ~  38U) oxide 

( 2 3  3 u - n )  a l l o y  

( P u - ~  38U) oxide 

(23  3 u - n )  a l l o y  
FBR 

HTGR 2 3 5 u c Z - ~ 0  233uc2-mo2 

235uc2-238uo2 (PU-238U) oxide 

(Pu-Th) oxide 3UC2-Th02 
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Table H. 3. Reprocessing Capacity and 
Electr ical  Capacity Equivalence 

Fue 1 
type  

I n s t a l l e d  Capacity Reprocessing Capacity 
GW(e)  Supported by (tonne/day) t o  suppor t  
a 5 tonnelday 50 GW(e) of  i n s t a l l e d  
Reprocessing P l a n t  capac i ty  

LWR 
CANDU (u-Pu) 

CANDU (U-Th) 

CANDU (Pu-Th) 

FBR 

HTGR 

50 

9.7 

13 

15.4 

80.1 

15  7 

5 

26 

19 

1 6  

3.1 

1.6 
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Scope of the Study 

-e 

This study inc ludes  c o s t s  f o r  sh ipping  i r r a d i a t e d  f u e l  from t h e  r e a c t o r  t o  

t h e  reprocess ing  p l a n t ,  reprocess ing  ( including product conversion and waste 

t rea tment ) ,  waste sh ipping  t o  a r epos i to ry ,  and waste s to rage  a t  t h e  

r epos i to ry .  

For t h e  HTGR, i t  w a s  assumed t h a t  the  r e f a b r i c a t i o n  p l a n t  would be on the  

same s i t e  as t h e  reprocess ing  p l a n t .  Refabr ica t ion  of LWR, CANDU, and 

FBR f u e l  w a s  assumed t o  t ake  p l ace  a t  a c e n t r a l  f a c i l i t y  t h a t  served 

several reprocess ing  p l a n t s .  For t h e s e  r e a c t o r s ,  t h e  product conversion 

c o s t s  inc lude  t h e  c o s t  of making oxides (UOg and PuO2) a t  the reprocess ing  

p l a n t  and t h e  c o s t  of reconver t ing  t h e s e  oxides  a t  t h e  f a b r i c a t i o n  p l a n t  

i n t o  f u e l  material t h a t  meets t h e  feed  requirements of t he  r e f a b r i c a t i o n  

p l a n t .  

and no reconversion pena l ty  w a s  appl ied .  

made" oxides are incu r red  a t  t h e  r e f a b r i c a t i o n  p l a n t ,  t hese  c o s t s  are 

included i n  reprocessing.  

It w a s  assumed t h a t  thorium could be shipped as Th(NO3)b s o l u t i o n  

Although the  c o s t s  of " t a i l o r -  

Approach Taken 

The Barnwell (AGNS) p l a n t  and flow s h e e t  w a s  taken as t h e  base case f o r  

e s t ima t ion  of c a p i t a l  c o s t s .  Cap i t a l  c o s t s  of o t h e r  flow shee t s  were 

es t imated  r e l a t i v e  t o  t h e  base case. Operating c o s t s  were sca l ed  from 

c a p i t a l  c o s t s ,  us ing  es t imated  f a c t o r s .  A second i t e r a t i o n  allowance 

w a s  made f o r  p l a n t  s i z e ,  using es t imated  s c a l i n g  f a c t o r s .  Most of t h e  

estimates made are of n e c e s s i t y  q u a l i t a t i v e  and s u b j e c t i v e ,  bu t  a d e l i -  

b e r a t e  e f f o r t  w a s  made t o  avoid b i a s ,  e i t h e r  i n t e n t i o n a l  o r  subl iminal .  

Cost Basis 

The i n i t i a l  c o s t  b a s i s  f o r  t h i s  eva lua t ion  w a s  the  c o s t  of t h e  Allied-General 

Nuclear Serv ices  (AGNS) p l a n t  a t  Barnwell, South Carol ina.  Although a c t u a l  

c o s t  da t a  f o r  t h i s  p l a n t  are no t  y e t  a v a i l a b l e ,  t h e  genera l  consensus is 

t h a t  t h e  complete p l a n t  c o s t  w i l l  be  about $800 mi l l i on .  

w a s  a r b i t r a r i l y  apport ioned among t h e  f i v e  major areas of the p l a n t  as 

This t o t a l  c o s t  
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follows: $150 m i l l i o n  f o r  headend, $100 m i l l i o n  f o r  so lven t  e x t r a c t i o n ,  

$100 m i l l i o n  f o r  product conversion,  $50 m i l l i o n  f o r  off-gas t rea tment ,  and 

$400 m i l l i o n  f o r  waste t rea tment .  

Process  Flow Sheets  

A process  flow s h e e t  w a s  drawn f o r  t h e  AGNS p l a n t  t o  i d e n t i f y  t h e  p r i n c i p a l  

opera t ions  of t h e  f i v e  major systems of t he  p l a n t  f o r  process ing  235U02- 

238U02  i n i t i a l  f u e l  and P u O ~ - ~ ~ ~ U O ~  r ecyc le  f u e l .  

were drawn f o r  each of t h e  o t h e r  types of f u e l  discharged from LWRs, FBRs, 

and HTGRs (Figs .  H 1 ,  H2, and H 3 ) .  Reprocessing CANDU f u e l  is similar t o  

reprocess ing  LWR f u e l  so a s e p a r a t e  flow s h e e t  w a s  n o t  requi red .  

s h e e t s  formed the  b a s i s  from which t h e  c o s t  comparisons were made. A 

d e l i b e r a t e  e f f o r t  w a s  made t o  be  c o n s i s t e n t  i n  prepar ing  t h e  flow shee t s ,  

both f o r  systems w i t h i n  a flow s h e e t  and between flow s h e e t s .  

Corresponding flow s h e e t s  

These flow 

Cost Est imat ing Procedures 

Cap i t a l  Costs  

. 

0 -  

Each of t h e  f i v e  major systems of t h e  process  flow s h e e t  f o r  t h e  "unknown" 

p l a n t  w a s  compared wi th  t h e  corresponding system of t h e  AGNS p l a n t ,  and an  

assessment w a s  made of t h e  re la t ive complexity of corresponding systems. 

This  assessment l e d  t o  a "complexity f a c t o r "  t h a t  could b e  used t o  relate 

the  c o s t  of an  ''unknown'' system t o  t h e  corresponding AGNS system. 

de te rmina t ion  of complexity f a c t o r s  w a s  somewhat q u a l i t a t i v e ,  be ing  based 

upon cons ide ra t ions  of process  chemistry,  n a t u r e  and number of ope ra t ions ,  

and type  of process  equipment. 

H.4 through H.7.  

The 

Complexity f a c t o r s  are summarized on Tables  

A second cons ide ra t ion  i n  determining t h e  c a p i t a l  c o s t  of t h e  "unknown'' 

system w a s  the  re la t ive capac i ty  of t h e  "unknown" and corresponding AGNS 

system. I n  t h i s  case, w e  used d a t a  from o t h e r  c o s t  s t u d i e s , l  which have shown 

t h a t  p l a n t  c a p i t a l  c o s t s  may b e  r e l a t e d  t o  throughput by a r e l a t i o n s h i p  of t h e  

form 
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Fig. H . 3 .  HTGR fuel reprocessing. 
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Power System 

Reactor type 
I n i t i a l  f u e l  
Recycle f u e l  
Clad o r  coa t ing  

Reprocessing P lan t  Capacity 

Heavy metal ,  tonnefday 
Clad o r  g raph i t e ,  tonne/day 
Equivalent (%(e) 

Table H . 4 .  Thorium f u e l  c y c l e  s tudy:  es t imated  shipping,  reprocess ing ,  
and waste d i s p o s a l  c o s t s  f o r  l i g h t  water r e a c t o r s  

LWR 

Pu02- 
Zircaloy-2 
(AGNS plant) '  

5 
1.5  

50 

LWR 
'U02-Th02 
'U02-Th02 

Zircaloy-2 

5 
1 .5  

50 

Estimated c o s t s  of shipping, reprocessing, and waste d isposa l  

Waste d i sposa l  

Shipping 
Repository 

LWR 
PuO2-Tho2 

Zircaloy-2 
3 u 0 2 - ~ 0 2  

5 
1 .5  

50 

I r r a d i a t e d  f u e l  sh ipping  5 
Reprocessing p l a n t  

Head end 150 30 1 2  (1.1) 
Solvent e x t r a c t i o n  100 20 6 (1) 
Product conversion 100 20 8 (0.7) 
Off-gas t rea tment  50 10 3 (1) 
Waste t rea tment  and s to rage  400 80 32 (1.05 

T o t a l  800 160 61 

8 
63 

5 5 

(1) 165 33 13.2 (1.1) (1) 165 33 13.2 
(1) 100 20 6 (1.15) (1) 115 23 6.9 
(1) 70 14 5.6 (.95) (1) 95 19 7.6 

(1) 50 10 3 
(1) 420 84 33.6 

(1) 50 10  3 (1) 
(1) 420 84 33.6 (1.05 

805 161 61.4 

8 
63 

845 169 64.3 

9 
74 

r 
w 

( a )  The AGNS p lan t  was taken a s  a base case  
and c o s t s  of  processing "unknown" fue l s  were 
r e l a t e d  t o  these  cos t s .  



Power System 

Reactor type  

I n i t i a l  f u e l  

Recycle f u e l  

Clad o r  coa t ing  

Reprocessing P lan t  Capacitya 

Heavy metal, tonne /day 

Table  H.5. Thorium f u e l  cyc le  s tudy:  es t imated  sh ipping ,  reprocess ing ,  
and waste d i sposa l  c o s t s  f o r  f a s t  b reeder  r e a c t o r s  

FBR 

s t a i n l e s s  s t e e l  

FBR 

2 3 3 ~ - ~  a l l o y  

2 3 3 ~ - ~  a l l o y  

s t a i n l e s s  s t e e l  

Clad o r  g raph i t e ,  tonne/day 3 (7.5) 3 (7.5) 
Equivalent  GW(e) 

I r r a d i a t e d  f u e l  sh ipping  

Reprocessing p l an t  

Headend 

Solvent  e x t r a c t i o n  

Product conversion 

Off-gas t reatment  

Waste t rea tment  

b 

T o t a l  

Waste Disposal  

Shipping 

Reposi tory 

50 (125) 50 (125) 

E s t i m a t e d  cos t  of shipping,  reprocessing,  and waste d i sposa l  

Cap i t a l  Operating 

(Complexity) ( s i ze )  ( lo6  $1 ($/kg HM) ($/kg HM) (Complexity) ( s i ze )  ( lo6  $) ($/kg HM) ($/kg HM) 

Factor  Capi ta l  Operating Factor  

? 
30 30 

(1.05) (9.23/6.5) .6 194 (258) 62 (52) 25 (21) (1.1)(9.23/6.5)'6 204 (270) 65 (54) 26 (22) 
(1) (3.12/5)'35 85 (100) 27 (20) 8 (6) (1)(3.12/5)'35 85 (100) 27  (20) 8 (6) 
( .9)  (3.12/5)'6 68 (90) 22 (18) 9 (7) (.8) (3.12/5) '6 60 (80) 19 (16) 8 (6) 

(1.05)(9.23/6.5) '35 475 (560) 152 (112) 61 (45) (1.1)(9.23/6.5)'35 497 (587) 159 (117) 64 (47) 
(1) (3.12/5) ' 35 42 (50) 13 (10) 4 (3) (1.05) (3.12/5) * 35 44 (53) 1 4  (11) 4 (3 )  

890 (1090) 284 (218) 110 (84) 864 (1058) 276 (212) 107 (82) 

9.5 

75 

11 

100 

%slues given i n  parentheses  are f o r  a l t e r n a t e  p l an t  capaci ty  of 5 tonnes heavy metal/day. 

bCap i t a l  and ope ra t ing  c o s t  given i n  parentheses  are f o r  a l t e r n a t e  p l a n t  capaci ty  of 5 tonnes heavy metal/day. 

L. 1 
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Pover System 

Reactor type 
I n i t i a l  f u e l  
Recycle f u e l  
Clad o r  coa t ing  

Reprocessing P l a n t  CapacityB 
Heavy metal, tonnelday 
Clad o r  graphi te .  tonnelday 
Equivalent W e )  

I r rad ia ted  f u e l  s h  pping 
Reprocessing p l a n t  6 

Headend 
Solvent e x t r a c t i o n  
Product conversion 
Off-gas treatment 
Uaste treatment 

Tota l  

Uaste d i s p o s a l  

Shipping 
Repository 

Table H.7. Thorium f u e l  cycle s tudy:  es t imated  sh ipping ,  reprocess ing ,  
and waste d i sposa l  costs f o r  heavy water moderated r e a c t o r s  

CANDU 
2 3 5 ~ ~  23au02 
P"02-f;~uo2 
Zircsloy 

25.7 (5) 
2.43 (0.48) 
50 (9.73) 

CANDU 
35u02-~02 
3u02-~02 

Zircaloy 

19.2 ( 5 )  

50 (13) 
1.82 (0.48) 

Estimated cos ts  of shipping, reprocessing and waste d isposa l  

Factor Capital  Operating Factor Capi ta l  
.(Complexity)(size) (10' $1 ($/kg HH) (S lkg  HH) (Complexity)(size) ( l o b  $) ($/kg HH) 

1 . 5  4 

(1)(27.4/6.S).6 360 (135) 14.4 (27) 5 . 8  (11) (1.1)(21.8/6.5).6 340 (135) 1 7  (27) 
(1)(25/5).35 180 (100) 7.2 (20) 2 . 2  (6) (1)(20/5).35 160 (100) 8 (20) 
(1)(25/5)-i5 260 (100) 10.4 (20) 4.2 (8) (0.7)(20/5).6 160 (70) 8 (14) 

(1)(27.4/6.5).35 660 (377) 26.4 (75) 10.6 (30) (1.05)(21.8/6.5).35 640 (396) 32 (79) 
(1)(25/5).  90 (50) 3.6 (10) 1.1 (3) (1)(20/5).35 80 (50) 4 (10) 

1550 (762) 62 (152) 24 (58) 1380 (751) 69 (150) 

7.4 
54 

7.4 
54 

%slues given i n  parentheses a r e  f o r  a l t e r n a t e  p lan t  capacity of 5 tonne heavy metallday. 

bCapital  and opera t ing  c o s t s  given i n  parentheses a r e  for  a l t e r n a t e  p lan t  capacity of 5 tonnes heavy metal/day. 

'CANDU 
Pu02-Tho2 

Zircalov 
3u02-~02 

16.2 (5) 
1.53  (0.48) 
50 (15.4) 

Operating Factor Capi ta l  
($/kg HH) (Complexity) ( s ize)  (10' $1 ($/kg HM) 

4 

6 .8  (10.8) (1.1)(17.5/6.5)'6 300 (149) 18.8 (30) 
(1.15)(16/5).35 170 (115) 10.6 (23) 2.4 (6) 

3.2 (5.6) (.95)(16/53;6 190 (9s) 11.9 (19) 
80 (50)  5 .0  (10) 1.2 (3) (1)(16/51. 

1 3  (31.6) (1.05)(17.5/6.5).35 590 (396) 36.9 (79) 

27 (57) 1330 ( 8 0 5 )  83 (161) 

8.6 
65 

Operating 

7 ( S l k e  HM) 

w 
o\ 

7.5 (12) 
3.2 (6.9) 
4.8 (7.6) 

15 1.5 (3) (32) 

32 (62) 

. 4 
1 b 
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throughput of "unknown" 
throughput of AGNS 

Cost of "unknown" 
cos t  of AGNS 

The expression i n  bracke ts  above, t h e  capac i ty  f a c t o r ,  w a s  ca l cu la t ed  f o r  

each s e c t i o n  of the ''unknown" p l a n t ,  and the  es t imated  c o s t  w a s  found by 

mul t ip ly ing  t h e  appropr i a t e  AGNS c o s t  by the product of t he  complexity 

and capac i ty  f a c t o r s .  

headend and product conversion and 0.35 f o r  so lven t  e x t r a c t i o n ,  off-gas 

t rea tment ,  and waste t reatment .  Throughput included t h e  t o t a l  amount of 

material passing through a given s e c t i o n  of the  p l a n t ,  t h a t  i s ,  heavy metal 

p lus  c ladding o r  matrix material. 

The s c a l i n g  f a c t o r ,  n ,  was taken t o  be 0.6 f o r  

Cap i t a l  c o s t s  w e r e  determined f o r  two p l a n t  s i z e s :  

t h a t  treats 5 tonnes of heavy m e t a l  p e r  day and (2)  a p l a n t  t h a t  treats t h e  

f u e l  discharged from r e a c t o r s  t h a t  produce a t o t a l  of 50 GW(e). 

t i o n  of 300 days lyear  w a s  assumed. 

(1) a processing p l a n t  

P l an t  opera- 

Annual C a p i t a l  and Operat ing Costs  

An amor t iza t ion  rate of 30% p e r  year  w a s  used t o  determine annual c a p i t a l  

c o s t s .  Annual ope ra t ing  c o s t s  were ca l cu la t ed  f o r  each major area of t h e  

p l a n t  and w e r e  taken as e i t h e r  40% o r  30% of t h e  corresponding annual 

c a p i t a l  cos t .  Operating c o s t s  f o r  t h e  more l abor  i n t e n s i v e  and higher  

maintenance areas (headend, product conversion,  and w a s t e  t reatment)  were 

computed us ing  t h e  40% rate,  whereas, c o s t s  f o r  t h e  more convent ional  

chemical p l a n t  ope ra t ions  ( so lvent  e x t r a c t i o n  and off-gas t rea tment )  w e r e  

ca l cu la t ed  a t  30%. 

Shipping 

Considerable r e sea rch  and development has gone i n t o  the  s tudy of shipping 

i r r a d i a t e d  f u e l  elements,  and r e l i a b l e  c o s t  d a t a  are a v a i l a b l e .  Shipping 

c o s t s  f o r  t h e  s e v e r a l  f u e l s  of t h i s  s tudy were es t imated  from t h e  d a t a  

repor ted  i n  WASH-1099, with  e s c a l a t i o n  t o  r e f l e c t  cu r ren t  cos t s .  
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Very l i t t l e  is  known, however, about t h e  c o s t s  of shipping and s to rage  of 

nuc lea r  wastes. 

wastes. Waste shipping c o s t s  f o r  o t h e r  f u e l s  were est imated using t h e  HTGR 

c o s t s  as a b a s i s ,  wi th  cons ide ra t ion  given t o  types and q u a n t i t i e s .  Shipping 

c o s t s  inc lude  an allowance f o r  worn-out equipment. 

Prel iminary shipping c o s t s 3  have been repor ted  f o r  HTGR 

Waste Storage 

Waste s t o r a g e  c o s t s  were es t imated  by t h e  same procedure as waste shipping 

c o s t s .  

c o s t s  f o r  o t h e r  f u e l s  w e r e  r e l a t e d  t o  these  va lues .  

The cos t  d a t a  of t h e  HTGR f u e l  cyc le3  were taken as a b a s i s ,  and 

0 

0 -  
, 
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Appendix I 

FABRICATION AND REFABRICATION COST ESTIMATES 

-0  

-0 

Summary: The method used t o  estimate f u e l  f a b r i c a t i o n  and r e f a b r i c a t i o n  

c o s t s  f o r  LWR, CANDU, HTGR, and FBR systems i s  similar t o  t h a t  p rev ious ly  

descr ibed f o r  reprocess ing  (see Appendix H). Flowsheets were developed f o r  

each type of r e a c t o r  f u e l ,  and t h e  complexity and s p e c i a l i z e d  equipment 

requirements compared. Since no commercial scale f a c i l i t y  e x i s t s  f o r  remote 

f u e l  f a b r i c a t i o n ,  and t h e  c o s t  d a t a  f o r  f r e s h  f u e l  f a b r i c a t i o n  are no t  

genera l ly  a v a i l a b l e ,  previous ORNL estimates f o r  LWR f u e l  f a b r i c a t i o n  were 

updated, and used as a comparison base.  

s tudy  is  contained i n  Table 1.1 f o r  p l a n t s  w i th  2 MT HM/day output .  

f a c t o r s  l i s t e d  i n  Table 1 . 2  can be  appl ied  d i r e c t l y  t o  t h e  $/kg va lues  appear- 

i n g  i n  Table 1.1 i f  estimates f o r  o t h e r  s i z e  p l a n t s  are des i r ed .  

A summary of t h e  r e s u l t s  of t h i s  

The 

Fuel  Fabr i ca t ion  Cost E s t i m a t e s  

The l a r g e  v a r i e t y  of f u e l  materials and f u e l  element des igns  considered i n  

t h i s  s tudy  toge the r  w i t h  t h e  l i m i t e d  t i m e  precluded a formalized e s t ima t ion  

procedure such as t h a t  done p r e v i o u s 1 y . l ~ ~  However, one of t h e  cases from 

these  e a r l y  s t u d i e s  formed t h e  b a s i s  f o r  t h e  r e fe rence  base  case  f o r  metal 

c l ad  c y l i n d r i c a l  f u e l  rod types.  

t he  appropr i a t e  d i s t r i b u t i o n  of c o s t  elements under t h e  c a t e g o r i e s  of 

Cap i t a l ,  Hardware, and Operation. The c o s t s  i n  each category were e s c a l a t e d  

from t h e  1966 d a t a  by assuming a 10% pe r  year  i n f l a t i o n  rate, as w a s  done i n  

a previous s t u d y Y 3  and adding both c a p i t a l  (50%) and opera t ing  (30%) 

increments t o  inco rpora t e  t h e  f e a t u r e s  f o r  c u r r e n t  o r  proposed requirements 

f o r  t o t a l  l i q u i d  r ecyc le ,  s c rap  reprocess ing ,  and s o l i d  waste t rea tment ,  

p a r t i c u l a r l y  t r ansu ran ic  w a s t e .  4 

This  LWR (PWR) case from FABCgST 9 provided 

With t h i s  as a b a s i s ,  t h e  f a b r i c a t i o n  process  o u t l i n e s  given i n  F igs .  1.1 

through 1.4 were used t o  make a re la t ive f a c t o r i a l  estimate f o r  incremental  

f e a t u r e s  i n  each category of c o s t .  The hardware c o s t  f a c t o r s  were based on 

a v a i l a b l e  f u e l  element des ign  d a t a  and eva lua t ion  of t h r e e  increments:  

c ladding (with end caps) ,  f u e l  rod i n t e r n a l  component complexity, and 

1-1 
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Table 1.1. Estimated F a b r i c a t i o n  Cost Comparisona 

Reac tor  Fue l  Relative Cost F a c t o r s  Estimated 

Type C a p i t a l  Hardware Opera t ing  T o t a l  ($/kg)b 
c o s t s  Material 

PART A 

LWR (PWR) (235u-u)02 0.33 0.38 0.29 1.00 150' 
(PU-U)02 1.49 0.38 1 .45  3.32 500 

(233U-Th)02 1.98 0.38 1.45 3.81 570 
(P~-Th)02 1.49 0.38 1.53 3.40 510 

(235U-Th)02 0.50 0.42 0.44 1.36 200 

CANDU Normal U 0 2  0.33 0.09 0.11 0.53 80 
(PU-U)02 1.49 0.09 0.50 2.08 310 
(2 3U-Th)02 1 .98  0.09 0.50 2.57 390 
(Pu-Th) 02  1.49 0.09 0.53 2.11 320 

FBR (L.M.) ( P U - U ) ~ ~  3.19 0.58 2.10 5.87 880 

FBR (Gas) 

PART B 

HTGR 

(Pu-u)c- 2.68 
2 3 3u-q3 2.73 

(Pu-U) 0 2  3.19 
(233U-Th)02 4.55 
(Pu-Th) 02 3.64 

35U02-Th02 0.26 
233UCO-Th02 1 .21  

35u02-uo2 0.26 
Pu02-Th02 1 .21  

0.37 
0.35 

0.90 
0.90 
0.90 

0.42 
0.42 
0.32 
0.42 

1.66 4.71 710 
1.60 4.68 700 

2.29 6.38 9 60 
2.40 7.85 1 ,180  
2.40 6.94 1 ,040  

0.32 1.00 400d 
0.95 2.58 1,030 
0.32 0.90 360 
0.94 2.57 1 ,030  

a A l l  c o s t  comparisons are relative t o  t h e  g iven  b a s e  case f a c t o r s .  

b1977 d o l l a r s  assumed f o r  t o t a l  kilograms of  heavy m e t a l  p roduct  w i t h  a 
p l a n t  ou tpu t  of 2 metric tonnes  p e r  day and 260 f u l l  o p e r a t i n g  days p e r  y e a r  
(520 MT/year). 

(A. L. L o t t s  e t  a l . ,  A/CONF, 49/P/062, 1972) e s c a l a t e d  t o  1977 w i t h  a d d i t i o n s  
f o r  c u r r e n t  s c r a p  and waste treatment requi rements .  

'Base case f o r  metal c l a d  f u e l  rods  based on FABCOST 9 estimates 

dBase case f o r  a l l  HTGR ( P r i s m a t i c  Fue l  Element) cases based on d a t a  i n  
Summary Program Plan, Alternate Program f o r  HTGR Fue l  Recycle," A p r i l  11, 11 

1975, Dra f t .  
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c 

Table 1 . 2 .  Fab r i ca t ion  Cost as a 
Function of Processing Rate 

Rate c o s t  
(m m/day)  F rac t ion  

0.5 
1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

>7.0 

1.53 

1.23 

1.00 

0.90 

0.84 

0.79 

0.76 

0.73 
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Fig. 1.3. FBR U-Pu Carbide fuel element fabrication. 
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Fig. 1.4. FBR 233U-Th metal f u e l  element f a b r i c a t i o n .  
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assembly components complexity. All c a p i t a l  cos t  f a c t o r s  inc luded  

increments f o r  bu i ld ings  and equipment. A h i g h  l e v e l  of mechanization 

w a s  assumed f o r  equipment, b u t  the degree of automation varies as do 

the b u i l d i n g  c o s t s  i n  accordance w i t h  (1) t h e  mode of ope ra t ion  from 

contac t  through moderate s h i e l d i n g ,  process  s t e p  containment t o  s i g n i f i -  

can t  s h i e l d i n g ,  and t o t a l  p rocess  s t e p  containment, and (2)  t h e  account- 

a b i l i t y  and safeguard  cons ide ra t ions  depending on f i s s i l e  material  and 

enrichment. Operating c o s t s  were der ived  from s i x  weighted incrementa l  

c o s t s  covering c ladding  p repa ra t ion ,  f u e l  p repa ra t ion ,  rod loading  element 

assembly-inspection-packaging, scrap recovery,  and waste treatment.  Although 

r e fe rence  w a s  made t o  some previous  s t u d i e s  and cos t  e s t ima t ions  i n  developing 

t h e  f a c t o r s  es t imated  f o r  t h e  va r ious  increments i n  each ca tegory ,  no a t tempt  

was made t o  normalize any case t o  such s t u d i e s  f o r  metal c l a d  f u e l s .  A 

s e p a r a t e  base  case w a s  der ived  f o r  t h e  unique conf igu ra t ion  and f u e l  form 

of  t h e  HTGR r e a c t o r s  u t i l i z i n g  a recent  ERDA t a s k  f o r c e  s tudy  d r a f t . 5  

0 
? 

The r e s u l t i n g  r e l a t i v e  f a b r i c a t i o n  c o s t s  comparison is  presented  i n  Table 1.1. 

The p r e c i s i o n  of any ca tegory  is  probably less than f o r  t h e  t o t a l  f a c t o r s ,  

p a r t i c u l a r l y  when one cons iders  t h e  opt ions  of t r a d i n g  between c a p i t a l  and 

ope ra t ing  c o s t s  t h a t  are a v a i l a b l e  t o  any commercial venture .  The abso lu te  

c o s t  estimates are a l l  given i n  1977 d o l l a r s  and are a l l  f o r  a common produc- 

t i o n  rate p l a n t  of 2 metric tonnes p e r  day of heavy metal product wi th  a 

c a p i t a l  f i x e d  charge rate of 30% assumed. Within t h e  accuracy of t hese  

estimates ('25%), t h e  s c a l i n g  f a c t o r s  f o r  p l a n t  capac i ty  are probably 

equ iva len t  t o  those presented  i n  the  Geneva 1972 paper of L o t t s  e t  a l .  from 

t h e  FABCOST 9 c a l c u l a t i o n s .  

Table 1 . 2 .  

Thus a s c a l i n g  f a c t o r  can b e  der ived  from 

The cos t  estimates are based on a g iven  f u e l  element design f o r  each 

r e a c t o r .  No attempt has  been made t o  judge t h e  d i s t r i b u t i o n  of va r ious  

f u e l  elements s i n c e  a d i s t r i b u t i o n  of types w i t h i n  a g iven  r e a c t o r  is  

f e a s i b l e  i n  some i n s t a n c e s  and i s  t h e r e f o r e  a design v a r i a b l e  a v a i l a b l e  

t o  t h e  core  design and f u e l  management scheme. 

e 
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A P P E N D I X  J 

INSTITUTIONAL CONSIDERATIONS 

-. 
1. This study has shown that adoption of thorium cycles in thermal 

reactors results in better ore utilization than does use of the 
uranium cycle. At the same time, if Fast Breeder Reactors (FBRs) 

are commercialized on planned schedules, their use with the 

uranium cycle gives substantially better ore utilization in a 

growing nuclear economy. Thus, development of thorium fuel 

cycles corresponds to developing a contingency position for the 

case of a delay in FBR introduction. Further, thorium fuel cycles 
provide flexibility in the future if FBRs are introduced on 
schedule. If anticipated trends for relatively low nuclear 

electricity growth hold, and the breeder can be commercialized 

on the present ERDA schedule, the contingency position is not 

necessary. However, if nuclear electricity demand accelerates 

and/or the breeder is delayed significantly, then a contingency 
position is prudent. Advocates of the LWR-LMFBR scenario might 
argue that any money spent on contingency fuel cycles could b e  

better utilized on the FBR program to increase the probability 
of meeting the present schedule. Those who advocate development 

of a contingency position think it unwise to risk everything on 

one system which may not be delivered on time. 

have merit; so deciding between them requires a realistic assess- 

ment of the costs, risks, and benefits. 

Both arguments 

J-1 
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2. 

3 .  

There is a school of thought which believes high gain converter 

reactors can replace FBRs in the nuclear picture, and provide 

the means to generate electricity until more advanced systems 

(fusion, solar) are commercially available on a large scale. 

Whether this is practical depends very much upon the nuclear 

power growth, the amount of natural UsOe available at reasonable 

costs, and the introduction schedule of the advanced systems. 
Based on present estimates, FBRs are needed to maintain antici- 

pated nuclear power growth. However, introduction of high gain 

converters (with conversion ratios approaching unity) does permit 

a substantial increase (relative to LWR use alone) in the nuclear 

power level which would be practical for the case of a substantial 
delay in the commercial use of FBRs. The results obtained here 

indicate that high priority should be given to the F.BR, but that 

a contingency position can and should be developed which requires 

development and application of the thorium fuel cycle. 

Use of thorium fuel cycles in thermal reactors will require the 

development of economic fuel recycle technology. Utilities will 

be reluctant to invest in the higher fuel inventory of thorium 
cycles unless there is a demonstrated, economic fuel recycle 

technology available to them. The above is partfcularly true 
of thorium-cycle LWRs and HWRs (HTGRs can store fuel for a number 

of years more economically then can the other concepts, but would 
require fuel recycle about 10 years after introduction). Further, 

early introduction of the thorium fuel cycle would require use 

of present reactor designs. 

be expedited by close collaboration with reactor vendors as well 

as with utilities. 

Thorium fuel cycle development would 

m- 
c 
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-t 
5. 

. 

4 .  Introduction of HWRs and/or HTGRs into the U.S. economy would 

require substantial investment in those systems. HWRs would 
have to meet U.S. safety, safeguards, and environmental regu- 

lations, and what influence they would have on the present 

CANDU-type design is not known at this time. Further, the 

estimated capital investment required in heavy water facilities 

would be very large, and greater than the cost of uranium 

enrichment facilities which HWR introduction could displace. 

HTGRs would require substantial investment in component 

development and testing, basic R & D, and "first of a kind" 
type costs. Thorium fuel cycle R €i D would be required for all 
thermal reactors employing that cycle, but would be greatest for 

the HTGR. However, for operation on the thorium cycle, LWRs 
and HWRs would economically require commercial fuel recycle 
facilities earlier than would HTGRs. 

-0 

Commercialization of U/Th or Pu/Th fuel cycles will introduce 

safeguards requirements on fuel fabrication and refabrication 

facilities which are not currently in force for manufacture of 
low-enriched uranium fuel. The full costs associated with such 

safeguards are not yet known, but are anticipated to be high. 
The extent of thorium cycle utilization may be curtailed by 
the need to produce plutonium for FBRs, and therefore the expense 
associated with installation of safeguards may not be justified 
in the eyes of the fuel vendors. 

6 .  The reference nuclear development scenario for the U.S. calls 
for Light Water Reactors (LWRs) to provide power and produce 

plutonium to be used in LMFBRs. According t o  the simple model 

presented in Appendix P, about 60% of the plutonium produced in 

LWRs over the next 30 years must be stockpiled for LMF'BR 

inventories. If thorium fuel cycles were introduced in LWRs, the 

extent of introduction would be constrained by the requirement 

to stockpile plutonium. The investment in R & D needed to 
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commercialize thorium cycles in LWRs may not be justified in 

view of the modest improvements over the uranium cycle with 

uranium and plutonium recycle and the constraints imposed by 

the need for plutonium for use in Fast Breeder Reactors. 

0 
* 

a- 
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A P P E N D I X  K 

STUDIES AND PROGRAMS REQUIRED TO "AMERICANIZE" 

THE CANDU SYSTEM . 

-c 

Any planned program suppor t ing  CANDU r e a c t o r  development i n  the  

U.S. should be on t h e  b a s i s  t h a t  i t  l e a d s  t o  in t roduc t ion  of HWRs 

which can compete economically wi th  o t h e r  r e a c t o r  systems. Primary 

economic f e a t u r e s  which favor  CANDUs are t h e i r  low f u e l  cyc le  c o s t s  

and low s e p a r a t i v e  work requirements f o r  uranium enrichment. However, 

t h e  c o s t  of recovery of Pu from CANDU spent  f u e l  appears  r e l a t i v e l y  

h igh  per u n i t  gram of f i s s i l e ,  such t h a t  i t  does n o t  appear economically 

d e s i r a b l e  t o  recover  Pu from natural-uranium CANDUs. This  probably 

would n o t  be t h e  case i f  s l i gh t ly -en r i ched  uranium-fueled HWRs were 

employed. Thus, i n t r o d u c t i o n  of HWRs i n t o  t h e  U.S. might b e t t e r  be 

based on u s e  of s l igh t ly-enr iched  uranium-fueled systems. This  

impl ies  t h a t  i n  a d d i t i o n  t o  s t u d i e s  involving estimates of HWR 
c a p i t a l  c o s t s  i n  t h e  U.S., as w e l l  as t h e  de te rmina t ion  of U.S. 

l i c e n s i n g  requirements  and a s soc ia t ed  economic impl ica t ions ,  an 

a s soc ia t ed  program of f u e l  development might be  needed t o  i n s u r e  t h a t  

s l i g h t l y  enr iched uranium f u e l  w i l l  perform as requi red .  

a f u e l  r e c y c l e  R&D program f o r  HWRs would be requi red ,  involving both 

t h e  uranium f u e l  cyc le  and thorium cycle .  Also, HWRs do add a 

requirement f o r  l a r g e  q u a n t i t i e s  of heavy water. While the  technology 

of heavy w a t e r  product ion i s  s impler  than  t h a t  of uranium i s o t o p e  

sepa ra t ion ,  and t h e  requi red  long term sepa ra t ion  capac i ty  i s  l i m i t e d ,  

t h e  i n i t i a l  c a p i t a l  investment f o r  heavy water product ion i n  a n  HWR 
economy appears  h igher  than  t h a t  needed f o r  uranium enrichment p l a n t s  i n  

an  LWR o r  HTGR economy. 

. 

I n  a d d i t i o n ,  

An advantage of  CANDU r e a c t o r s  is  t h a t  they  are now being b u i l t  

and are ope ra t ing  success fu l ly .  Thus, they presumably could be 

introduced i n  t h e  U.S. f a i r l y  r e a d i l y  once t h e  l i c e n s i n g  and cap i t a l  

K-1 
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c o s t s  requirements of HWR systems i n  the  U.S. are reso lved  s a t i s f a c t o r i l y .  

Associated work would involve ERDA, NRC, n a t i o n a l  l a b o r a t o r i e s ,  A-E's ,  

and Canadian support .  

des ign  and a s soc ia t ed  s a f e t y  a n a l y s i s  s tud ie s .  

would be  dependent on t h e  information a v a i l a b l e  from t h e  Canadians and 

t h e  s t u d i e s  requi red  as t h e  work progressed;  a minimum e f f o r t  would 

r e q u i r e  m i l l i o n s  of d o l l a r s .  

This  e f f o r t  would r e q u i r e  a d e t a i l e d  r e a c t o r  

The c o s t  of such work 

Based on t h e  p re sen t  type des igns  of CANDU r e a c t o r s ,  needed 

r e sea rch  and development work would emphasize d e t a i l e d  eva lua t ion  of 

co re  performance under va r ious  f u e l i n g  condi t ions ,  ex tens ive  f u e l  

r ecyc le  development ac t iv i t ies ,  and f u e l  i r r a d i a t i o n  t e s t i n g .  Primary 

areas are f u e l  reprocess ing ,  f u e l  r e f a b r i c a t i o n ,  and f a b r i c a t i o n  of 

f r e s h  f u e l ,  wi th  emphasis on technology development and demonstration. 

I r r a d i a t i o n  t e s t i n g  would involve  s l i g h t l y  enr iched uranium f u e l  as 

w e l l  as 235U/Th and Pu/Th f u e l s .  

r ecyc le  development program involv ing  Th/Pu and Th/U f u e l  cyc le s  

would c o s t  o v e r a l l  about $150 m i l l i o n  ( t h i s  assumes t h a t  t h e  r e c y c l e  

of U/Pu f u e l s  from LWRs has  been success fu l ly  developed and is  used 

as base  technology).  

t i o n  f a c i l i t y ,  which could add about $500 m i l l i o n  t o  program c o s t s .  

Addi t iona l  work would inc lude  f u e l  development and t e s t i n g  and 

a s soc ia t ed  p o s t i r r a d i a t i o n  eva lua t ions  c o s t i n g  about $30 m i l l i o n ,  

and d e t a i l e d  r e a c t o r  des ign  and r e a c t o r  phys ics  ana lyses  a s soc ia t ed  

wi th  f u e l i n g  eva lua t ions  cos t ing  about $20 mi l l i on .  Table K 1  provides  

a more d e t a i l e d  t a b u l a t i o n  of es t imated r e sea rch  programs and s t u d i e s  

needed t o  support  and j u s t i f y  HWRs i n  t h e  U.S.; included are estimates 

of time requi red  t o  complete such work and e s t ima tes  of t h e  c o s t .  

It is a n t i c i p a t e d  that an  HWR f u e l  

The above does no t  i nc lude  c o s t s  f o r  a demonstra- 
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Table K1. Research Programs and S tud ie s  Needed t o  
Support and Evaluate HWRs i n  t h e  U.S. 

A c t i v i t y  

Estimated Estimated 
T i m e  c o s t  

Required ( Sk) 
( ' 7 6  $ I s )  (Yr) 

A. Research Programs 

1. 

2. 

3. 

4 .  

5 .  

6 .  

7. 

Reprocessing systems and chemistry f o r :  

a. Z r  c l a d  Th02-235U02 f u e l  

b. Z r  c l a d  T ~ O ~ - P U O ~ - ~ ~ ~ U O ~  f u e l .  

Decladding techniques f o r  Z r  c l a d  f u e l  
(needed because Z r  complicates  reprocess-  
ing  of Th). 

Reinves t iga t ion  and opt imiza t ion  of t h e  
Thorex and Z i r f l e x  processes .  

Determination i n  d e t a i l  of t h e  process  
d i f f e r e n c e s  between f a b r i c a t i o n  of 23 3U/Th 
f u e l s  r e l a t i v e  t o  Pu/U f u e l s .  

I n v e s t i g a t i o n  of means t o  reduce t h e  
p o s i t i v e  r e a c t i v i t y  void c o e f f i c i e n t s  i n  
CANDU designs.  

Determination of t h e  ex ten t  of ope ra t iona l  
f l e x i b i l i t y  of CANDUs t o  meet U.S. u t i l i t y  
requirements.  

Updating of Thy 233U c ros s  s e c t i o n  
measurements and eva lua t ions .  

B. S tudies  

1. Comparison of c a p i t a l  c o s t s  of  O U  and 
LWR systems on same b a s i s ,  inc luding  p l a n t  
modi f ica t ions  f o r  CANDUs t o  b r ing  them 
i n t o  compliance wi th  U.S. s tandards  and 
r egu la t ions .  

2. Determination of importance of nuc lear  
growth rate i n  t h e  competi t iveness  of 
CANDU-Th v s  CANDU-Pu recyc le  modes. 

5 50,000 

5 60,000 

2 

3 

5,000 

5,000 

20,000 

5,000 

2 , 000 

200 

2,000 

200 
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Ac t i v i  t y 

Estimated Estimated 
T i m e  c o s t  

( Y r )  ( '76 S's) 
Required ( $k) 

3 .  Study of a n  i n t e g r a t e d  Canadian-U.S. 
Nuclear growth scena r io  t o  show maxi- 
mum advantage of CANDU-Th system. This  
imp l i e s  an i n t e g r a t e d  f u e l  resource  base.  

4 .  Study t h e  economics, f u e l  u t i l i z a t i o n ,  and 
f u e l  management i n  high-conversion r a t i o  
systems. Consider t h e  t r ade -o f f s  i n  
l a t t i ce  spacing,  s p e c i f i c  power, and f u e l  
assembly design etc.  as func t ions  of t h e  
probable  ranges of o re ,  reprocess ing ,  
f a b r i c a t i o n ,  and s e p a r a t i v e  work cos t s .  

5. I n v e s t i g a t i o n  of t h e  power c o s t  economics 
and f u e l  u t i l i z a t i o n  impl i ca t ions  of 
s l i g h t l y  enr iched f u e l  f o r  CANDUs. 

6 .  Study t h e  advantages of ThC and Th metal i n  
CANDU-Th r e a c t o r s  t o  f u r t h e r  opt imize t h e  
f u e l  u t i l i z a t i o n .  

7.  Determination of t h e  optimum degree of 
symbiosis necessary  between CANDU plutonium 
producers and CANDU thorium burners .  Also, 
de te rmina t ion  of t h e  va lue  of CANDU-Th wi th  
h igh ly  enriched 235U makeup. 

C. I r r a d i a t i o n  Program i n  Support of Research 
Programs 

D. Design Work i n  Support of S tud ie s  inc lud ing  
Reactor  Physics  Analyses Associated wi th  
Fuel ing Evaluat ion 

2 

3 

500 

300 

300 

200 

300 

30,000 

20, 0ooa 
$200,000 

a 
These c o s t s  could b e  much h igher  i f  major r edes ign  s t u d i e s  were 

r equ i r ed  f o r  l i c e n s i n g  purposes. 
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SUMMARY OF CALCULATIONS AND CALCULATIONAL METHODS 

1. U-235 - U ~ O R  r e l a t i o n s h i p  

= ,8480 kg u - 3(238) - 
kg u308 2(238) + 8(16) 

t a i l s  assay 
w 235u 

= .00711 - ,0010 = .00611 .1 

. 2  

kg 235U 
kg u 

,00711 - .0020 = .00511 

= .00711 - .0025 = ,00461 .25 

= .00711 - .0030 = -00411 .3  

= .00433 (.2% t a i l s )  

1 
% 231 - - kg u308 

kg 235U .00433 

tons U3O8 231 (2.2) 
= .2541 - - 

kg 235U 2000 

ta i ls  assay  (W 2 3 5 ~ )  

Natura l  
.1 .2  .25 . 3  U 

,00518 ,00433 kg 235U 
kg u308 

.00391 .00349 .00603 

19 3 231 256 287 166 
kg U3O8 

kg 235U 

tons  U3O8 

kg 235U 
.212 .2541 .2816 .3157 .1824 

L-1 
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2. Average in-core res idence  t i m e  

kg HM mwd(th) MW(e) 
- - [MW(e) 1 [ kg HM 1 [MW(th) 1 

365 ( load  f a c t o r )  

3.  To ta l  inventory’ 

I = kg t o t a l  inventory 
S m ( e >  

tr  = t ime i n  r e a c t o r  (y r s )  

t = ex-reactor  t i m e  (y r s )  

I =  kg i n  r e a c t o r  
P 

I: m ( e )  

4 .  U-235 c o s t 2  

0 

$ kg U kg Swu - $  
kg product  = (kg product)  & i- ( kg product )  kg Swu 

$ 
$4 - kg product 

kg product  

- 
kg 235U kg 235U 

$104 Assume: $40/lb U3O8 = - 
kg u 

$75/kg Swu 

.2 w % 2 3 5 ~  ta i ls  assay  

’The Use of Thorium i n  Nuclear Power Reactors ,  WASH 1097 (June 1969) , p. 22. 

2AEC Gaseous Dif fus ion  P lan t  Operat ions,  0R0-658, Appendix 2. 
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Product 

2 3 5 ~  
Enrichment 
w % 2 3 5 u  kg U/kg Product kg Swu/kg Product $/g Product $ / g  

, 7 1 1  1.000 0 . l o4  14.63 

2.2 3.914 2.602 .602 27.37 

2.4 4.305 3.018 .674 28.09 

3.0 5.479 4.306 .893 29.76 

3.4 6.262 5.191 1.041 30.61 

3.6 6.654 5.638 1.115 30.97 

93.0 181.605 235.550 36.55 39.30 

5. Fuel  c y c l e  c o s t s  

Components: 

1. Inventory c o s t s  ( c a p i t a l )  

t o t a l  f i s s i l e  inventory 

f a b r i c a t i o n  c o s t  of f i r s t  core  

thorium inventory ( f o r  thorium cycles )  

2.  Shipping 

3. Makeup 

f iss i le  

thorium ( f o r  thorium cycles )  

4. Reprocessing ( f o r  r e c y c l e  cases only) 

5. F a b r i c a t i o n  ( r e f a b r i c a t i o n )  

6. Spent f u e l  s t o r a g e  ( f o r  non-recycle cases only)  

7. Heavy w a t e r  makeup ( f o r  HWRs only)  
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Calcula t ions :  

1. Inventory 

t o t a l  kg f i s s i l e  ) 10% 
](kg f i s s i l e )  (7) 

Assume : 

kw h r  - =(E) (e) ( load  f a c t o r )  
m ( e )  

f o r  load s e c t i o n  = . 8  . m i l l s  MW(e) y r  - 
7008 

.. 
kw h r  

$ 
m(e) y r  

2. Shipping 

Reprocessing 

Fabr i ca t ion  

3. Spent f u e l  s to rage  

0 
. 

- 
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4 .  Heavy water makeup 

b 

-0 

Assume: .35 m i l l / k w  h r  ( r e f .  3) 

5. Makeup c o s t s  

kg Th makeup 

Discussion: I n  c a l c u l a t i n g  f u e l  cyc le  c o s t s  i n  the  above manner i t  is  

not  necessary t o  a s s i g n  a va lue  t o  bred f u e l .  It is  assumed t h a t  t h i s  

f u e l  i s  recyc led  t o  t h e  r eac to r .  I n - t h e  case  of no r ecyc le  a charge is  

assigned f o r  s t o r i n g  t h e  spent  f u e l ,  wi th  no c r e d i t  f o r  t h e  f i s s i l e  

inventory i n  t h e  s t o r e d  f u e l .  Burnup c o s t s  are assigned on t h e  b a s i s  of 

t h e  cos t  of makeup f u e l  only.  The low makeup c o s t s  a s soc ia t ed  wi th  high 

ga in  conver te rs  i s  balanced by t h e  inventory c o s t s  a s soc ia t ed  wi th  h igh  

s p e c i f i c  i nven to r i e s .  This  is  t h e  f a i r e s t ,  s imples t  way of comparing 

f u e l  cyc les  and r e a c t o r  types wi th  v a s t l y  d i f f e r e n t  thermal e f f i c i e n c i e s ,  

conversion r a t i o s ,  burnups, and processing c o s t s .  

3Pr iva t e  communication from E. Cri toph (AECL) t o  R. Laney (ANL) dated 
19 March 19 76. 
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QUALITATIVE OVERVIEW OF RECYCLE PROCESS STATUS 
FOR VARIOUS REACTOR SYSTEMS 

-. 
The fol lowing t a b l e s  w e r e  der ived  t o  show t h e  commonality i n  f u e l  re- 

cyc le  process  f o r  va r ious  r e a c t o r s  and r e a c t o r  f u e l s  and t o  provide a 

q u a l i t a t i v e  assessment of t h e  cu r ren t  s t a t u s  of development f o r  processes  

a s soc ia t ed  wi th  t h e s e  f u e l  types .  

To provide t h e  requi red  pe r spec t ive  t h e  r equ i r ed  process  s t e p s ,  includ-  

ing  i r r a d i a t i o n  p roof - t e s t ing  of t h e  product ,  were i d e n t i f i e d  g e n e r i c a l l y  

f o r  each of f i v e  r e a c t o r  types and a v a r i e t y  of p o t e n t i a l  f u e l s .  These 

are shown i n  Table M 1  and address  both recyc led  f u e l  and f r e s h  f u e l  

s i n c e  i n  some ins t ances  development i s  r equ i r ed  f o r  t h a t  f u e l  der ived  

from n a t u r a l  sources .  For each of t h e  process  s t e p s  a cu r ren t  develop- 

mental  s t a t u s  w a s  def ined  i n  terms of t h e  normal development s t a g e s  

shown schemat ica l ly  i n  Figure M l .  This s t a t u s  i s  g iven  by t h e  number 

i n  pa ren thes i s  f o r  each gene r i c  process  l a b e l .  

F i n a l l y  i n  Table M2 t h e  commonality i n  processes  is shown by e s t a b l i s h i n g  

the  development of r ecyc le  c a p a b i l i t y  f o r  cu r ren t  LWR f u e l s  as a base  

and show which a d d i t i o n a l  f e a t u r e s  would r e q u i r e  a d d i t i o n a l  develop- 

ment t o  e s t a b l i s h  the  technology f o r  r ecyc le  of a new r e a c t o r  o r  f u e l .  

It should be  emphasized t h a t  t h i s  assessment is  based on an assumed 

s e q u e n t i a l  development wi th  t h e  base  case development and subsequent 

developments i nco rpora t ing  both h i s t o r i c a l  d a t a  and a n t i c i p a t i n g  f u t u r e  

modi f ica t ions  and add i t ions .  Using these  s a m e  ground r u l e s ,  a relative 

o rde r  of magnitude cos t  p r o j e c t i o n  w a s  made, as shown i n  Table M2. The 

abso lu te  va lues  of t h e s e  p r o j e c t i o n s  are h igh ly  unce r t a in .  To e s t a b l i s h  

an abso lu te  cos t  p r o j e c t i o n  would r e q u i r e  t h e  development and assessment 

of a d e t a i l e d  experimental  p lan .  Hawever, t h e  relative numbers g iven  i n  

Table M2 do show t h e  commonality between systems and how, by gene ra l ly  

s m a l l  incremental  development a d d i t i o n s ,  t h e  number of r ecyc le  op t ions  

and t h e  a b i l i t y  t o  choose between alternate f u e l  resources  can b e  

expanded. 
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ORNL-DWG 7648737 

COLD PROTOTYPE 
LOW RADIATION DEVELOPMENT 

LABOR ATOW E NG I NEE RING 
DE MONST RATIO CO M MERCl ALI Z AT10 

HOT ENGINEERING 
DEVELOPMENT 

Fig. M . l .  Development sequence f o r  f u e l  cycle f a c i l i t i e s .  



Tab le  M.2. P o s s i b l e  Sequent ia la  Development for Fue l  Recycle C a p a b i l i t y  

Processes 
Add 7 Add 8 
FBR FBR 
Oxide Metal 

Add 6 
HTCR 

Add 3 Add 4 Add 5 
LWR CANDU LWBR 
Oxide Oxide Oxide 

Base Add 1 
LWR CANDU 

(u-pu)02 (u-pu)02 Th Cycles Th Cycles Th Cycles Th Cyc1es ~h Cycles ~h Cycles 

Chop-Leach R 
Cladding Separation R 
Burn-Leach R 
Metal-Process R 

Purex 
Thorex 

ADU 
Oxalate 
Thermal-Penetration 
Reduction-Melt 
Resin Kernel 

R 

R 
R 

LWR Pellet Rod Bundle R 
LWBR Pellet Rod Bundle 
CANDU Pellet Rod Bundle R 
FBR Oxide Pellet Rod Bundle 
FBR Slug Rod Bundle 
Blended Bed-Prismatic Block 

R 

R 
R 

R 
R 

R 

Recycle Irradiation Proof R R R R R R R 

Fresh Fuel Irradiation Proof R R R R R 

250 50 125 25 50 250 150 200 

250 300 425 450 500 750 900 1100 

b Incremental Development Cost 

b Cumulative Development Cost 

a Assumes required processes are developed in the base case or a prior additional step for each additional system. If a 
process is not available the needed development is indicated by the letter "R". 
it will need to be so designated [Eq. (233U, Th)02]. 
(U-Pu)O2 LWR fuel is done completely remotely. 

exclude the cost of irradiation space for demonstration. 

Also if additional development is needed 
LWR Fuel Refabrication and bundle assembly is not required if the 

bFor development to demonstration stage (demonstration plant not included) all cost are in millions of dollars and 
We have assumed this will be the case in this table. 

, 
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LWR(Th) Fuel  Cycle Development 

-e  

R&D work requi red  f o r  t h e  LWR thorium f u e l  cyc le  involves  developing and 

demonstrating f u e l  r ecyc le  technology and f u e l  i r r a d i a t i o n  performance. 

Developing r ecyc le  technology i s  r equ i r ed  t o  f a c i l i t a t e  t h e  implementa- 

t i o n  of t he  thorium cycle  i n  LWRs and t o  o b t a i n  a s soc ia t ed  improved f u e l  

u t i l i z a t i o n .  

LWR(Th) f u e l  r ecyc le  technology development could b e  c a r r i e d  out  i n  an 

i n t e g r a t e d  program wi th  both HWR(Th) and HTGR thorium cycle  work s i n c e  

t h e r e  are common areas of development. It is  es t imated  t h a t  t h e  R&D 

c o s t s  of LWR thorium f u e l  r ecyc le  would b e  about $150 m i l l i o n  above t h a t  

a s soc ia t ed  with developing f u e l  r ecyc le  technology f o r  t h e  uranium/ 

plutonium cycle  i n  LWRs. I n  a d d i t i o n ,  a demonstration-scale f a c i l i t y  

involving both reprocess ing  and r e f a b r i c a t i o n  should b e  operated,  and 

t h e  cos t  of t h a t  would be  several hundred m i l l i o n  d o l l a r s  above t h a t  

assoc ia ted  with indus t ry  suppor t .  

A f u e l  i r r a d i a t i o n  t e s t i n g  and eva lua t ion  program would a l s o  be  requi red  

t o  q u a l i f y  thorium-based f u e l  and r ecyc le  f u e l ,  t h e  c o s t  of which would 

b e  about $30 mi l l i on .  An ex tens ive  core  design e f f o r t  would a l s o  b e  

needed t o  determine p r a c t i c a l  thor ium-plus- f i ss i le  loading  which are 

a l s o  r e l a t i v e l y  economical. 

core  physics  ana lyses  are es t imated  t o  b e  about $15 m i l l i o n .  

The c o s t  of such core  des ign  and a s soc ia t ed  

Overall, c l o s e  coord ina t ion  wi th  indus t ry  would b e  requi red ,  wi th  most 

of t he  f u e l  t e s t i n g  done i n  commercial f a c i l i t i e s ;  where p r a c t i c a l ,  u se  

should a l s o  b e  made of i n d u s t r i a l  f a b r i c a t i o n  and r e f a b r i c a t i o n  f a c i l i -  

ties. Fuel  cyc le  a n a l y s i s  work should a l s o  b e  c l o s e l y  coordinated wi th  

i n d u s t r i a l  s t u d i e s .  

With regard t o  t h e  above, p a s t  and p resen t  development work on t h e  LWR 

f u e l  cyc le  should b e  u t i l i z e d  i n s o f a r  as poss ib l e .  

f u e l  f a b r i c a t i o n  e f f o r t  by i n d u s t r y  t o  d a t e  should b e  a t  least p a r t i a l l y  

The l a r g e  amount of 
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app l i cab le ;  s i m i l a r l y ,  i n d u s t r i a l  work on f u e l  r e f  a b r i c a t i o n  should b e  

u t i l i z e d .  However, i t  is  be l i eved  important t h a t  t h e  sphere-pac method 

be emphasized i n  t h e  r e f a b r i c a t i o n  of f u e l s .  

i ng  program would need t o  be included.  

A corresponding f u e l  test- 

Fuel reprocess ing  s t u d i e s  can b u i l d  on technologies  prev ious ly  and 

p resen t ly  being developed; thus ,  t h e  work being c a r r i e d  out  on t h e  Acid- 

Thorex Process  f o r  thorium f u e l s  w i l l  be  l a r g e l y  app l i cab le .  The shear- 

leach  process  f o r  t h e  head-end process ing  LWR uranium f u e l s  w i l l  provide 

very u s e f u l  information.  There are s p e c i a l  problems wi th  thorium f u e l s  

(such as those  a s soc ia t ed  wi th  d i s s o l u t i o n  of t h o r i a ) ,  and t h e s e  w i l l  

r e q u i r e  s p e c i f i c  R&D. Waste d i s p o s a l  t rea tment  s t u d i e s  can b u i l d  on 

those be ing  done f o r  t he  uranium cycle ,  t ak ing  i n t o  cons idera t ion  any 

s p e c i a l  requirements introduced by use  of t h o r i a .  

I n s o f a r  as f u e l  t e s t i n g  is  concerned, t h e  i r r a d i a t i o n  t e s t i n g  performed 

under t h e  LWBR program should provide very u s e f u l  technology information,  

and such work should form a base  f o r  f u t u r e  development and t e s t i n g .  

HTGR Fuel  Recycle Development 

The HTGR ' fuel  r ecyc le  R&D and demonstration program has  been developed 

i n  d e t a i l  i n '  a Nat iona l  Program Plan  document developed j o i n t l y  by 

O a k  Ridge Nat iona l  Laboratory,  General  Atomic Company and A l l i e d  Chemical 

Corporat ion under ERDA sponsorship.  

about $400 m i l l i o n  and t h e  f i r s t - p h a s e  demonstration p l a n t  is  es t imated  

t o  cos t  about  $600 mi l l i on .  

The RbD e f f o r t  is es t imated  t o  be 
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POWER COST AND ORE-UTILIZATION SUMMARY 

. 

-0 

0 

Summary: Appendices B, C, and D have described metal loadings and makeup 
requirements for uranium and thorium fuel cycles in LWRs, HTGRs, and HWRs. 

Generally, higher conversion ratios can be achieved with higher initial 

loadings and lower burnup. 

presented, but very little has been said about cost. Fuel cycle cost 

calculations are presented in this Appendix, using the method outlined 

in Appendix L. 
$75/SWU respectively) are assumed in these calculations. Variations of 

fuel cycle cost with changing ore and SWU costs are discussed elsewhere 

in this report. The report confirms that costs associated with high 

initial inventories and low burnup outweigh the advantages of better ore 
utilization at current ore and SWU costs. It is also shown that the use 

of Pu as fissile material is economically superior to U-235, considering 
the assumed reprocessing costs. 

limited, the economics of fuel costs are of little value when selecting 
reactor systems and fuel cycles to develop. 

Information on ore utilization has been 

Fixed ore and separative-work costs ($40/lb u308 and 

However, since the supply of Pu is 

Relatively low fuel cycle costs (by comparison) were calculated for 

several HWR fuel cycles. 
whether the inventory and makeup requirements reported in the HWR studies 

cited in this report are of the same quality as those reported for LWRs 

and HTGRs. Higher inventory and makeup requirements would result in 

higher fuel cycle costs. In addition, the fabrication, refabrication, 
and reprocessing costs used in the HWR fuel cycle cost calculations were 
those associated with very large industries, which would be required for 

HWRs because of the low exposures achieved in those reactors. Using 
costs associated with smaller fuel cycle industries would make the HWR 

fuel cycle costs much less attractive. 

There is some question in the authors' minds 

Considering all options, it is the authors' opinion that the HTGR 

offers the best combination of low fuel cycle cost and good ore utili- 

zation. 

with a conversion ratio of 0.66 and U-233 recycle. 
costs would make the higher-conversion-ratio HTGR most attractive. 

Lowest power generation costs were calculated for the HTGR, 

Higher ore and SWU 

N-1 
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Fuel  Cycle Costs 

Tables N . l  through N . 5  con ta in  f u e l  cyc le  cos t  estimates f o r  t h e  r e a c t o r s  

and t h e  f u e l  cyc les  included i n  t h i s  s tudy.  The (a )  po r t ions  of t h e  t a b l e s  

summarize t h e  performance d a t a  from which t h e  estimates are made, and t h e  

(b) po r t ions  conta in  t h e  a c t u a l  estimates. 

va r ious  U02-Th02, UO2-PuO2, U-Thy and Pu-Th f u e l  cyc les .  Table N . 2  covers 

t h e  PWR wi th  a TRRC (Thorium Replacement Reactor Core),  w i th  conversion 

r a t i o s  of 0.83 t o  0.96. A d i scuss ion  of a l l  PWR opt ions  is  included i n  

Appendix B. Table N . 3  covers  t h e  HTGR, which is d iscussed  i n  Appendix C.  

Table N . 4  covers  t h e  CANDU us ing  t h e  plutonium cycle ,  as d iscussed  i n  

Appendix D. Table N . 5  covers t h e  CANDU us ing  t h e  thorium cyc le ,  which i s  

a l s o  covered i n  Appendix D. 

Table N . l  covers t he  PWR, us ing  

Severa l  a spec t s  of t h e  f u e l  cyc le  cos t  c a l c u l a t i o n s  deserve s p e c i a l  

mention: 

1. LWR f u e l  cyc le  cos t  d a t a  presented  i n  Table N . l  are based on 

s e l e c t e d  s t u d i e s  from Appendix B. There is  some v a r i a t i o n  among s t u d i e s  

(shown i n  Table B.4) on i n i t i a l  i n v e n t o r i e s ,  makeup, and conversion r a t i o .  

There is  f a i r l y  good agreement between t h e  c o s t s  shown i n  Table N.l and 

c o s t s  ca l cu la t ed  f o r  s i m i l a r  f u e l  cyc les  from o t h e r  s t u d i e s ,  shown i n  

Appendix B. For example, t h e  U 0 2  wi th  no r ecyc le ,  descr ibed i n  Table B . 2 ,  

has  a ca l cu la t ed  f u e l  cyc le  cos t  of 6.6 mil ls /kwhr compared t o  6.9 m i l l s /  

kwhr i n  Table N . l .  

9.4 mil ls /kwhr i n  Table N . l .  

Table N . 1 ,  t h e  va lue  is 9 . 1  mills/kwhr compared wi th  7 .5  mills/kwhr 

us ing  d a t a  from t h e  B M I  s tudy c i t e d  i n  Appendix B .  Using d a t a  from 

Table B . 2 ,  t h e  va lue  f o r  Pu02 - n a t u r a l  U02 i s  6 .3  mills/kwhr.  

can be explained because of t h e  $20/g assumed f o r  Pu vs  $30/g f o r  U - 2 3 5  

(3% enr iched) .  

of 9 . 1  mil ls /kwhr,  shown i n  Table N . l ,  might be  high.  

For U02-Th02, t he  comparison is  9 . 1  mills/kwhr vs  

The PuO2-UO2 case  is  an except ion.  I n  

This  va lue  

Based on these  comparisons, i t  i s  p o s s i b l e  t h a t .  t h e  va lue  
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Table N.l(a). Parameters for Fuel Cycle Cost Calculation 

Reactor  

F u e l  

Conversion Rat io  

Enrichment ,  % F i s s i l e  

.Thermal E f f i c i e n c y ,  % 

Load F a c t o r  

Burnup (MWdIkg HM) 
T i m e  i n  Reactor  ( y r )  

Ex-Reactor T i m e  (y r )  

(tr + t utr 
P 

I n v e n t o r y  [kg/MW(e) ] 

R e a c t o r / T o t a l  233U 
2 3 5 ~  

238u 

F i s s i l e  Pu 

Th 

T o t a l  

Makeup [kg/MW(e) y r l  
233u 

2 3 5 ~  

238u 

F i s s i l e  Pu 

Th 

T o t a l  

$ / g  F r e s h  235U 

$ / g  Makeup F i s s i l e  

30 y r  235U kglMW(e)e 

PWRa 

U02 (No Recycle)  

p.  61 

3.2 

33 

0.8 

33 

3.19 

1 .8  

1.56 

b 

U02-PuO2 

3.2 

33 

0.8 

33 

3.2 

2.6 

1 .81  

2.1414.29 2.7414.96 

85.6 85.6 

0 . 9 1  0.54 

26.75 

30 

30 

30.03 

26.75 

30 

30 

18.94 

ma> b 

u02-Th02 

0.76 

4.0 

33 

0 .8  

34.5 

3.20 

2.6 

1.81 

3.3015.97 

0.25 

77.931141.1 

81.5 

0.399 

25.47 

40 

40 

15.27 

mh c 
Pu02-ThOp 

0.78 

4.48 

33 

0 .8  

33 

3.10 

2.6 

1.84 

3.72016.73 

19.321144 

83.04 

0.310 

25.9 

40 

20 

PwRaa 

U-Th 

0 . 8 1  

3.44 

33 

0 .8  

25.8 

3.2 

2.6 

1 .81  

3.77116.836 

0.284 

105.511190.97 

109.56 

0.34 

34.24 

40 

40 

13.97 

mc’ d 

Pu-Th 

0 . 8 1  

3.71 

33 

0 . 8  

33 

4.41 

2.6 

1.59 

4.39816.99 

114.11181.4 

118.5 

0.302 

26.87 

20 

20 

3 a b l e  B.3, Appendix B of t h i s  r e p o r t  (GAC e n t r i e s ) .  

3 a b l e  B .1 ,  Appendix B of t h i s  r e p o r t .  

eReactor  inventory  + 30 y e a r s  makeup. 

S e l f  genera ted  r e c y c l e .  

E x t e r n a l  source  of Pu assumed. 



Table N.l(b). Fue l  Cycle Cost Ca lcu la t ion  

Reactor 
Fuel 
Conversion Ratio 
$/kg HM 
Shipping 
Makeup 
$/g 233u 
s/g 
$/g pu 
$/g Th 

235,, 

Reprocessing 
Fabrication 
Refabrication 
Storage 

mills/kW hr 
Inventory (fissile) 
Inventory (Th) 
First Core Fab 
Shipping 
Makeup 
Reprocessing 
Fab/Ref ab 
Storage 

Total 

PWR PWR PWR PWR PWR PWR 
Pu-Th PuOn-ThOz U-Th U02 (No Recycle) UO2-PuO2 uo2-Tho2 

0.61 0.76 0.78 0.81 0.81 

10 10 10 10 10 

30 

150 

100 

30 40 40 
20 

0.025 0.025 0.025 
292 292 316 300 
150 200 510 200 
500 570 510 500 

20 
0.025 
300 
500 
500 

1.836 

0.183 
0.038 
3.896 

0.574 
0.400 

2.123 3.408 1.921 3.902 1.995 
0.050 0.051 0.068 0.0647 

0.184 0.233 0.604 0.313 0.845 
0.038 0.038 0.038 0.049 0.038 
2.590 2.277 0.885 1.941 0.862 
1.187 1.133 1.210 1.466 1.147 
1.912 2.212 1.885 2.443 1.912 

6.927 8.034 9.351 6.594 10.182 6.864 

f e 
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Table N.2(a). Parameters for Fuel Cycle Cost Calculation 

1 Reactor 

Fuel 

Conversion Ratio 

Enrichment, % 

Thermal Efficiency, % 

Load Factor 

Burnup (MWd/kg HM) 
Time in Reactor (yr) 

Ex-reactor Time (yr) 

<tr + t P 
Inventory [kg/MW(e) I 

2 3 3 ~  

235u 

Reactor/Total 

238,, 

Fissile Pu 

Th 
Total 

r' 

Makeup [kg/MW(e) yr] 
233u 

2 3 5 ~  

23eU 

.' 

Fissile Pu 
Th 

Total 
$/g Fresh 2 3 5 ~  

$/g Makeup Fissile 

30 yr 235U kg/MW(e) 

PWR 

TRRC 

0.96 

PWR PWR PWR 
TRRC TRRC TRRC 

0.93 0.88 0.83 

33 

0.8 
10 

0.975 

2.6 

3.67 

2.09/7.67 

0.16 

84.20/309 

86.25 

0.13 

86.4 
88.46 

40 
40 
5.99 

33 33 33 

0.8 0.8 0.8 
15 20 25 

1.46 1.96 2.45 

2.6 2.6 2.6 

2.78 2.33 2.06 

2.14/5.95 2.2415.22 2.46/5.07 

0.16 0.17 0.19 

84.09/234 84.36/197 86.74/179 

86.39 86.77 89.39 

0.158 0.180 0.224 

57.6 43.0 35.4 
59.17 43.04 36.49 

40 40 40 

40 40 40 
6.88 7.64 9.18 
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Table N . 2 ( b ) .  Fuel Cycle Cost Calculation 

Reactor 

Fuel 

Conversion Ratio 

S/kR m1 
Shipping 

Makeup 

s/g 2 3 3 u  

$/g 235u 
Slg pu 

S/g Th 

Reprocessing 

Fabrication 

Refabrication 

Storage 

mills/kW hr 

Inventory (fissile) 

Inventory (Th) 

'First Core Fab 

Shipping 

Makeup 

Reprocessing 

Fab/Ref ab 

Storage 

Total 

PWR 

TRRC 

0.96 

1 0  

4 0  

300 

2 00 

500 

4.378 

0 .110 

0 .246 

0 .123 

0.742 

3.787 

6 . 3 1 1  

PWR PWR PWR 

TRRC TRRC TRRC 

0.93  0.88 0.83  

1 0  1 0  1 0  

40 

300 

200 

500 

3.396 

0 .083 

0 .246 

0.082 

0 .902 

2.533 

4 .220 

4 0  

300 

200 

500 

3.140 

0 .070 

0 .246 

0 .061 

1 .027 

1 .840 

3 .068 

40 

300 

200 

5 00 

3.030 

0.064 

0.246 

0 . 0 5 1  

1 .278 

1 .560 

2 .600 

15 .697 11 .462 9.452 8 .829 
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0 Table N.3(a). Parameters for Fuel Cycle Cost Calculation 

t Reactor 

Fuel 

Conversion Ratio 
Enrichment, % 

Thermal Efficiency, % 

Load Factor 

Burnup (MWd/kg HM) 

Time in Reactor (yr) 

Ex-reactor Time (yr) 

(t* + t utp P 
Inventory [kg/MW(e) 3 
Reactor/Total 233U 

235u 

238u 

Fissile Pu 

Th 

Total 

Makeup [ kg/MW (e> Y r I 
2 3 3 ~  

2 3 5 ~  

238u 

Fissile Pu 
Th 

Total 
$/g Fresh 235U 

$/g Makeup Fissile 

30 yr 235U kg/MW(e) 

40 

0.8 
86.4 

4.0 
1.8 
1.45 

1.4/2.03 

0.1 

32.3/46.8 
33.8 

0.625 

8.08 
8.45 
40 
40 
20.15 

b . HTGR-1 

ucxoy, Tho2 

0.66 

40 
0.8 
86.4 

4.0 
2.6 

1.65 

1.4/2.31 

0.1 

32.3/53.3 

33.8 

0.324 

8.08 

8.45 

40 
40 

11.12 

b HTGR- 3 

ucxoy, Tho2 

0.82 

40 

0.8 

49.7 

3.5 
2.6 

1.74 

1.89/3.29 

0.11 

49.4/86 .O 
51.4 

0.20 

14.1 
14.69 
40 
40 
7.89 

a No Recycle. 
b2 3U Recycle. 
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Table N.3(b). Fuel  Cycle Cost Calcu la t ion  

* 
Reactor H T G R ~  HTGR- 1 HTGR- 3 

Fuel 

Conversion Rat io  

$/kg HM 

Shipping 

Makeup 

$ /g  233u 
$ /g  235u 

$ /g  pu 

$ /g  Th 

Reprocessing 

Fabr i ca t  i on  

Ref a b r i c a t i o n  

Storage 

mills/kW h r  

Inventory ( f i s s i l e )  

60 60 

40 40 

400 

200 

70 7 

400 

652b 

1.159 1.318 

UCXOY’ Tho2 

0.82 . 

60 

40 

707 

400 

652b 

1.878 

Inventory (Th) 

F i r s t  Core Fab 

Shipping 

Makeup 

Reprocessing 

Fab /Ref ab 

Storage 

To ta l  

0.017 0.019 

0.193 0.193 

0.072 0.072 

3.567 1.849 

0.852 

0.482 0.786 

0.241 

5.731 5.089 

0.031 

0.293 

0.126 

1.142 

1.482 

1.367 

6.319 

%lo Recycle. 

’(0.6) 1030 + 0.4 (400) = 652 



Table N.4(a). Parameters for Fuel Cycle Cost Calculation 

Reactor 
Fuel 
Conversion Ratio 
Enrichment, % 

Thermal Efficiency, % 

Load Factor 
Burnup (MWdIkg HM) 
Time in Reactor (yr) 
Ex-reactor Time (yr) 

(tp + t )Itp P 
Inventory [kg/MW(e)l 
Reactor /Total 233U 

235u 

23Eu 

(Fissile) Pu 
Th 

Total 

Makeup [kg/MW(e) yrl 
233u 

23SU 

23Eu 

(Fissile) Pu 
Th 

Total 
$/g Fresh 235U 
$/g Makeup Fissile 

CANDU 

uoz 
0.74 
0.711 
30 
0.8 
7.5 
1.0 
1.8 
2.83 

CANDU 
PuO2-UO2 
0.74 
1.02 
30 
0.8 
18 
2.4 
2.6 
2.08 

CANDU 
Pu02-UO2 
1.0 
1.8 
30 
0.8 
10 
1.2 
2.6 
3.17 

CANDU 
PUO2-UO2 
0.96 
1.9 
30 
0.8 
20 
2.4 
2.6 
2.08 

CANDU 
Pu02-UO2 
0.93 
2.0 
30 
0.8 
25 
3.0 
2.6 
1.87 

CANDU 
Pu02-UO2 
0.90 
2.2 
30 
0.8 
33 
4.0 
2.6 
1.65 

~ ~~ 

CANDU 
Pu02 -UO2 
0.87 
2.4 
30 
0.8 
40 
4.7 
2.6 
1.55 

CANDU 
Pu02-UO2 
0.85 
2.6 
30 
0.8 
44 
5.2 
2.6 
1.50 

‘fi 
W 

0.91012.58 0.40110.834 2.071 6.56 2.07 f 4.31 2.0713.87 2.0713.42 2.0713.11 2.0713.21 

0.90411.88 0.1210.250 0.2310.43 0.4610.759 0.6911.07 0.9211.38 

128 128 115 115 115 115 115 115 

0.910 0.167 

0.376 0 0.048 0.077 0.115 0.147 0.177 

128 
15 
20 
50 

53.3 95.8 47.9 38.3 28.8 24.5 22.1 

20 
50 

20 
50 

20 
50 

20 
50 

20 
50 

20 
50 

20 
50 



Table N.4(b). Fuel  Cycle Cost Calcu la t ion  

Reactor 

Fuel 

Conversion Ratio 

$/kg HM 
Shipping 

Makeup 

$/g 233u 

$/g  235u 
$/g  pu 

$/g  Th 
Reprocessing 

Fabricat  ion 

Ref ab r i c a t  ion 
Storage 

Mills/kW h r  

Inventory ( f i s s i l e )  

Inventory (Th) 
F i r s t  Core Fab 

Shipping 

Makeup 

Reprocessing 

Fab / Ref ab 

Storage 

CANDU 

u02 

0.74 

3 

15 

60 

50b 

0.552 

0.109 

0.055 

1.945 

1.096 

0.913 b 

CANDU 

Pu02-UO2 

0.74 

CANDU 

Pu02-UO2 

1.0 

3 

20 (50) 

147 

2 30 

230 

187 (4.68)  

0.377 

0.041 

0 

2.010 

3.144 

CANDU 

Pu02-UO2 

0.96 

CANDU 

Pu02-UO2 

0.93 

CANDU 

Pu02-UO2 

0.90 

CANDU 

Pu02-UO2 

0.87 

c m u  
Pu02-UO2 

0.85 

3 3 3 3 3 3 

20 (50Ia 20 ( 5 0 )  20 (50 )  20 ( 5 0 )  20 (50 )  20 ( 5 0 )  

14 7 

230 

230 

147 

2 30 

230 

147 

2 30 

2 30 

14 7 

2 30 

2 30 

147 

230 

230 

147 

2 30 

2 30 

z 
1 
P 
0 

0.775 (1.938) 1.30 (3 .25)  1.23 (3.075) 1.19 (2.975)  1.22 (3 .05 )  1.28 (3.20)  

0.42 

0.023 

1.550 (3.875) 

1.118 

1.749 

0.377 

0.021 

0.137 (0.343)  

1.005 

1.572 

0.377 

0.016 

0.220 (0.550) 

0.803 

1.257 

0.377 

0.012 

0.328 (0.820)  

0.604 

0.945 

0.377 

0.010 

0.420 (1.050) 

0.514 

0.804 

0.377 

0.009 

0.505 (1.263)  

0.464 

0.725 

Total  4.670 5.635 7.442 4.412 3.903 3.456 3.345 3.360 
(9.123) (10.247) (6 .568)  (6.078) (5.733) (5 .806)  (6 .038)  

%umbers i n  parentheses r e f l e c t  $5O/g Pu instead of $2O/g Pu. 

bStorage cos t s  are based on $50/kg HM. Canadians are presently paying $lO/kg HM fo r  s torage (personal communication from E. Critoph - AECL). 
On t h i s  bas i s ,  t h e  s to rage  cos t  would be  0.182 mills/kWhr, and the  t o t a l  f u e l  cycle cos t  would be 3.393 mills/kWhr. 
value may be more realist ic f o r  t h e i r  purposes, w e  bel ieve the $50/kg HM value provides a more r e a l i s t i c  comparison with cos t s  assumed f o r  
o the r  r eac to r  types. 

While t he  Canadian 

1 * 
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Table N.5(a). Parameters f o r  Fuel Cycle Cost Calculation 

Reactor 

Fuel 

Conversion Ratio 

Enrichment, % 

Thermal Efficiency, % 

Load Factor 

Burnup (MWdIkg HM) 
Time in Reactor (yr) 

Ex-reactor Time (yr) 

(tr + tp t ,  
Inventory [kg/MW(e)] 

Reactor/Total 3U 
235u 

23eU 

Fissile Pu 

Th 

Total 

Makeup [kg/MW(e) yrl 
Z33u 

235u 

23BU 

Fissile Pu 

Th 

Total 

$/g Fresh 235U 
$/g Makeup Fissile 

CANDU 

U02-Th02 

0.90 

2.0 
30 

0.8 

15 

1.52 

2.6 

2.71 

CANDU 

UOz -Tho2 

0.87 

2.2 

30 

0.8 
27 

2.74 

2.6 

1.95 

CANDU 

UOz -Tho2 

0.82 

2.7 

30 

0.8 
44 
4.47 

2.6 

1.58 

CANDU 

UOZ-ThOz 

1.0 

1.72 

30 

0.8 

8.5 

1.29 

2.6 

3.02 

CANDU 

UOz -Tho:! 

0.93 

1.88 
30 

0.8 

27 

4.11 
2 . 6  

1.63 

1.7414.72 

0'. 13 

1.9113.72 

0.14 

2.3513.71 

0.18 
2.2416.76 

0.17 

2.4413.98 

0.18 

-0 
85.131358 

87 

84.951166 

87 

84.471133 

87 

127.591385 

130 

127.381208 

130 

0.109 0.140 0.183 0 0.076 

56 

57.24 

40 
40 

31 

31.75 

40 
40 

18 
19.46 

40 

40 

98 

100.78 

40 

40 

31 

31.63 

40 
40 

5.01 6.11 7.84 2.24 4.52 
30 yr 235U kg/MW(e) 
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Table N.5(b). Fuel Cycle Cost Calculation 
\ 

Reactor 

Fuel 

Conversion Rat io 

Slkg HM 

Shipping 

Makeup 

Slg 2 3 3 u  

Slg 235u 
$lg pu 

$/g Th 

Reprocessing 

Fabrication 

Refabrication 

Storage 

mills/kW hr 

Inventory (fissile) 

Inventory (Th) 

First Core Fab 

Shipping 

Makeup 

Reprocessing 

Fab 1 Ref ab 
Storage 

Total 

CANDU CANDU CANDU CANDU CANDU 

U02-Th02 U02-Th02 UOz-ThOZ U02-Th02 U02-Th02 

0.90 0.87 0.82 1.0 0.93 

3 3 3 3 3 

40 40 40 40 40 

0.025 0.025 0.025 0.025 0.025 

157 157 157 157 157 

60 60 60 60 60 
293 293 293 293 293 

2.694 2.118 2.118 3.858 2.271 

0.127 0.059 0.047 0.137 0.074 

0.074 0.074 0.074 0.111 0.111 

0.024 0.014 0.008 0.043 0.014 

0.622 0.799 1.044 0 0.434 

1.277 0.694 0.403 2.263 0.717 

2.383 1.338 0.794 4.223 1.338 

7.201 5.096 4.588 10.635 4.959 

e- 

. 
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2 .  The lowest f u e l  cyc le  c o s t s  are ca l cu la t ed  f o r  HWRs wi th  conver- 

s i o n  r a t i o s  around 0.85. The lowest c o s t s  w e r e  ca l cu la t ed  using t h e  uranium 

cyc le  wi th  plutonium topping and assuming $20/g 'for Pu (LWR-discharge Pu). 

I f  CANDU-discharge Pu were used, t h e  c o s t s  were much h igher .  

cyc le  a l s o  looked a t t r a c t i v e  i n  t h e  HWRs, a l though t h e  f u e l  cyc le  c o s t s  

w e r e  ca l cu la t ed  on t h e  b a s i s  of a l a r g e  r ecyc le  indus t ry ,  which would b e  

necessary because of t h e  low exposure achieved i n  HWRs. Fuel  cyc le  c o s t s  

would be  much h igher  i n i t i a l l y  u n t i l  a l a r g e  r ecyc le  indus t ry  is  e s t ab l i shed .  

I n  t h i s  regard ,  t h e  HTGR looks more a t t rac t ive  because of t h e  r e l a t i v e l y  l o w  

f u e l  cyc le  c o s t s  ca l cu la t ed  on t h e  b a s i s  of a small r ecyc le  indus t ry .  

any case, heavy water makeup c o s t s  push t h e  HWRs t o  h igher  t o t a l  power c o s t s  

than HTGRs, as w i l l  be  discussed la ter  i n  t h i s  Appendix. It is  concluded, 

t he re fo re ,  t h a t  t h e  HTGR wi th  U-233 r ecyc le  o f f e r s  t h e  b e s t  combination of 

resource u t i l i z a t i o n  and low power cos t .  

The thorium 

I n  

3. Fuel  cyc le  c o s t s  f o r  t h e  Pu-Th cyc le  are considerably lower than  

those  f o r  t h e  U-Th cyc le ,  wi th  comparable conversion r a t i o s .  This d i f f e r -  

e n t i a l  is due t o  t h e  c o s t s  assumed f o r  makeup uranium and plutonium. Makeup 

uranium (93% enriched)  w a s  assumed t o  cos t  about $40/g, which r e f l e c t s  an 

o r e  cos t  of $40/lb of U3O8 and a separative-work c o s t  of $75/SWU. Makeup 

plutonium w a s  assumed t o  c o s t  $20/g, which is t h e  approximate c o s t  assumed 

f o r  reprocess ing  LWR f u e l .  This  w i l l  be  d iscussed  f u r t h e r .  

4. Fue l  cyc le  c o s t s  f o r  nonrecycle  i n  LWRs on t h e  uranium cyc le  and 

i n  HWRs on t h e  n a t u r a l  uranium cycle  were h igher  than the, c o s t s  f o r  r ecyc le  

cases. This  d i f f e r e n t i a l  i s  due t o  t h e  h igh  c o s t  of reprocess ing  and re- 

f a b r i c a t i o n  relative t o  t h e  cos t  of f r e s h  f i s s i l e  f u e l .  I f  t h e  c o s t  of 

r ecyc le  f i s s i l e  material i s  computed by Eq. (Nl) 

and t h e  reprocess ing ,  r e f a b r i c a t i o n ,  and f a b r i c a t i o n  c o s t s  descr ibed i n  

Appendices H and I are assumed v a l i d ,  t h e  comparisons shown i n  Table N . 6  



Table  N . 6 .  Comparison of Fresh  and Recycle F i s s i l e  Material Costs 

$/kg Slkg Slkg kg Fissile $1 Rec cleb SIg Fissile' $.g" Frezh Reprocessing Refabrication Fabrication kg HM Discharge 

LWR 292 500 150 0.015 

CANDU (5 tonnelday reprocessing 271 310 80 0.003 
2 tonnelday fabrication 
2 tonne/day refabrication) 

CANLIU [50 GW(e) economy] 14 7 230 60 0.003 

HTGR (5 tonnelday reprocessing 707 1030 400 0.03 
2 tonnelday fabrication 
2 tonnelday refabrication) 

HTGR [50 GW(e) economy] 1233 1576 612 0.03 

43 1.5 

167 11.1 

106 7.1 

44.6 1.1 

73.2 1.8 

b($/g) fresh Values based on $40/lb u308 and $75/SWU separative work. 

c 
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c 

can be made. Notice t h e  pena l ty  a s soc ia t ed  wi th  us ing  Pu from CANDUs. A 

high  concent ra t ion  of f i s s i l e  material i n  t h e  d ischarge  is needed t o  make 

reprocess ing  p r o f i t a b l e .  

5. The c o s t s  f o r  metal f u e l  reprocess ing ,  f a b r i c a t i o n ,  and r e f a b r i -  

c a t i o n  w e r e  assumed t o  be  t h e  same as oxide f u e l .  This assumption probably 

pena l i zes  metal f u e l s ,  s i n c e  s i g n i f i c a n t  cos t  sav ings  are envisioned i f  

m e t a l  f u e l  and c ladding  could be coextruded. No meaningful s t u d i e s  of t h i s  

f a b r i c a t i o n  rou te  have been made, and metal f u e l s  are of l i t t l e  i n t e r e s t  

f o r  water r e a c t o r s  a t  present .  

Other Costs 

A summary of a l l  power c o s t s  is  t abu la t ed  i n  Table N.7 .  Only f u e l  cyc les  

r equ i r ing  uranium makeup are included. Fuel  cyc le s  r equ i r ing  plutonium 

makeup from o t h e r  r e a c t o r s  are gene ra l ly  less expensive,  as noted earlier;  

however, t h e  c a l c u l a t i o n  of o r e  u t i l i z a t i o n  is  complicated by t h e  need t o  

cons ider  t h e  amount of o r e  used t o  genera te  t h e  plutonium. A s  noted 

earlier, t h e  HTGR (U-233 recyc le)  has  t h e  lowest f u e l  cyc le  c o s t s ,  followed 

by t h e  CANDU-Th wi th  a conversion r a t i o  of 0.82. 

comments on t h e  information i n  Table N . 7  are of i n t e r e s t :  

The fol lowing a d d i t i o n a l  

1. Cap i t a l  c o s t s  are based on an estimate of $9OO/kW(e) for LWRsl and 

t h e  c a p i t a l  cos t  r a t i o s  given i n  t h e  BMI study.2 

2. Heavy water c o s t s  are from r e f .  2. 

3. The o r e  u t i l i z a t i o n  c a p a b i l i t i e s  of t h e  var lous  r e a c t o r s  and f u e l  

cyc les  are based on t h e  performance d a t a  t abu la t ed  i n  Tables N . l  

through N.5. There is  some v a r i a t i o n  i n  t h i s  d a t a  and t h a t  pre- 

sented i n  o t h e r  s t u d i e s .  Table N . 8  conta ins  a comparison of t h e  

ORNL ( t h i s  s t u d y ) ,  ANL ( r e f .  2), and BMI ( r e f  N1) s t u d i e s  f o r  

cases t h a t  appear i n  a l l  t h r e e  s t u d i e s .  This  comparison shows t h a t  

t h e  ORNL estimate f o r  LWR f u e l  u t i l i z a t i o n  i s  h igh  bu t  i n  good 

agreement wi th  a t  least one o t h e r  s tudy f o r  t h e  CANDU and HTGR. 



Table N.7. Cost Summary for Thorium-Uranium Fuel Cycle Alternatives 
mills/kW hr 

f Years 
30 yr Fissile Numbere of Reactors 

06Mb D20C Fuel Cycle Mak$uf Power 3 . 5  x 106 tons ug08 
Reactor' 
Capital m=+ kg 235U/MW 

D 0 Requirement Supported by Reactor Fuel CR 

PUR uo29 
uo2-Tho2 

U-Th 
U- Th 

HTGR uco-~ho~g 

HTGR- 1 uco-Tho2 

HTGR-3 uco-Tho2 
HWR Th02-UO2 

CANDU uo29 

0.61 
0.76 
0.81 
0.88 

0.66 

0.66 

0.82 
0.90 
0.87 

0.82 
1.0 
0.93 
0.74 

19.3 2 
19.3 2 
19.3 2 
19.3 2 

19.5 2 
19.5 2 
19.5 2 
21.4 2 2.6 

21.4 2 2.6 

21.4 2 2.6 
21.4 2 2.6 
21.4 2 2.6 
21.4 2 2.6 

6.9 

9.4 
10.2 

9.5 

5.7 
5.1 

6.3 
7.2 

5 . 1  

4.6 
10.3 

5.0 

4.7 

28.2 

30.7 
29.7 

30.8 
27.2 

26.6 

27.8 
0.4 33.6 
0.4 31.5 

0.4 31.0 
0.4 36.7 
0.4 31.4 
0.4 31.1 

30.03 
15.25 

13.97 
7.64 

20.15 
11.12 

7.89 
5.01 
6.11 

7.84 
2.24 

4.52 
28.21 

459 
903 

986 
1803 

684 

1239 
1746 
2749 
2254 

1757 
6149 
3047 

682 

23 

45 

49 
90 

34 
62 

a7 

137 

113 

88 
30 7 
152 

34 

'Capital costs based on $9OO/kW(e) for LWRs, and a capital cost ratio of other reactors t o  LWRs of 1.11 for CANDUs 

boperation and Maintenance costs assumed the same for all reactors and fuel cycles. 
'D20 costs based on $120/kg D20 and a requirement of 1 MT/MW initial inventory of heavy water in CANDUs. 
dD20 makeup costs from private communication E. Critoph (AECL) to R .  Laney (ANL) dated March 19, 1976. 

'The number of reactors supported by 3 . 5  x lo6 short tons UgO8 assumes 0.2% tails concentration (except for 

and 1.01 f o r  HTGRs. A fixed charge rate of 15%/yr is assumed. 

CANDU where 0% tails concentration is assumed) o r  0.2541 tons ore/kg 2 3 5 U  (0.182 for CANDU). 
to  be 1000 MW(e). 

fThe Years Supply column assumes a linear growth rate of 20 MW(e)/yr for nuclear power. The entry in this 
column is then the number of 1000 MW(e) reactors divided by 20 MW(e)/yr. No more reactors could be built after 
the year specified without exceeding the 3.5 million tons of ore. 
the end of the 30 yr economic lifetime. 

The reactors assumed 

Reactors already on line would operate to 

'No Recycle. 

1 8 , 



N-17 

Table N . 8 .  Comparison w i t h  Other S tud ie s  

ANTA BMI ORNL 

Conversion Rat ios  

LWR 0.61 

CANDU 0.74 

HTGR ' 0.66 

a 30 Year Ore Requirements 

LWR 
No Recycle 6.8 

U Recycle 5.4 

U ,  Pu Recycle 4.4 

CANDU 

No Recycle 5.2 

Pu Recycle 3.1 

HTGR 

No Recycle 4.8 

U-233 Recycle 3.0 

0.55 

0.71 

0.65 

6.2 

4.6 

3.4 

3.6 

2.5 

4.5 

2.9 

0.61 

0.74 

0.66 

7.6 

4.8 

5 .1  

3.0 

5.1 

2.8 
~~~~ ~~ 

aOre u t i l i z a t i o n  is  s h o r t  t ons  U308/MW(e). T h i r t y  year  o r e  
requirements i nc lude  t h e  f i r s t  co re  loading  p l u s  30 yea r s  of makeup. 
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IRRADIATION PERFORMANCE OF THORIUM-CONTAINING FUELS 

Summary: The i r r a d i a t i o n  performance of t h o r i a ,  thoria-urania ,  and thorium- 

uranium metal f u e l s  i s  reviewed. Thoria and thoria-urania  f u e l s  appear t o  

be w e l l  behaved. These f u e l s  perform a t  least as w e l l  as U 0 2  under t h e  same 

r e a c t o r  condi t ions .  Q u a l i f i c a t i o n  and s p e c i f i c a t i o n  development f o r  t ho r i a -  

u ran ia  should be p o s s i b l e  i n  a reasonably s h o r t  t i m e ,  and a t  modest expense. 

The da ta  base  on thorium carb ide  and (Th,U)C2 comes mostly from the  HTGR 

f u e l  development program. Continued t e s t i n g  supported by t h a t  program have 

shown oxides  o r  oxide-carbide f u e l s  t o  be  supe r io r  i n  performance t o  t h e  

carb ides .  Therefore  ThC2 and (Th,U)C2 are of l i t t l e  f u r t h e r  i n t e r e s t  i n  

HTGRs. Thoria-plutonia  f u e l s  have no t  been ex tens ive ly  t e s t ed .  There 

does no t  appear t o  be  any reason why performance of t h i s  system should 

not  b e  as f avorab le  as t h e  thor ia -urania  system, bu t  because of t he  l a c k  

of da t a ,  t h e  q u a l i f i c a t i o n  and s p e c i f i c a t i o n  development program would 

r e q u i r e  more t i m e  and be more c o s t l y  than a similar program f o r  thor ia -  

uran ia  . 

Thorium and thorium-uranium metal f u e l s  look a t t r a c t i v e  f o r  FBR app l i ca t ion .  

The i r r a d i a t i o n  s t a b i l i t y  of compounds conta in ing  less than  20 w% U i r r a d i -  

a t e d  below 650°C looks good. 

as nuc lear  f u e l s  because of t h e  formation of low mel t ing  Pu-rich phases.  

Thorium-uranium metal f u e l s  f o r  LWRs are no t  s e r i o u s l y  considered because of 

t h e  p o t e n t i a l  f o r  metal-water r eac t ions .  While t h e  thorium-water r e a c t i o n  

proceeds a t  a rate i n  thorium which i s  two o rde r s  of magnitude lower than  i n  

uranium a t  t h e  water temperatures of i n t e r e s t ,  t h e  development program 

requi red  t o  q u a l i f y  and spec i fy  such a f u e l  does not  appear j u s t i f i e d  on 

t h e  b a s i s  of t h e  s m a l l  improvement i n  conversion r a t i o  t h a t  might be 

achieved. 

Thorium-plutonium compounds do not  appear u se fu l  

0-1 
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Thorium and Thorium-Uranium Oxides (Tho2 and (U,Th)02) 

Thorium oxide has been s tud ied  more ex tens ive ly  than any o t h e r  thorium 

compound. 

i n  r e fe rence  1, inc luding:  

A number of i r r a d i a t i o n  experiments involving Tho2 are repor ted  

1. 

2. 

3. 

4.  

dense p e l l e t s  wi th  6 . 3 6  w% U 0 2  i n  t he  Borax I V  BWR b lanket ;  

t h e  f i r s t  cores  of t h e  Indian  Po in t  PWR and Elk River BWR, which a l s o  

used pressed  and s i n t e r e d  p e l l e t s  of Th02-U02; 

PyC coated Tho2 microspheres have been ex tens ive ly  t e s t e d  wi th  t h e  

support  of t h e  HTGR f u e l  development program; 

coated particles of (U,Th)02 have been ex tens ive ly  t e s t e d  as p o t e n t i a l  

HTGR f u e l s .  

Thoria-urania f u e l s  have been considered f o r  s e v e r a l  r e a c t o r  concepts ,  

inc luding  t h e  Spectral-Shif t Converter Reactor ,  

t r i c  f u e l  tubes f i l l e d  wi th  v i b r a t o r y  compacted Tho2402 mixtures  , and t h e  

Heavy Water Organic Cooled Reactor (HWOCR) . 

an  HWR design us ing  concen- 

A d e t a i l e d  summary of t h e  i r r a d i a t i o n  behavior of Tho2 and (Th,U)02 has been 

publ ished by Olsen. I n  t h i s  work, t h e  i r r a d i a t i o n  behavior of Tho2 and 

(Th,U)02 i n  th ree  d i f f e r e n t  forms were compared. The forms w e r e  (1) v i b r a t o r y  

compacted so l -ge l  powder, (2)  arc-fused (Th,U)02 rods ,  and (3) rods conta in ing  

pressed  and s i n t e r e d  p e l l e t s .  

4 

The conclusion reached by Olsen e t  a l .4  i s  t h a t  a l l  t h r e e  forms of t ho r i a -  

u r a n i a  f u e l  performed w e l l  a t  burnups up t o  80 MWd/kg HM. 

evidence of breakaway swel l ing  o r  sudden inc reases  i n  f i s s i o n  gas release. 

The average l i n e a r  h e a t  rates f o r  t hese  f u e l  rods were between 300 and 350 

There w a s  no 

W / C ~  (9.8 t o  11.5 kw-ft). 
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Thoria-Plutonia Fuels  (Th,Pu)02 

. 

Very l i t t l e  work has been done wi th  t h i s  f u e l .  

included i n  the work descr ibed  by Olsen e t  a l .  ,4 bu t  examination of th is  rod 

w a s  incomplete a t  the t i m e  r e fe rence  ( 4 )  w a s  w r i t t e n .  Prel iminary examina- 

t i o n  of this f u e l ,  which had been i r r a d i a t e d  t o  a burnup of 29 MWd/kg HM a t  

an average l i n e a r  heat rate of 245 w / c m  (8 kw-ft), showed a mic ros t ruc tu re  

similar t o  (Th,U)02 i r r a d i a t e d  under t h e  same condi t ions .  C lea r ly ,  the 

def ic iency  of in format ion  about  t h e  performance of thor ia -p lu tonia  f u e l s  

must be addressed i f  l a r g e  scale use of t h e  thorium f u e l  cyc le  i n  LWRs and 

CANDUs is  t o  be  s e r i o u s l y  considered.  

One (Th,Pu)02 f u e l  rod w a s  

Thorium Carbide and Thorium-Uranium Carbide (ThC2 and (U ,Th)C2) 

Most of t h e  i r r a d i a t i o n  experience on t h i s  system has been accumulated by 

General Atomic Company (and o t h e r  HTGR proponents) on coa ted-par t ic le  systems 

f o r  t he  HTGR. The F o r t  S t .  Vrain Reactor (FSVR) core  is  a (U,Th)C2 f i s s i l e  

and ThC2 f e r t i l e  combination. 

have shown oxide and mixed oxide-carbide f u e l s  t o  be super ior  i n  i r r a d i a t i o n  

performance t o  t h e  ca rb ides .  

be considered f u r t h e r  i n  HTGRs. It could probably be considered f o r  o the r  

r e a c t o r s  such as the organic-cooled HWRs. 

Subsequent developments i n  HTGR f u e l  technology 

Therefore ,  t h e  ca rb ide  system w i l l  probably not  

Metal Fuels  

I n  Appendices B and E t h e  performance advantages of thorium-metal f u e l  f o r  

LWRs and FBRs, r e s p e c t i v e l y ,  w e r e  d i scussed .  Higher conversion r a t i o s  are 

poss ib l e  wi th  metal l ic  f u e l s  because of t h e  higher  concent ra t ion  of f i s s i l e  

atoms and t h e  l a c k  of oxygen atoms to absorb neutrons., 

t h a t  some savings i n  f u e l  f a b r i c a t i o n  c o s t  could be r e a l i z e d  wi th  thorium- 

uranium metal a l l o y s  i f  coext rus ion  techniques can be developed. 

It is a n t i c i p a t e d  

The u s e  of metall ic f u e l s  i n  LWRs.has never been s e r i o u s l y  considered 

because of dimensional i n s t a b i l i t y  i n  metallic uranium and problems 

caused by metal-water r eac t ions .  Thorium metal behaves b e t t e r  than  

uranium on both counts .  
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The dimensional s t a b i l i t y  of m e t a l l i c  thorium under i r r a d i a t i o n  a t  temper- 

a t u r e s  below 6OOOC i s  w e l l  and t h e  cor ros ion  rate of bare  thorium 

m e t a l  i s  two orde r s  of magnitude lower than t h e  rate f o r  uranium i n  water 

a t  300°C, as shown i n  F igs .  0.1 and 0.2 from re fe rence  6 .  

* I  

No s i g n i f i c a n t  change i n  the  co r ros ion  behavior of thorium metal has  been 

observed when a l loyed  up t o  6 w% uranium.6 

Another major d i f f e r e n c e  i n  t h e  behavior of thorium-based f u e l s  compared 

wi th  uranium-based f u e l s  is t h e  mechanism of f a i l u r e .  In  uranium-fueled 

rods ,  co r ros ion  products  block t h e  cladding breach,  permi t t ing  only leakage 

of water i n t o  t h e  f a i l e d  rod. No release of f u e l  t o  the  coolan t  occurs  

u n t i l  t h e  b l i s t e r  formed rup tu res  and en la rges  t h e  breach. Fuel  then e x i t s  

t o  t h e  c ladding  on a massive s c a l e .  

and f i n e l y  d iv ided  oxide are discharged from t h e  breach con t inua l ly .  

i n i t i a l  d i scharge  of f u e l  t o  t h e  coolant  s i g n a l s  t h e  l o c a t i o n  of t he  f a i l u r e  

before  l a r g e  amounts of f u e l  have en te red  t h e  coolan t .  Shutdown of t h e  

r e a c t o r  can be accomplished without  major inconvenience because of t h e  

e a r l y  warning and t h e  r e l a t i v e l y  low rate of f u e l  cor ros ion .6  

With thorium-based f u e l s ,  both hydrogen 

The 

Even g iven  t h e  advantages of thoriui i  metal f u e l  over uranium metal i n  water 

r e a c t o r s ,  t h e  development program requi red  t o  q u a l i f y  m e t a l  f u e l  f o r  t h i s  

a p p l i c a t i o n  is  probably no t  j u s t i f i e d  on the  b a s i s  of t h e  s m a l l  ga ins  i n  

conversion r a t i o  which can be achieved. However, i n  a FBR wi th  sodium o r  

gas coolan t ,  t h e  water-metal r e a c t i o n  problem does not  e x i s t ,  and t h e  gains  

i n  breeding r a t i o  achieved wi th  m e t a l  f u e l  appear w e l l  worth t h e  development 

c o s t  . 

Figure 0.3 summarizes t h e  i r r a d i a t i o n  performance of a number of thorium- 

uranium m e t a l  a l l o y s ,  i r r a d i a t e d  a t  temperatures up t o  1000°C and burnups 

of up t o  10% FIMA. The swel l ing  rate remains cons tan t  a t  about 2% volume 

i n c r e a s e  p e r  % FIMA, up t o  about 500°C. 

swel l ing  rates are observed, and a s t rong  temperature s e n s i t i v i t y  exists. 

Volume inc reases  measured i n  t h i s  work5 were l i n e a r  wi th  burnup and 

A t  h igher  temperatures ,  h igher  
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Fig. 0.1. Water corrosion of uranium vs water temperature. 
Source: G. B. Zorzoli, "An Evaluation of a Near-Breeder, Low Cost, 
LWR Concept," Energia NucZeme 19(3) (March 1972). 



0-6 

ORN L-DWG 76-4 7698 
4 

TEMPERATURE ("C) 
~315260200180 4 0 0  10 

n 

k IO' 

U 

8 4oo 
0 
J 

40-* 

I I  I I  I 

- 

- 

I I 
I .60 2.00 2.40 2.80 

TOK 
a 

Fig. 0.2. Water cor ros ion  of thorium vs water temperature.  
Source: G. B. Zo rzo l i ,  "An Evaluat ion of a Near-Breeder, Low Cost,  
LWR Concept ,'I Energia Nucleare 1 9  (3) (March 1972). 
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Fig. 0.3. Effect of irradiation temperature on the swelling rate 
of thorium and thorium-uranium alloys. Source: J. H. Kittel, et al., 
Effects of Irradiation on Thorium and Thorium Alloys, ANL-5674 
(Apr. 1, 1963). 
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independent of uranium content  up t o  20 w% U. Specimens conta in ing  more 

than 25 w% U became warped and d i s t o r t e d ,  a condi t ion  no t  noted i n  speci- 

mens conta in ing  less than 20 w% U. Simi lar  r e s u l t s  w e r e  repor ted  by 

workers a t  Battelle7 and Atomics I n t e r n a t i o n a l 8 .  

Thorium-plutonium metal a l l o y s  have been r e j e c t e d  as candida te  f u e l s  . g  The 

low mel t ing  p o i n t  of plutonium compared wi th  thorium and uranium ( 6 4 O O C  f o r  

Pu, 1750°C f o r  T h ,  1132°C f o r  U) i s  a p o t e n t i a l  source of problems f o r  b inary  

o r  t e r n a r y  systems conta in ing  Pu. Compositions tending t o  form Pu-rich 

phases would have t o  b e  avoided because such phases would be expected t o  

have mel t ing  po in t s  near  t h a t  of Pu metal. Thorium-plutonium a l l o y s  tend 

t o  form Pu-rich phases as U-233 i s  bred i n . l 0  

*~ 

I 

4 
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APPENDIX P 

COMMENTS ON FISSILE AVAILABILITY FOR FBR ECONOMY 

t 

. 

Summary: A simple nuc lea r  growth model is  considered f o r  comparing t h e  

f i s s i l e  i n v e n t o r i e s  a v a i l a b l e  f o r  Fas t  Breeder Reactors (FBRs). A 

growth rate of 20 GW(e) pe r  year  (LWRs wi thout  r ecyc le )  over a 30-year 

pe r iod ,  followed by a 30-year per iod  of cons tan t  power a t  600 MW(e), 

w i l l  consume a l l  of t h e  c u r r e n t l y  es t imated  uranium resources .  If 

plutonium is  used i n  FBRs, and t h e  nuc lea r  growth ra te  i s  sus t a ined  a t  

20 GW(e) pe r  y e a r ,  only about 40% of t h e  energy production i n  LWRs over 

t h e  f i r s t  30 yea r s  can be  d i v e r t e d  t o  non-plutonium producing f u e l  

cyc les .  U s e  of an HTGR-233U FBR system r e s u l t s  i n  g r e a t e r  f i s s i l e  inventory  

a v a i l a b l e  f o r  FBR s t a r t u p ,  and i n  a lower mined o r e  requirement. The 

above assumes t h a t  HTGRs are a v a i l a b l e  on t h e  same b a s i s  as LWRs; s imilar 

r e s u l t s  would apply i f  HWRs w e r e  used i n s t e a d  of HTGRs. 

The cu r ren t  p o l i c y ,  w i th  r e s p e c t  t o  development of nuc lea r  energy from 

f i s s i o n  r e a c t o r s ,  is  t o  b u i l d  around breeder  r e a c t o r s  which can supply 

excess f i s s i l e  material as w e l l  as produce power. New r e a c t o r s  can b e  

b u i l t  from t h e  supply of excess f i s s i l e  material wi thout  r e s o r t i n g  t o  

mining of a d d i t i o n a l  uranium. Because of t h e  importance of t h e  breeder  

r e a c t o r  and i t s  e a r l y  in t roduc t ion ,  t h e  growth of t h e  breeder  economy 

must no t  b e  cons t ra ined  by l a c k  of adequate f i s s i l e  inventory.  Simply 

p u t ,  t h e r e  must b e  enough plutonium discharged from LWRs t o  s u s t a i n  t h e  

growth of LMFBRs u n t i l  t h e  LMFBRs are producing enough plutonium t o  

s u s t a i n  t h e i r  own growth. This r e p o r t  has  d iscussed  t h e  v i r t u e s  of 

thorium f u e l  cyc le s  i n  conver te r  r e a c t o r s .  Improved resource  (U3O8) 

u t i l i z a t i o n  can b e  achieved by employing thorium f u e l  cyc le s  i n  HTGRs, 

CANDUs, and even LWRs as compared t o  t h e  uranium cyc le  i n  LWRs. I n  some 

cases supe r io r  economics can a l s o  be  achieved. However, i t  must b e  

recognized t h a t  whenever n a t u r a l  2 3 5 U  is  employed i n  a thorium f u e l  

cyc le ,  t h e  s t o c k p i l e  of plutonium a v a i l a b l e  f o r  FBRs s u f f e r s .  

The f i s s i l e  a v a i l a b i l i t y  problem i s  placed i n  pe r spec t ive  by t h e  fo l lowing  

example. Assume a nuc lea r  growth ra te  of 20 GW(e) pe r  year .  For t h e  

P-1 
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f i r s t  30 yea r s ,  LWRs are b u i l t  and t h e  discharged plutonium s to red .  

Beginning i n  t h e  31st y e a r ,  LMFBRs (based on advanced oxide f u e l )  are 

b u i l t  a t  t h e  rate of 20 GW(e) pe r  yea r ;  f u r t h e r ,  LWRs are r e t i r e d  a t  t h e  

rate of 20 GW(e) pe r  y e a r ,  and rep laced  wi th  new LWRs us ing  t h e  inventory 

of t h e  r e t i r e d  p l a n t s  (p lus  a s m a l l  amount of f i s s i l e  makeup.) This  case  

i s  shown g raph ica l ly  i n  Fig.  P . l .  The r e a c t o r  f i s s i l e  requirements  are 

given i n  Table P . l  f o r  t h e  LWR, advanced oxide LMFBR, and s e v e r a l  o the r  

r e a c t o r s  considered i n  a comparison s tudy t h a t  w i l l  be d iscussed .  

The case shown i n  Fig.  P . l  f o r  LWRs followed by LMFBRs is  designated 

Case A ,  and t h e  plutonium inventory as a func t ion  of t i m e  is  shown i n  

Fig.  P.2. I f  no 235U i s  used a f t e r  year  30, and a l l  f i s s i l e  material 

f o r  s t a r t u p  of LMFBRs and r e f u e l i n g  of LWRs must come from t h e  approxi- 

mately 1500 tonnes of plutonium s tockp i l ed  i n  year  30, growth i n  nuc lear  

capac i ty  can only cont inue  f o r  5 more yea r s ,  as shown by t h e  s o l i d  

po r t ion  of t he  Case A curves i n  Fig.  P.2. 

600 LWRs on l i n e ,  and t h e  plutonium s t o c k p i l e  is  used only f o r  s t a r t u p  

of t h e  LMFBRs, then  t h e  plutonium s t o c k p i l e  i s  reduced t o  about 600 

tonnes i n  year  55, when t h e  d ischarge  of excess  plutonium from LMFBRs 

begins  t o  exceed t h e  plutonium requi red  f o r  s t a r t u p  of new r e a c t o r s .  

This  s i t u a t i o n  i s  shown by t h e  dashed curve f o r  Case A i n  Fig.  P.2. 

Unfortunately,  t h i s  case requ i r ed  more than  3.5 m i l l i o n  tons  of U3O8; 

about 4.0 million tons are used by t h e  year  60. Even so, i t  is clear 

than  less than 40% of t h e  energy product ion during t h e  f i r s t  30 years  of 

Case A can be  accomplished us ing  thorium f u e l  cyc le s ,  i f  t h e  plutonium 

a v a i l a b i l i t y  c o n s t r a i n t  i s  no t  t o  be v i o l a t e d .  Plutonium a v a i l a b i l i t y  

cons iderae ions  a l s o  a f f e c t  t h e  use  of plutonium-thorium cyc le s ,  o r  

plutonium recyc le  i n  LWRs. 

I f  235U i s  used t o  r e f u e l  t h e  

Another case  i s  presented f o r  comparison. This  i s  Case B y  where t h e  

conver te r  r e a c t o r s  b u i l t  dur ing  t h e  f i r s t  30 yea r s  are HTGRs, w i th  a 

conversion r a t i o  of 0.82; after t h i s  t i m e ,  r e t i r e d  HTGRs are replaced.  

Uranium-233 i s  bred and s t o r e d  for use  i n  233U fue l ed  FBRs, beginning i n  

year  31. 

been assumed and summarized i n  Table P . l .  Because of t h e  supe r io r  

The c h a r a c t e r i s t i c s  of 2 3 3 U  FBRs presented i n  Appendix E have 

a 
. 
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Table P . l .  Reactor C h a r a c t e r i s t i c s  f o r  F i s s i l e  Inventory Study 

Fast  Breeder Reactors 

LR# HTGRb Advanced' Th Metalc Th Metalc Th M O f  Th M O f  
'Io2 N a  Cooled H e  Cooled N a  Cooled H e  Cooled 

Na Cooled 

Reactor Requirements 
Reactor Inventory 

[kg/MW(e) 1 
2.3311 

23311 

F i s s i l e  Pu 
Ex-Reactor Inventory 

[kg/MW(e) 1 
2 3 3 u  

2 3 3 u  

F i s s i l e  Pu 
Annual Loading 

[kg/MW(e) Y ~ I  
2 3 3 ~  

23313 

F i s s i l e  Pu 
Annual Discharge 

[kg/MW(e) Y ~ I  
2 3 3 u  

23313 

F i s s i l e  Pu 
Conversion Ration 
Doubling T i m e  (yr) 

1.572 2.143 1.879 2.910 

1.967 1.890 0.064 
2.080 

1.572 2.143 1.879 2.910 

1.107 1.399 0.064 
2.080 

0.524 0.714 0.626 0.970 

0.754 0.540 0.030 

0.785 

0.310 0.733 0.938 0.757 1.14 

0.222 0.162 0.025 
0.164 0.958 
0.60 0.82 1.25 1.26 1.29 1.16 1.21 

24.0 15.1 19.1 28.8 34.3 

"w. M. Pardue e t  a l ,  "A Comparison of Advanced Reactor Poten t ia l s"  presented a t  t h e  ASME/ANS I n t e r n a t i o n a l  

bunpublished d a t a  of M.  2. Nagel e t  a1 (General Atomic Company) "Reactor S t ra tegy  Studies" 19 January 1976. 
c 

Conference on Advanced Nuclear Energy Systems, March 14-17, 1976, P i t t sburgh ,  Pa. 

Appendix E of t h i s  report .  
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conversion c h a r a c t e r i s t i c s  of t h e  HTGR, t h e  a v a i l a b l e  f i s s i l e  inventory 

(233U i n  t h i s  case)  f o r  FBRs i n  year  30 is approximately twice t h a t  i n  

t h e  LWR-LMFBR case.  Even us ing  t h e  poores t  performing FBR discussed i n  

Appendix E, t he  f i s s i l e  inventory i n  year  60 is over 1000 tonnes of 

233U,  as shown i n  t h e  dashed po r t ion  of Case B p l o t t e d  i n  Fig. P.2. 

Using more o p t i m i s t i c  FBR performance d a t a  ( m e t a l  f u e l ) ,  t h e  233U 

inventory by year  60 has  re turned  t o  t h e  l e v e l  i n  year  30, as shown by 

t h e  broken Case B curve i n  Fig.  P.2. 

30, t h e r e  is an adequate 233U inventory t o  f u e l  both FBRs and HTGRs f o r  

about 1 3  yea r s  (compared wi th  5 yea r s  f o r  t h e  LWR-LMFBR case ) .  As shown 

i n  Fig.  P . 3 ,  only 2.6 m i l l i o n s  tons  of U3O8 have been consumed i n  Case 

B,  compared t o  4 m i l l i o n  tons  i n  Case A .  

Even i f  no 235U is  used a f t e r  year  

It is  clear from t h i s  simple example t h a t  t h e  HTGR-233U fue led  FBR com- 

b i n a t i o n  has  supe r io r  c a p a b i l i t i e s  w i th  r e spec t  t o  resource  u t i l i z a t i o n  

and f i s s i l e  inventory f o r  FBRs, i f  they  were a v a i l a b l e  on t h e  same 

b a s i s .  The economics of t h e  HTGR re la t ive t o  t h e  LWR are a l s o  favorable ,  

as shown i n  Appendix N. 

ach ievable  wi th  t h e  HTGR u t i l i z i n g  cu r ren t  f u e l  technology, w i th  no 

apparent  s a c r i f i c e  i n  r e a c t o r  s a f e t y .  

Conversion r a t i o s  of 0.9 and g r e a t e r  appear 

L i t t l e  advantage can be  taken of t h e  Case B f ind ings  because n e i t h e r  t h e  

HTGR nor  t h e  233U-fueled FBR are be ing  pursued s e r i o u s l y  a t  t h i s  t i m e .  

However, even wi th  delayed in t roduc t ion  of HTGRs some of t h e  above 

b e n e f i t s  can be  obtained.  Based on recent  s t u d i e s  summarized i n  Appendix 

F of t h i s  r e p o r t ,  233U use  i n  LMFBRs (with 238U) appears as a t t r a c t i v e  

as does phtonium.  
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APPENDIX Q 

CONSIDERATIONS REGARDING BREAK-EVEN BREEDERS 

i 

Summary. 

breeder  (HTGRB) system i s  compared wi th  several convent ional  conver te r  

r e a c t o r  systems over a 60-year per iod.  Reactors  are b u i l t  a t  a rate of 

20 GW(e)/year f o r  t h e  f i r s t  30 yea r s  and then  allowed t o  "coast  down" 

A s imple example case is descr ibed  whereby an HTGR thermal  

over t h e  second 30-year per iod.  

product ion c a p a b i l i t i e s  and uranium o r e  requirements.  It i s  shown t h a t  

t h e  thermal breeder  systems g ive  a long-term power product ion c a p a b i l i t y  

which do not  r e q u i r e  a d d i t i o n a l  uranium o r e  inpu t  a f t e r  t h e  i n i t i a l  233U 
i nven to r i e s  are produced i n  pre-breeders.  However, t h e  e a r l y  o r e  require-  

ments are considerably h igher  f o r  t h e  thermal breeder  systems than f o r  

convent ional  conver te r  systems over t h e  t i m e  span considered. Ore re- 

Compared are t h e  time-dependent power 

quirements are 64% h ighe r  than  f o r  an HTGR (CR = 0.82), and f u e l  cyc le  

c o s t s  are two t o  t h r e e  t i m e s  h igher  than  f o r  convent ional  HTGRs and 

LWRs. Simi lar  r e s u l t s  should a l s o  apply t o  t h e  use of HWR(Th)s. It is  

concluded t h a t  wh i l e  thermal breeder  systems provide long-term power 

product ion c a p a b i l i t y  a t  a f ixed  l e v e l ,  t h e r e  is  no f l e x i b i l i t y  f o r  

growth provided by t h e s e  sytems f o r  a given U3O8 resource .  Thus, they 

e s s e n t i a l l y  r ep resen t  a contingency p o s i t i o n  r e l a t i v e  t o  a very long- 

term delay  i n  FBR commercialization. 

Break-even breeder  systems are p o s s i b l e  wi th  LWRs, HWRs, and HTGRs. 

Such systems r e q u i r e  product ion of 

r e a c t o r s ;  t h e  thermal  breeders  then  ope ra t e  on a 233U-Th f u e l  cycle .  

The advantages and disadvantages of such break-even systems can be  seen  

wi th  t h e  fol lowing example. 

33U i nven to r i e s  i n  pre-breeder 

A nuclear  growth rate of 20 GW(e)/year w a s  assumed; pre-breeders were 

b u i l t  f i r s t  t o  provide 233U i n v e n t o r i e s  f o r  t h e  break-even breeders ,  

which were b u i l t  as soon as inven to r i e s  were a v a i l a b l e .  Power growth 

remained cons tan t  a t  20 GW(e)/year f o r  t h e  f i r s t  30 years .  

next  30 yea r s ,  pre-breeders were r e t i r e d  a t  t h e  end of t he i r  economic 

During t h e  



l i f e t i m e  (30 years  of ope ra t ion ) .  

r e a c t o r s  and from annual  d i scharges  of ope ra t ing  r e a c t o r s  were u t i l i z e d  

t o  b u i l d  a d d i t i o n a l  break-even breeders  during t h e  yea r s  31-60. A l l  

o the r  f i s s i l e  material discharged from t h e  pre-breeders w a s  recycled t o  

t h e  pre-breeders.  

Inven to r i e s  of 233U from r e t i r e d  

Considered i n  t h e  example w a s  a break-even HTGR system us ing  233U 
i nven to r i e s  produced i n  a lower-conversion-ratio HTGR. The mass require-  

ments f o r  t h e  var ious  r e a c t o r s  considered i n  t h e  example are given i n  

Table Q . l .  The i n s t a l l e d  capac i ty  vs t i m e  r e l a t i o n s h i p  is  shown i n  Fig.  

Q . l  f o r  t h e  HTGR breeder  (HTBR-B) system, f o r  a l ight-water  r e a c t o r  wi th  

no r ecyc le ,  and f o r  an HTGR wi th  a conversion r a t i o  of 0.82 and 233U 

recyc le .  The o r e  requirements are shown i n  Fig. 4 .2  f o r  t h e  breeder  

system, t h e  LWR with  no r ecyc le ,  t h e  HTGR (CR = 0.82),  and several o the r  

systems which are included f o r  comparison. 

For t h e  HTGR breeder  system, a t o t a l  of 334 pre-breeder HTGRs (HTGR-PB) 

w e r e  b u i l t ,  producing enough 233U f o r  498 HTGR b reede r s  (HTGR-B). 

Fuel  cyc le  c o s t  estimates- are presented  i n  Tables 4.2 and 4.3. I n  these  

estimates, i t  was assumed t h a t  235U w a s  purchased f o r  pre-breeder oper- 

a t i o n ,  bu t  233U w a s  made a v a i l a b l e  t o  t h e  breeders  a t  no c o s t .  On t h i s  

basis t h e  HTGR-PB and HTBR-B had f u e l  cyc le  c o s t s  of about 12 mills/kWhr. 

From t h e s e  r e s u l t s  i t  appears t h a t  t h e  economic advantages i n  long-term, 

s e l f - s u s t a i n i n g  power genera t ion  p o s s i b l e  wi th  break-even breeders  are 

outweighed by t h e  high cos t  of opera t ion  and t h e  l a r g e  uranium o r e  

requirements of t h e  pre-breeders.  Any economic advantages a s soc ia t ed  

wi th  t h e  breeder  ope ra t ion  have d i f f i c u l t y  i n  being "v i s ib l e"  a f t e r  

applying a reasonable  discount  f a c t o r .  

Three c r i t e r i a  have been i d e n t i f i e d  f o r  an e f f e c t i v e  thermal r e a c t o r  

system. They are: 

1. Make e f f e c t i v e  use  of uranium resources  i n  t h e  per iod  

p r i o r  t o  l a rge - sca l e  f a s t  breeder  r e a c t o r  (FBR) 

in t roduc t ion .  

, 
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Table Q . l .  Reactor Characteristics for Break-Even Breeder Study 

Reactor Requirements LWR HTGR' HTGR b 

Reactor Inventory [kg/MW(e)] 
233u 
235u 

Fissile Pu 
a Ex-Reactor Inventory [kg/MW(e) 1 

233u 
235u 

Fissile Pu 

Annual Loading [kg/MW(e)yrl 
233u 
235u 

Fissile Pu 

Annual Discharge [kg/MW(e)yr] 
233u 
235u 

Fissile Pu 

(Reactor Time) (yrs) tr 
t (Ex-Reactor Time) (yrs) 
P 

Conversion Ratio 

1.967 

1.107 

.754 

.222 

.164 
3 . 0  

1.8 

1.60 

.60 

3.700 

2.410 

.925 

.445 

.258 

4.0 
2.6 

1.65 

.74 

d 5.960 

3.874 

1.490 

1.490 

4.0 
2.6 

1.65 

1.01 

a 

b 

Ex-reactor inventory = reactor inventory [ (tr + tP) /tr] 
Source: W. M. Pardue et al, A Comparison of Advanced Reactor Potentials, Presented at the 
ASME/ANS International Conference on Advanced Nuclear Energy Systems, March 14-17, 1976, 
Pittsburg, Pa. 
Source: Private Communication from R. K. Lane (GA) to F. J. Homan (ORNL),  June 14, 1976. 
Source: Letter from R. F. Turner (GA) to E. DeLaney (ERDA), May 28, 1976. 
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Table 4.2. Parameters for Fuel Cycle Cost Calculation 

b React or HTGR-PB~ HTGR-B 

e 
Fuel 

Conversion Ratio 

Enrichment ( W )  
Thermal Efficiency (W) 
Load Factor 

Burnup (MMd/kg HM) 
Time in Reactor (yr) 
Ex-Reactor Time (yr) 

(tr + tp)/tr 

Inventory [ kg/MW(e) I 
Reactor/Total 2 3 3 U  

2 3 5 u  

2 3 8 u  

Fissile Pu 

Th 

Total 

Makeup [kg/MW(e) yrl 
2 3 3 u  

2 3 5 ~  

2 3 8 u  

Fissile Pu 
Th 

Total 
$/g Fresh 2 3 5 U  

$/g Makeup Fissile 

0.74 

9 3  
40 

0.8 

30.4 

4 

2.6 

1.65 

>1.0 

40 

0.8 

18.8 

4 
2.6 

1.65 

5.960/9.834 

3.70/6.11 

92.5/152.6 

96.2 

0.668 

23.1 

24.1 

40 

40 

149.0/245.9 

155.0 

0 

0 

37.3 

38.8 

a 

bHTGR-B data from letter to E. Delaney (ERDA) from R. F. Turner (GA), 

HGTR-PB data from private communication from R. K. Lane (GA) to F. J. 
Homan (ORNL) June 14, 1976. 

dated May 28, 1976. 

i 
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Table 4.3. Fuel Cycle Cost Calculation 

Reactor HTGR-PB HTGR-B 

Fuel 
Conversion Ratio 

$/kg H.M 
Shipping 
Makeu 

25 3u 
235u 
Pu 
Th 

Reprocessing 
Fabrication 
Ref abrication 
Storage 

Inventory (fissile) 
Inventory (Th) 
1st Core Fab 
Shipping 
Makeup uranium 
Thorium 
Reprocessing 
Fab /ReFab 
Storage 

Mills/kWhr 

Total 

~ ~ U C O - T ~ O ~  
0.74 

60 

40 

0.025 

70 7 
400 
450 - 

3.487 
0.054 
0.549 
0.138 
3.813 
0.082 
2.431 
1.548 

3UCO-Th02 

>1.0 

60 

0.025 

70 7 
10 30 
1030 
- 

- 
0.088 
0.332 2.278 

0.133 
3.914 
5.703 

- 

12.102 12.448 



2. Provide s u f f i c i e n t  f i s s i l e  inventory f o r  commerciali- 

z a t i o n  of FBRs. 

3. Economic power production. 

Thermal breeder  systems do not  m e e t  t h e s e  c r i t e r i a  e f f e c t i v e l y .  Thermal 

breeder  systems provide t h e  means f o r  long-term power product ion a t  a 

cons tan t  level,  w i th  no a d d i t i o n a l  uranium o r e  requirements.  However, 

t h e  high o r e  requirements needed t o  provide t h e  233U i nven to r i e s  of t he  

breeder  systems occur during a t i m e  of p ro j ec t ed  o r e  shor tages ,  and no 

f i s s i l e  i nven to r i e s  are b u i l t  f o r  FBRs o the r  than those  a s soc ia t ed  wi th  

t h e  break-even breeders  themselves. It is our  conclusion t h a t  only i f  

FBRs are delayed u n t i l  about 2100 should break-even breeders  of t he  type 

s t u d i e d  h e r e  b e  developed. Fu r the r ,  t h e  power c o s t s  of such systems 

w i l l  be  p r o h i b i t i v e l y  high under t h e  condi t ions  of i n t roduc t ion  assumed 

here .  A less c o s t l y  approach would be  t o  gradual ly  inc rease  t h e  conversion 

r a t i o  wi th  t i m e ,  a l though such an approach l eads  t o  a lower power level 

achieved by t h e  break-even breeders .  

, 

i 
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