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PREFACE 

Most studies of uranium use in nuclear build-up strategies 
consider early build-up of light-water reactors (LWR). Then, 
the plutonium produced in them is used to fuel fast breeder 
reactors (FBR). This method has been described as the "classi- 
cal" reactor strategy. 

LWR1s are not resource-efficient reactors. Strategies 
which substitute reactors of higher fissile-material "conversion" 
for them are known to require less uranium. However, most 
qualitative studies incorporating high-conversion reactors still 
begin with a high deployment rate of LWR1s, and the improved 
resource-efficiency is not very noticeable. 

Some illustrative cases of the more efficient strategies 
became desirable, so as to make the presentation more general, 
in the chapter on nuclear power of the forthcoming IIASA book 
"Energy in a Finite ~or'ld". This working paper documents the 
material that was generated for that puprpose. 
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RESOURCE-EFFICIENT NUCLEAR SCENARIOS 

B . I .  Sp in r ad  

INTRODUCTION 

Most c l a s s i c a l  r e a c t o r  s t r a t e g i e s  s t a r t  w i t h  l i g h t - w a t e r  
r e a c t o r s ,  m i lk ing  t h e  p lu tonium from them t o  f u e l  b r e e d e r s .  
From t h e  p o i n t  o f  view of  r e s o u r c e  c o n s e r v a t i o n  t h i s  i s  a  poor  
s t r a t e g y .  L W R f s  do  n o t  produce  a s  much p lu ton ium a s  r e a c t o r s  
o f  h i g h e r  conve r s ion ,  p e r  u n i t  u s e f u l  power gene ra t ed .  Advanced 
c o n v e r t e r s ,  such  a s  HWR1s o r  G C R f s ,  cou ld  produce  more. But 
t h e  b e s t  c o n v e r t e r s  o f  2 3 5 ~  t o  p lu tonium a r e  t h o s e  which, when 
f u e l e d  w i t h  p lu tonium,  a r e  themse lves  b r e e d e r s .  

S e v e r a l  r e a c t o r  s t r a t e g i e s  have been worked o u t .  W e  u s e  
f o r  comparison s t r a t e g i e s  e x h i b i t e d  and computed by Pe r ry  and 
Nakicenovic (19  . There  r e s u l t s  a r e  summarized i n  Tab l e  1 .  
I n  a l l  c a s e s ,  t h e  r e s u l t s  a r e  i n  t e r m s  o f  a  t o t a l  i n s t a l l e d  
c a p a c i t y  o f  10 TWe n u c l e a r  by 2030, t h e  c u r v e  o f  c a p a c i t y  v s .  
t i m e  be ing  g i v e n  i n  F i g u r e  1 a s  t h e  c u r v e  l a b e l e d  "Per ry" .  

I n  t h e  work p r e s e n t e d  h e r e ,  even more r e s o u r c e - e f f i c i e n t  
s t r a t e g i e s  t h a n  t h e  b e s t  g i v e n  i n  Tab l e  1  a r e  worked o u t .  I t  
is  seen  t h a t  t h e r e  a r e  c o n s i d e r a b l e  improvements a v a i l a b l e .  
The key f e a t u r e  i s  e a r l y  s u b s t i t u t i o n  of  r e s o u r c e - e f f i c i e n t  
c o n v e r t e r  and b r e e d e r  r e a c t o r s  f o r  less r e s o u r c e - e f f i c i e n t  ones .  

AN ALL-BREEDER STRATEGY 

I n  o r d e r  t o  f i n d  t h e  m o r e  r e a l i s t i c  r a n g e  of uranium de- 
mands t o  r e a c h  a  b r e e d e r  economy, I have looked  a t  lower  l i m i t s  
o b t a i n e d  when one  b u i l d s  t h e  sys tem u s i n g  o n l y  b r e e d e r s ,  b u t  
f u e l i n g  them a s  n e c e s s a r y  w i t h  2 3 5 ~  u n t i l  t h e r e  i s  enough 
plutonium t o  have  t h e  r e q u i r e d  endowment. The b r e e d e r  sys tem 
is  c h a r a c t e r i z e d  by t h e  pa r ame te r s  o f  Tab l e  2. 



Table  1 .  Uranium re sou rce  requi rements  f o r  r e a c t o r  s t r a t e g i e s  
(from Pe r ry  and Nakicenovic (19 1 ) .  

General  Condi t ions :  Reac tors  i n s t a l l e d  according t o  "Perry"  
t r a j e c t o r y  of  F i g u r e .  1 

A l l  r e a c t o r s  a t  c a p a c i t y  of  0.7 
Conversion r a t i o  o f  LWR, s l i g h t l y  en r i ched  

uranium: 0.6 
Breeding r a t i o  of  FBR, plutonium f u e l :  1.3 

C a s e  - C h a r a c t e r i z a t i o n  Uranium needed t o  r each  s t e a d y  
s ta. t e  

1 Classical s t r a t e g y  15 x 1 0 6 t  (me t r i c )  
2 Conver ter-breeder  17 x 1 0 6 ( a )  

15 x 1 0 6 ( b )  

S p e c i a l  Condi t ions  and Comments: 

C a s e  1 Enr ichment - ta i l s  a s s a y  was 0.15% 2 3 5 ~ .  FBR in-  
s t a l l e d  whenever enough plutonium became a v a i l a b l e .  
LWR i n s t a l l e d  and r e t i r e d  t o  make up t h e  rest  of 
t h e  r e q u i r e d  t r a j e c t o r y .  60% of  i n s t a l l e d  c a p a c i t y  
was FBR by 2030. 

Case 2 FBR i n s t a l l e d  more g radua l ly ,  reach ing  40% of  t o t a l  
c a p a c i t y  by 2030. LWR's r ep l aced  o r  augmented by 
advanced c o n v e r t e r s  on 2 3 3 ~ - ~ h o r i ~ m  c y c l e ,  u s ing  
2 3 3 ~  made i n  FBR's a f t e r  plutonium needs a r e  satis- 
f i e d .  2 3 3 ~ - ~ h  r e a c t o r  convers ion  r a t i o  i s  0.9. 

( a  1 With enrichment t a i l s  a s say  of  0 .15%,as  a l s o  assumed 
f o r  Case 1 

(b1 Enrichment t a i l s  a s s a y  of  0.10% 





Table 2. Characteristics of a model breeder reactor. 

Reactor loading: 16 metric tonnes (core) heavy metals 

Critical concentration: 16 w/o Pu, 20 w/o 2 3 5 ~ ,  or any linear 
combination thereof 

PU/~~'U fission cross-section ratio: 1.25 

Fraction of fissions in 2 3 8 ~ :  10% 

Reactor Power: 2,500 MW (thermal) or 1,000 MWe 

Capacity factor: 0.7 

2 3 5 ~  or PU atoms destroyed/atom fissioned: 1.2 

Time in core: 1 year 

Fuel cycle turn around time, out of core: 1 year 

Reactor burnup after 1 year: 4.2% of oringinal heavy metal 

Breeding Ration, 2 3 9 ~ ~ ,  net: 1.2 

Conversion Ratio 2 3 5 ~  to 2 3 9 ~ ~ 1  net: 0.85 

Douhling time of Pu breeder: 35 years (simple) 
25 years (compound) 

Recycle characteristics: 
Per kg of 2 3 5 ~  loaded, there become availabJe, two years 
later, 0.7732 kg of 2 3 5 ~  

0.196 kg of fissile Pu 

Per kg of 2 3 9 ~ ~  loaded, there becomes available, two years 
later, 1.856875 kg of fissile Pu. 



The computations have been performed under the assumption 
that all breeder reactors can be loaded either with 2 3 5 ~  or 
2 3 9 ~ ~ .  We load as many of them with 2 3 9 ~ ~  as can be accornrno- 
dated from the available lutonium. The rest we load with 
2 3 5 ~ .  Those loaded with '"U accept, first, recycled 2 3 5 ~ ,  
and second, as much new 20% enriched uranium is needed for the 
deployment schedule. We assume that reenrichment of the 
recycled uranium, from 15.5% back up to 20%, is accomplished 
with insignificant 2 3 5 ~  loss; or, in other words, that the 
"capture" without fission of 2 3 5 ~  has been estimated con- 
servatively enough to accommodate these losses. 

If more 2 3 5 ~  comes available than is needed, it is simply 
returned to stockpile. Ultimately, there will be no need for 
any 2 3 5 ~  reactors. At this point, more Pu comes available than 
is needed, and it, too, is stockpiled. 

Limiting Case 

A limiting case can be computed as follows. Suppose we 
are to supply 10,000 GWe with breeders. The buildup is so 
rapid that we recycle no Pu by the time the build-up is com- 
pleted. How much uranium is needed? 

To build up this system, we have no choice but to supply 
each reactor with a two-years su ply of 20% enriched uranium. 
Per GW, this is 3.2 tonnes of or 15 tonnes of 20% en- 
riched uranium per year, so that 32 tonnes of 20% enriched 
uranium is the required two-year supply. 

At an enriched tails assay of 0.15%, it takes 1,131 tonnes 
of natural uranium to supply 32 tonnes of 20% product. Or, 
then, 

10 TWe requires 11.31 x lo6 tonnes of natural uranium. 

We shall see that this is an upper limit. In fact, steady 
state rec cle of this system ultimately returns out one-fifth 
of the 23'U to stockpile, SO that the net requirement is under 
10 million tonnes. 

Steady Buildup Case 

For a more realistic case, a breeder economy was built up 
along a trajectory. The trajectory was synthetic, but adjusted 
so that the buildup period was about 30 years, the system 
reached 10,000 GWe in year 30, was growing at the rate of about 
1% at that time, and reached its maximum installation rate in 
the 20th year. This trajectory is compared with A.W. Perry's 
"Reference Trajectory" for nuclear power between 2000 and 2030, 
in Figure 1. The Perry trajectory is always above the breeder 
trajectory. The difference is a maximum around the year 2000, 
when 1,600 GWe of LWR may be assumed to be in operation. 



F i g u r e  2 shows t h e  r e s u l t s  of  t h e  c a l c u l a t i o n  of 2 3 5 ~ -  

2 3 9 ~ ~  b reeder  r a t i o .  The 2 3 5 ~  b r eede r s  dominate t h e  p i c t u r e  
f o r  t h e  f i r s t  f i f t e e n  y e a r s .  T h e r e a f t e r ,  most o f  t h e  b reede r s  
a r e  f u e l e d  w i t h  plutonium. A maximum of 2,600 GWe o f  2 3 5 ~  

b r eede r s  are reached i n  2022-2023, and by 2034 none a r e  needed. 

F igu re  3 shows t h e  cumulat ive  consumption (commitment) o f  
2 3 5 ~  and of n a t u r a l  uranium f o r  t h e  breeder  system. The peak 
i n  commitment i s  reached i n  2020, a f t e r  which uranium i s  re- 
tu rned  t o  s t o c k p i l e  u n t i l  2035. 

Table  3 p r e s e n t s  t h e  peak uranium demand and n e t  balance-  
s h e e t  a t  t h e  beginning of t h e  y e a r  2 0 3 5 , a f t e r  a l l  t h e  m a t e r i a l  
r e q u i r e d  t o  r each  s t eady  s ta te  has  been i n v e s t e d  and a l l o c a t e d .  

The e x i s t e n c e  o f  a 2 3 5 ~  requirement  w-hich, a t  peak, i s  
a lmos t  18% h i g h e r  t h a n  t h e  n e t  investment  needed i n d i c a t e s  t h a t  
t h e  t r a j e c t o r y  d i d  n o t  make optimum u s e  of t h e  uranium. I n  an  
optimum t r a j e c t o r y ,  t h e  uranium would n o t  show a peak r e q u i r e -  
ment, b u t  r a t h e r  approach a n  asympto t ic  requirement .  The n e t  
va lue  o f  40, 000 tonnes  o f  2 3 5 ~  i s  a zero-order  e s t i m a t e  o f  
t h a t  asympto t ic  requirement . '  

V a r i a n t s  o f  Steady Buildup 

To i t e r a t e ,  no 2 3 5 ~  was SUP l i e d  a f t e r  t h e  y e a r  2023. Up 
t o  t h a t  p o i n t ,  40,540 tonnes  o f  P 3 5 U  ob t a ined  from 7,166,000 
tonnes  w e r e  committed, and t h e r e  w e r e  7,734 GW of b reede r s ,  
2,594 GW be ing  f u e l e d  w i t h  2 3 5 ~  and 5,140 GW f u e l e d  w i t h  2 3 9 ~ ~ .  

I t  was al lowed t o  grow on t h e  f u e l  from i t s  own r e c y c l i n g  and 
b reed in  a f t e r  t hab ,  I t  reached 10 TWe i n  2035, w i th  cons ider -  
a b l e  ' 39U (2,740 tonnes  o f  2 3 5 ~ )  s t i l l  a v a i l a b l e  f o r  r e t u r n  t o  
s t o c k p i l e .  

A s  ano the r  a l t e r n a t i v e ,  a  minor amount o f  coupl ing  w i t h  Pu 
produced i n  LWR's  was permi t ted .  The t a r g e t  t r a j e c o t r y  of t h i s  
paper was mainta ined by supply ing  plutonium from LWR1s a f t e r  
2021. By 2029, no e x t r a  plutonium was r e q u i r e d  and t h e  system 
had 3,990 tonnes  of  2 3 5 ~  t o  r e t u r n .  The t o t a l  amount o f  p lu to -  
nium could  be  r ep l aced  by 6,584 tonnes  of 2 3 5 ~  i n  LWR1s. 

Table  4 g i v e s  t h e  ba l ance  s h e e t  o f  t h e s e  a l t e r n a t i v e  
schemes. 

One f i n a l  computation must be  recorded.  The d i f f e r e n c e  
between t h e  sample t r a j e c t o r y  of t h i s  paper  and t h e  r e f e r e n c e  
t r a j e c t o r y  o f  Per ry ,  noted i n  F igu re  1 ,  is  assumed t o  be  f i l l e d  
w i t h  LWR1s, o p e r a t i n g  .on t o t a l  r e c y c l e .  A c rude  e s t i m a t e  of 
t h e  r e q u i r e d  LWR energy is  50,000 GWe-years of o p e r a t i o n .  On 
t o t a l  r e c y c l e ,  each GWe-year consumes about  83 tonnes  o f  
n a t u r a l  uranium; s o  t h e  50,000 GWe-yea'rs o f  LWR consume about  
4.15 x 106 tonnes  of n a t u r a l  uranium. Th i s  i s  t o  be  c o n t r a s t e d  
w i t h  t h e  b reede r s ,  which produced 140,000 GWe-years o f  e l e c -  
t r i c i t y  d u r i n g  t h e  bu i ldup  pe r iod  a t  an  investment  of  6-8 x l o 6  
tonnes  of n a t u r a l  uranium. 



2020 
Year 

F i g u r e  2. Breeder  t r a j e c t o r i e s ,  by f u e l  t y p e  

2020 
Year 

F i g u r e  3 .  Resource  r e q u i r e m e n t s  f o r  b r e e d e r  t r a j e c t o r y  



Table 3. Resource investment and distribution in a 10 TWe 
breeder economy. 

Total 'U requirement 47,505 to. (peak, 2029) 
40,345 to (net, 2035) 

Natural uranium invested* 8,400,000 to (peak, 2029) 
7,130,000 to (net, 2035) 

* @  0.15% enrichment-plant tails assay 

Table 4. Resource investments in alternative routes to a 
10 TWe breeder economy. 

(a) Delayed approach 

Breeders in 2030 8,777 GWe 
2035 10,360 GWe 

Resource investment, 2 3 5 ~  ' 40,540 to 
37,800 to 

Resource investment, 7,166,000 to 
natural uranium* 6,682,000 to 

(b) Late Pu investment from LWR's 

'U investment 

Pu investment 
Equivalent LWR 2 3 5 ~  

Total equivalent 2 3 s U  43,120 to 

investment 39,025 to 

Natural uranium 
investment* 

2 3 su (Gross) 
2  3 5 U  (Net 

(Gross) 
(Net) 

(Gross) 
(Net) 

(Gross) 
(Net) 

(Gross) 
(Net) 

- - - - 

*@ 0.15% enrichment-plant tails assay. 



Taking t h e  r e s u l t s  of  Table  4 a s  s e m i q u a n t i t a t i v e ,  w e  can  
t h e n  e s t i m a t e  t h a t  6.65-7.65 m i l l i o n  tonnes  o f  n a t u r a l  uranium are 
needed t o  e s t a b l i s h  an a l l  b r eede r  economy, i f  w e  c o n c e n t r a t e  a l l  
c o n s t r u c t i o n  e f f o r t s  on b r e e d e r s  a f t e r  2000. The breakdown of 
t o t a l  uranium r equ i r emen t s ,  i n c l u d i n g  t h e  uranium f o r  LSJR1s, is  
g iven  i n  Tab le  5.  The amount needed i s  11 -1 2  m i l l i o n  t onnes .  

Table  5.  Resource inves tment  and energy gene ra t ed  i n  a l t e r n a t i v e  
r o u t e s  t o  a  30 TWe b reede r  economy. 

Na tu ra l  uranium, L E I S ,  1970-2030 4,150,000 t o  

N a t u r a l  uranium, FBR1s, 2000-2030 6,650,000-7,650,000 t o  

T o t a l  10,800,000-11,800,000 t o  

Energy, LWR s 50,000 GWe-years 

FBR1s 140,000 GWe-years 

Comments on All-Breeder S t r a t e g i e s  

One cou ld  r u n  e n d l e s s  cases i n  which t r a j e c t o r i e s  and system 
paramete rs  w e r e  v a r i e d ,  and cases w i t h  q u i t e  low uranium r e s o u r c e  
requ i rements  cou ld  undoubtedly  be i d e n t i f i e d .  From what ha s  been 
e x h i b i t e d  s o  f a r ,  however, w e  can i n f e r  t h a t  e a r l y ,  b u t  o r d e r l y  
b u i l d u p  o f  b r e e d e r s  makes g r e a t  p r o g r e s s  i n  conse rv ing  uranium. 
F u r t h e r ,  w e  have a lways  been aware t h a t  v e r y  g r e a t  s t r i d e s  i n  
uranium c o n s e r v a t i o n  a r e  a v a i l a b l e  by i n v e s t i n g  plutonium i n  
breeders--and t h e  soone r ,  t h e  b e t t e r .  F i n a l l y ,  t h e  t i m e  ove r  
which t h e  b r e e d e r  b u i l d u p  o c c u r s  can be  impor t an t :  i f  t h e  b u i l d -  
up pe r iod  is  f o r c e d  t o  be s h o r t  r e l a t i v e  t o  t h e  doub l ing  t i m e  o f  
t h e  b r e e d e r s ,  t h e n  n o t  enough o p p o r t u n i t y  i s  t aken  of  t h e  a b i l i t y  
o f  a  b r e e d e r  sys tem t o  manufacture  t h e  f u e l  supp ly  f o r  i t s  own 
expansion.  

A MULTIPURPOSE STRATEGY 

Breeders  are n o t  an end u n t o  themse lves .  They a r e  a  v i t a l  
component o f  any n u c l e a r  s t r a t e g y ,  s i n c e  t h e y  make it p o s s i b l e  
t o  b u i l d  up an energy  supply  system which, a f t e r  t h e  r e q u i r e d  
inves tment  o f  uranium, can  endure  f o r  an  ex t remely  l ong  t i m e  
w i t h  o n l y  t r i v i a l  r e s o u r c e  requ i rements .  They a l s o  produce t h e i r  
energy  a t  h igh  enough t empera tu r e s  t o  be  e f f i c i e n t  c o n v e r t e r s  o f  
h e a t  t o  f i n a l  energy  forms,  such a s  e l e c t r i c i t y ,  hydrogen, o r  
o t h e r  chemicals .  However, t h e y  a r e  c u r r e n t l y  more c a p i t a l - i n t e n -  
s i v e  t h a n  o t h e r  r e a c t o r  t y p e s ,  and t h e i r  economy is  more depen- 
d e n t  on economies o f  s c a l e  t h a n  i s  t h e  case with--say--LWR1s. 
F u r t h e r ,  H T R 1 s  promise  even h i g h e r  t he rma l  conve r s ion  e f f i c i e n -  
cies t h a n  b r eede r s .  The upsho t  o f  t h e s e  c o n s i d e r a t i o n s  i s  t h a t  
a n u c l e a r  s c e n a r i o  must  con templa te  a  v a r i e t y . , , o f  r e a c t o r  t y p e s  
o p e r a t i n g  s imu l t aneous ly .  



There i s  no way of p r o j e c t i n g  r e l i a b l y  what t h e  m i x  might 
be. It c l e a r l y  must i nc lude  enough breeders  s o  t h a t  no i n p u t s  
of uranium a r e  r e q u i r e d  once t h e  system e q u i l i b r i a t e s .  It should 
a l s o  inc lude  H T R ' s ,  because of t h e i r  p o t e n t i a l  f o r  being u s e f u l  
i n  chemical processes ,  t h e i r  r e l a t i v e l y  high convers ion when 
opera ted  on a 2 3 3 ~ - ~ h  c y c l e ,  and t h e i r  g r e a t e r  l i k e l i h o o d  of 
being acceptab le  a t  sites chosen f o r  convenience of a p p l i c a t i o n .  
It could inc lude  LWR's ,  which s e e m  now t o  be developable  a s  d i s -  
persed community o r  d i s t r i c t  energy sources;  LWR1s w i l l  probably 
always have t h e  lowest  c a p i t a l  c o s t s  of any nuc lea r  system, and 
a r e  t h e  b e s t  known r e a c t o r s .  F i n a l l y ,  it could inc lude  "pure 
burners":  r e a c t o r s  which have e s s e n t i a l l y  no f u e l  convers ion a t  
a l l ,  f o r  which t h e  e x t r a  des ign  freedom thereby allowed makes it 
e a s i e r  t o  provide r e l i a b l e  energy sources  f o r  shipboard,  under- 
s ea ,  space and o t h e r  s p e c i a l i z e d  a p p l i c a t i o n s .  

Such a mix i s  explored i n  what fol lows.  Reactor cha rac te r -  
i s t ics  f o r  each t y p e  a r e  g iven  i n  Table 6 .  The breeder  p r o p e r t i e s  
a r e  s l i g h t l y  d i f f e r e n t  from t h o s e  presented i n  Table 2; t h e  d i f -  
f e rence  i s  a h igher  f u e l  burnup, and t h i s  i s  considered t o  be 
more r e a l i s t i c .  The enrichment p l a n t  t a i l s  a s say  has  been drop- 
ped t o  0.1% 2 3 5 ~ ,  SO a s  t o  make t h e  r e s u l t s  comparable t o  t h e  
b e s t  case  of Nakicenovic and Per ry .  

The r e a c t o r  m i x  chosen a s  a t a r g e t  by 2030 was: 5% pure 
burners ,  10% LWR's,  50% H T R ' s ,  35% breeders .   his m i x  has  been 
ad jus t ed  s o  t h a t  it breeds  very  s l i g h t l y  when t h e  H T R ' s  and LwR's  
a r e  fue led  w i t h  2 3 3 ~  . The o v e r a l l  system breeding g a i n  under 
t h e s e  cond i t ions  i s  1.009, u s ing  beginning-of - l i fe  convers ion f o r  
each s e c t o r .  I t  was hoped t h a t  t h e  'U i n  t h e  t a i l s  uranium 
used t o  d i l u t e  2 3 3 ~ - f u e l e d  LWR's  would g i v e  a " f r e e  bonus" t o  
t h e  system t o  compensate f o r  l o s s e s  of conversion and breeding 
under average burnup c o n d i t i o n s ,  and t h i s  seemed t o  be t h e  case .  
However, t h e  exac t  balance is only  s i g n i f i c a n t  a f t e r  a very  long 
t h e ,  and r e q u i r e s  only adjustments  between b reede r s  and H T R ' s .  

F igure  4 shows t h e  a r b i t r a r i l y  chosen t r a j e c t o r i e s  of  r e a c t o r  
bui ldups which w e r e  used. These t r a j e c t o r i e s  a r e  a l l  r a t h e r  re- 
laxed,  except  f o r  t h e  HTGR. Maximum LWR i n s t a l l a t i o n  r a t e  i s  
40 GWe/yr between 1988 and 1991, a number which i s  w e l l  w i th in  
t h e  c a p a b i l i t y  of  t h e  e x i s t i n g  supply indus t ry ,  a l though many 
cons ider  it an u n l i k e l y  e v e n t u a l i t y .  FBR i n s t a l l a t i o n  r a t e  peaks 
a t  190 GWe/yr i n  2019, a number which is  considered achievable  
i f  nuc lea r  power has  been accepted and s tandard ized  by 2000. 
H T G R ' s ,  however, would r e q u i r e  s t i m u l a t i o n  i n  o r d e r  t o  achieve  
400 GWe by 2000 and a peak i n s t a l l a t i o n  r a t e  of 200 GWe/yr by 
201 1. 

F igure  4 a l s o  shows t h e  uranium investment curve f o r  t h i s  
mix. I t  appeared t o  have l e v e l e d  o f f  by 2035, and t h e  curve 
t h e r e a f t e r  i s  j u s t  sketched i n .  However, a s  noted,  t h e r e  is  a 
p o s s i b i l i t y  t h a t  t h e r e  i s  a cont inued,  very smal l ,  annual re- 
quirement f o r  uranium, which was l o s t  i n  t h e  roundoff of  t h e  da ta .  
Of t h e  12.5 m i l l i o n  tonnes of  uranium requ i red  t o  achieve t h i s  
approximate s t eady  s t a t e ,  approximately 1,000,000 w e r e  r equ i red  
by t h e  burners ,  4,000,000 b y . t h e  LWR1s,  6,000,000 by t h e  H T R ' s ,  



T a b l e  6. C h a r a c t e r i s t i c s  of r e a c t o r s  i n  t h e  m u l t i p u r p o s e  
s t r a t e g y . "  

A. F a s t  Breeder R e a c t o r  

Core l o a d i n g :  16 t o n n e s  heav  metal 
Core  c o n c e n t r a t i o n :  16  w/o 2 ' 5 P ~  o r  20 w/o  2 3 5u  

2 3 8 ~  f i s s i o n  f r a c t i o n :  10% 
Heat t o  e l e c t r i c i t y ,  c o n v e r s i o n  e f f i c i e n c y :  0 .4 
Thermal power: 2500 MW 
C a p a c i t y  f a c t o r :  0.7 
T i m e  i n  c o r e :  1  1/2 y e a r s  
T i m e  c u t  o f  c o r e :  1  y e a r  
Average burnup:  6 .3% o f  c o r e  heavy metal a t  d i s c h a r g e  
a25 = a49 = 0 .2  
BR, n e t :  1 .25  w i t h  2 3 9 ~ ~  f u e l ,  0.95 w i t h  2 3 5 ~  f u e l  

C y c l e  P r o p e r t i e s - - m a t e r i a l  r e c o v e r e d  
2 1/2 y e a r s  a f t e r  l o a d i n g :  

- For  2 3 9 ~ ~  f u e l ,  1.10664 kg o f  2 3 9 ~ ~  or  2 3 3 ~ / k g  o f  
'PU l o a d e d  

- F o r  2 3 5 ~  f u e l ,  0.6598 kg o f  2 3 5 ~  + 0.32319 kg o f  
2 3 g ~ ~ / k g  o f  2 3 5 ~  l o a d e d  

1.40757 t o  2 3 5 ~  + 0.68947 t o  2 3 9 ~ ~ /  

GWe f u e l e d  
* 

B. High Tempera tu re  R e a c t o r  

Core  l o a d i n q :  3.6 t o n n e s  2 3 3 ~  or 40 t o n n e s  2 3 5 ~  

Burnup, f i s s i o n s  p e r  i n i t i a l  f i s s i l e  atom: 1 .0  f o r  2 3 3 ~  c o r e s  
0.9 f o r  2 3 5 ~  c o r e s  

H e a t - t o - e l e c t r i c i t y ,  c o n v e r s i o n  e f f i c i e n c y :  0 .4 
Thermal power: 2500 MW 
C a p a c i t y  f a c t o r :  0.7 
Time i n  core: 5.36 y e a r s  
Time o u t  o f  c o r e :  2.14 y e a r s  
a 2 5  = 0.18 
a 2 3  = 0.09 
C r ,  n e t :  0.9 w i t h  2 3 3 ~  f u e l ,  0.68 w i t h  2 3 5 ~  f u e l  
Annual reloads/GWe: 0.7463 t o  2 3 5 ~  o r  0.6716 t o  2 3 3 ~  

C y c l e  P r o p e r t i e s - - m a t e r i a l  r e c o v e r e d  
7 1/2 years a f te r  l o a d i n q :  

- F o r  2 3 3 ~  f u e l ,  3.208 kg 2 3 3 ~ / k g  2 3  3~ l o a d e d  
0.5985 to  2 3 3 ~ / ~ ~ e  f u e l e d  

- F o r  2 3 5 ~  f u e l ,  0.469 kg  2 3 5 ~  + 0.312 kg 2 3 3 ~ / k g  2 3 5u  

l o a d e d  

0.3507 t o  2 3  + 0.2328 t o  2 3 3 ~ / ~ ~ e  f u e l e d  



Table  6. C h a r a c t e r i s t i c s  of r e a c t o r s  i n  t h e  mu l t i pu rpose  
s t r a t e g y  ( c o n t  Id) 

C. L igh t  Water Reactor  

Core load ing :  110 tonnes  heavy metal/GWe 
Core enrichment:  3 w/o 2 3 S U  

H e a t - t o - e l e c t r i c i t y  convers ion  e f f i c i e n c y :  0.31 
Capac i ty  f a c t o r :  0.45 
Natu ra l  uranium f o r  c o r e  inven tory :  522 t onnes  
Burnup: 3% of  heavy me ta l  
T i m e  i n  co re :  5.97 y e a r s  
T i m e  o u t  o f  co re :  1.53 y e a r s  
a 2 '  = 0.2; a 2 3  = 0.09 
CR ( n e t ) :  0.5 ( 2 3 5 ~  c y c l e ) ,  0.8 ( a 3 3 ~  c y c l e )  
Feed requ i rements :  18.42 t o  3% m a t e r i a l ,  from 87.38 t o  

n a t u r a l  U ,  p e r  GWe-year; o r  0.5342 t o  
2 3 3 ~ ,  blended wi th  t a i l s  uranium, p e r  
GWe-year 

Cycle P rope r t i e s - -ma te r i a l  recovered 
7 1/2 y e a r s  a f t e r  l o a d i n g  

- For 2 3 5 ~  f u e l ,  18.42 t o  n a t u r a l  U + 0.1476 t o  2 3 9 ~ ~ /  

GWe f u e l e d  

- For  2 3 3 ~  f u e l ,  0.2445 kg 2 3 3 ~  + 0.3158 kg 2 3 9 ~ ~ / k g  
3~ loaded - 

D. Pure  Burners  

Core load ing :  5 t onnes  f i s s i l e / G ~ e  
Capac i ty  f a c t o r :  0.333 
Burnup: 40% of  f i s s i l e  atoms 
H e a t - t o - e l e c t r i c i t y  convers ion  e f f i c i e n c y :  0.31 
T o t a l  c y c l e  t ime  ( i n  and o u t  of c o r e ) :  6.5 y e a r s  
Annual feed :  1.031 t onnes  f issi le/GWe 
Recovered a f t e r  6.5 years :  0.536 t onnes  f issi le/GWe 

*Wherever t h e  u n i t  GWe i s  used,  it is  a  u n i t  o f  c a p a c i t y .  For 
e l e c t r i c a l  energy g e n e r a t i o n  i n  GWa, m u l t i p l y  by c a p a c i t y  f a c t o r .  
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and 1,500,000 by t h e  breeders .  Howeyer, t h i s  i s  n o t  f a i r  t o  t h e  
LWR1s i n  p a r t i c u l a r ,  a s  t hey  w e r e  assumed t o  o p e r a t e  i n  a uranium- 
r e c y c l e  mode, feed ing  plutonium t o  t h e  b reede r s ;  perhaps a s  much 
as 1,500,000 t o n e s  of  uranium f o r  t h e  LWR's could have been saved 
by Pu r e c y c l e ,  and t h i s  q u a n t i t y  should t h e r e f o r e  be charged 
a g a i n s t  t h e  breeder  account .  

Indeed, t h e  mode of f u e l i n g  w a s  complex. The bu rne r s  and 
LWR1s w e r e  f u e l e d  wi th  (h igh ly  f o r  bu rne r s ,  s l i g h t l y  f o r  LWR's )  
enr iched  uranium u n t i l  2026. The LWRdproduced plutomium w a s  f ed  
t o  t h e  breeders .  The b reede r s  were f u e l e d  wi th  t h i s  plutonium 
u n t i l  2005, by which t ime t h e  c o n s t r u c t i o n  rate of b reede r s  out-  
s t r i p p e d  a v a i l a b l e  plutonium, and some b reede r s  f u e l e d  wi th  en- 
r iched 2 3 5 ~  became necessary .  Plutonium supply began ca t ch ing  
u wi th  demand by 2021, and from t h e r e  t o  2028 it rep laced  t h e  
2 P 5 U  t h a t  e x i s t e d  i n  t h e  breeder  c y c l e .  This  2 3  'u, as it became 
a v a i l a b l e ,  was f e d  back t o  t h e  bu rne r s ,  wi th  a s m a l l  q u a n t i t y  
a l s o  going t o  LWR1s .  A f t e r  2028, t h e  b reede r s  became e n t i r e l y  
se l f - suppor t ing  on plutonium, and became n e t  2 3 3 ~  producers .  
Meanwhile, t h e  H T R ' s  were being f u e l e d  wi th  enr iched  uranium 
and t h e i ~  own recyc led  2 3 3 ~  . Only i n  2028, d i d  t h e  supply of 
2 3 3 ~  s t a r t  also coming from t h e  breeders .  A t  t h i s  p o i n t ,  t h e r e  
w a s  more 2 3 3 ~  than  t h e  H T R 1 s  needed, and some o f  t h e  2 3 5 ~  i n  t h e  
HTR system began t o  move i n t o  LWR's .  The system w a s  followed i n  
d e t a i l  on ly  o u t  t o  2033, a t  which p o i n t  it appeared t o  be a n e t  
producer,  bu t  had n o t  y e t  reached s t eady  state. 

L e s s o n s f r o m  t h e  Mult ipurpose S t r a t e g y  

The mult ipurpose s t r a t e g y  ends up about  where t h e  Nakicenovic- 
Per ry  conver te r -breeder  s t r a t e g y  does:  35% breede r s  vs .  40% 
b reede r s  i n  t h e i r  case. I t  seems t o  r e q u i r e  l e s s  commitment of 
uranium: 12.5 m i l l i o n  tonnes  v s .  15 m i l l i o n  i n  t h e i r  case. I t  
a l s o  accommodates some r e a c t o r s  which are n o t  f u e l - e f f i c i e n t :  
t h e  LWR's, and p a r t i c u l a r l y ,  t h e  pure  burners .  How can t h i s  be? 

The answer seems t o  be twofold.  F i r s t  o f  a l l ,  t h e  L W R ' s  
and bu rne r s  were assumed t o  run  a t  l o w  c a p a c i t y  f a c t o r s ;  t h e r e  
i s  less of them than  t h e  g igawa t t s  o f  c a p a c i t y  show. But more 
important ,  as compared w i t h  t h e  Perry-Nakicenovic conver ter-breeder  
s t r a t e g y ,  t h e  l e s s  f u e l - e f f i c i e n t  r e a c t o r s  a r e  in t roduced  l a t e r ,  
and fewer of them are deployed. The concen t r a t ion  o n b u i l d i n g  
f u e l - e f f i c i e n t  reactors--HTR1s and FBR1s--early s e e m s t o  have 
pa id  o f f  . 

CONCLUSIONS 

A number of d i f f e r e n t  r e a c t o r  s t r a t e g i e s  f o r  a bui ldup  t o  
10 TWe have been examined. They i l l u s t r a t e  p r i n c i p l e s  which a r e  
g e n e r a l l y  known, b u t  have n o t  been explored ve ry  thoroughly be- 
f o r e .  These a r e :  

- Other t h i n g s  be ing  equa l ,  it always pays t o  b u i l d  b reede r s  
r a t h e r  than  o t h e r  r e a c t o r s ,  i f  t h e  c r i t e r i o n  i s  t o  minimize 
uranium usage. 



- The b e t t e r  a  b r eede r  sy s t em ' s  pe r iod  o f  r a p i d  growth i s  
matched t o  i t s  doubl ing  t ime,  t h e  less uranium i s  needed. 

- Advanced c o n v e r t e r s ,  of h igh  convers ion  r a t i o ,  pe rmi t  
a s y n e r g i s t i c  b reeder -conver te r  system t h a t  r e q u i r e s  no 
e x t e r n a l  f u e l  ( f i s s i l e  m a t e r i a l )  once s t e a d y  s t a t e  i s  
reached;  t h e  b e t t e r  t h e  c o n v e r t e r ,  t h e  s m a l l e r  t h e  f r a c -  
t i o n  of  b r e e d e r s  t h a t  a r e  needed. 

- However, advanced c o n v e r t e r s  do n o t  much a f f e c t  t h e  
amount of  uranium needed t o  ach i eve  s t eady  s t a t e  u n l e s s  
t h e y  are b u i l t  up r e l a t i v e l y  e a r l y .  

- Otherwise ,  t h e  a l t e r n a t i v e  system, such a s  L W R ' s  o f  pre-  
s e n t  f u e l  de s ign ,  consume a  v e r y  c o n s i d e r a b l e  amount of  
uranium b e f o r e  t h e y  a r e  superseded.  

A mul t ipurpose  r e a c t o r  s t r a t e g y ,  based on e a r l y  bu i ldup  of  
b r eede r s  and high-convers ion H T R ' s ,  l i m i t e d  bu i ldup  of  LWR's ,  
and de layed  bu i ldup  of an  a p p r e c i a b l e  q u a n t i t y  of pure  burner  
r e a c t o r s ,  shows sav ings  i n  uranium requi rements  ove r  a  s t r a t e g y  
which beg ins  w i t h  a  h igh LWR deployment. I f  t h e  w o r l d ' s  s u p p l i e s  
of  uranium t u r n  o u t  t o  be l i m i t e d ,  e a r l y  deployment of  L W R t s  w i l l  
have been d e t r i m e n t a l  t o  t h e  f u r t h e r  development o f  t h e  n u c l e a r  
op t ion .  While improvement of  LWR f u e l  c y c l e s  i s  l i k e l y ,  and would 
m i t i g a t e  t h i s  d i s advan tage ,  e a r l y  development and deployment o f  
b o t h  advanced c o n v e r t e r s  and b r e e d e r s  would be  s t i l l  b e t t e r .  
And, i f  one must p l a n  f o r  t h e  cont ingency t h a t  c o n v e r t e r s  w i l l  
be  p r e f e r r e d  ove r  b r e e d e r s  i n  a  number of  s e t t i n g s ,  t hen  t h e  
e a r l y  development and deployment o f  advanced c o n v e r t e r s  becomes 
even more d e s i r a b l e .  
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