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AN EVALUATION OF PLUTONIUM USE I N  HIGH-TEMPERATURE GAS-COOLED REACTORS 

. 
Paul R ,  Kasten 
Leonard L.  Bennett 
W. E.  Thomas 

Abs t rac t 

High-temperature gas-cooled r e a c t o r s  (HTGRs) a r e  genera l  l y  
proposed f o r  o p e r a t i o n  on t h e  thor ium f u e l  c y c l e  u s i n g  h i g h l y  
enr iched 2 3 5 U  as i n i t i a l  and makeup f i s s i l e  f u e l ,  w i t h  r e c y c l e  
of  the  bred 2331J. 
technology a l s o  i n h e r e n t l y  develops t h e  a b i l i t y  t o  f a b r i c a t e  
p lu ton ium- fue led  HTGR f u e l  elements. Thus, l i g h t  water r e -  
a c t o r s  (LWRS) which produce p lu ton ium, f a s t  breeder r e a c t o r s  
(FBRs) producing excess p lu ton ium (or 2 3 3 U ) ,  and HTGRs can work 
together .  A systems a n a l y s i s  s tudy was t h e r e f o r e  performed t o  
h e l p  c l a r i f y  t h e  r o l e  t h a t  HTGRs might  p l a y  i n  u t i l i z i n g  p l u -  
tonium from l i g h t  water r e a c t o r s  i n  t h e  near f u t u r e  and f rom 
FBRs a t  t imes when p lu ton ium p r o d u c t i o n  exceeds breeder r e a c t o r  
requirements.  

However, development of  a f u e l  r e c y c l e  

These i n v e s t i g a t i o n s  considered c o m p e t i t i o n  between LWRs, 
FBRs, HTGRs, and f o s s i l  p l a n t  types w i t h  HTGRs u t i l i z i n g  e i t h e r  
2 3 5 U  o r  p l u t o n i u m  as t h e  makeup f u e l  ( t h e  i n i t i a l  f i s s i l e  f u e l  
was 2 3 5 U  f o r  bo th  cases) .  
s e p a r a t i v e  work p r i c e s ,  va lues o f  bred f i s s i l e  m a t e r i a l s ,  and 
changing c a p i t a l  c o s t s  w i t h  t ime were inc luded i n  t h e  c a l c u l a -  
t i o n s .  The b a s i c  t o o l  used i n  these s t u d i e s  was a l i n e a r  
programming o p t i m i z a t i o n  model o f  the  U.S. u t i l i t y  i n d u s t r y ,  
which determines t h e  optimum long- term expansion p l a n  o f  the  
i n d u s t r y  w i t h  minimum c o s t  as t h e  o b j e c t i v e  f u n c t i o n .  

The e f f e c t s  o f  r i s i n g  o r e  p r i c e s ,  

I n  summary, t h e  r e s u l t s  o f  t h i s  s tudy showed t h a t  ( 1 )  use 
o f  t h e  plutonium-makeup f u e l  c y c l e  p e r m i t s  HTGRs t o  have a much 
deeper p e n e t r a t i o n  o f  t h e  power market than use o f  t h e  2 3 5 U -  
makeup f u e l  c y c l e  a lone (1075 p l a n t s  vs 493);  (2) p lu ton ium- 
makeup HTGRs a r e  economical ly  p r e f e r r e d  over  p lu ton ium- fue led  
LCJRs over  t h e  p e r i o d  o f  t h i s  s tudy (1970-2015); (3) use o f  Pu- 
makeup HTGRs has no s i g n i f i c a n t  i n f l u e n c e  On t h e  i n t r o d u c t i o n  
and use o f  FURS;  (4)  as t h e  p r i c e  o f  uranium o r e  r i s e s  and t h e  
p r i c e  o f  p lu ton ium decreases, i t  w i l l  e v e n t u a l l y  be necessary 
f o r  HTGRs t o  opera te  w i t h  p lu ton ium as t h e  i n i t i a l  f i s s i l e  
f u e l  if they a r e  t o  compete w i t h  LWRs f u e l e d  w i t h  uranium t a i l s  
and p lu ton ium; and ( 4 )  i f  FBRs produce excess f i s s i l e  f u e l  i t  
appears economical ly  d e s i r a b l e  t h a t  such f u e l  be 233U f o r  use 
i n  HTGRs. 
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1. INTRODUCTION 

High- temperature gas-cooled r e a c t o r s  (HTGRs) a r e  genera l  l y  proposed 

f o r  o p e r a t i o n  on t h e  thor ium f u e l  c y c l e  u s i n g  h i g h l y  enr iched 2 3 5 U  as 

i n i t i a l  and makeup f i s s i l e  f u e l ,  w i t h  r e c y c l e  o f  t h e  bred 233U. How- 

ever,  development o f  a f u e l  r e c y c l e  technology a l s o  i n h e r e n t l y  develops 

t h e  a b i l i t y  t o  f a b r i c a t e  p lu ton ium- fue led  HTGR f u e l  elements, Thus, f a s t  

breeder r e a c t o r s  (FBRs)  producing excess p l u t o n i u m  ( o r  2331J) and HTGRs 

can work together ,  as i n d i c a t e d  i n  F i g .  1 .  

A t  t h e  present  t ime, HTGRs a r e  being o f f e r e d  commerc ia l ly  t o  u t i l i t i e s  

on t h e  b a s i s  o f  235U-thor ium f u e l i n g  and t h e  assurance o f  t h e  USAEC o f  

reasonable c o s t s  f o r  recover ing  t h e  bred 233U.  

p o r t i n g  HTGR f u e l  r e c y c l e  development whose purpose i s  t o  develop t h e  

technology r e q u i r e d  f o r  economical ly  r e c y c l i n g  bred f u e l  from HTGRs. T h i s  

technology would a l s o  p e r m i t  economic f a b r i c a t i o n  o f  p lu ton ium- fue led  

HTGR f u e l  elements. 

F u r t h e r ,  t h e  AEC i s  sup- 

L i g h t  water  r e a c t o r s  p r e s e n t l y  b u i l t  and under c o n s t r u c t i o n  w i l l  i n  

a few years p r o v i d e  l a r g e  q u a n t i t i e s  o f  p lu ton ium f o r  use e i t h e r  i n  

l i g h t  water  r e a c t o r s ,  HTGRs o r  i n  f a s t  breeder r e a c t o r s .  Whi le  i t  i s  

g e n e r a l l y  agreed t h a t  p lu ton ium i s  bes t  used i n  f a s t  breeder r e a c t o r s ,  t h e  

t i m e  o f  i n t r o d u c t i o n  o f  these r e a c t o r s  on a commercial b a s i s  i s  f a r  

enough away t h a t  r e c y c l e  o f  p lu ton ium i n  l i g h t  water  r e a c t o r s  or  i n  HTGRs 

i s  h i g h l y  probable.  The purpose o f  t h i s  s tudy i s  t o  h e l p  c l a r i f y  t h e  

r o l e  t h a t  HTGRs might  p l a y  i n  u t i l i z i n g  p lu ton ium f rom l i g h t  water r e a c t o r s  

i n  t h e  near f u t u r e  and f rom FBRs a t  t imes when p lu ton ium p r o d u c t i o n  exceeds 

breeder r e a c t o r  requirements.  Thus, i n v e s t i g a t i o n s  were performed o f  t h e  

compet i t iveness o f  t h e  HTGR i n  meet ing t h e  long- term i n d u s t r y  expansion 

needs, c o n s i d e r i n g  c o m p e t i t i o n  f rom o t h e r  nuc lear  and f o s s i l  p l a n t  types; 

i n  p a r t i c u l a r ,  t h e  i n f l u e n c e  o f  us ing  p lu ton ium as makeup f u e l  on t h a t  

compet i t i veness  was s tud ied .  E f f e c t s  o f  r i s i n g  o r e  p r i c e s ,  s e p a r a t i v e  

work p r i c e s ,  va lues  o f  bred f i s s i l e  m a t e r i a l s ,  changing c a p i t a l  c o s t s ,  

etc.,  were inc luded i n  t h e  c a l c u l a t i o n s .  Classes o f  power p l a n t s  i n  

c o m p e t i t i o n  w i t h  t h e  HTGR were assumed t o  be: f o s s i l  ( represented by 

c o a l - f  i r e d  p l a n t s ) ,  1 i g h t  water c o n v e r t e r s  ( represented by PWRs) and 

f a s t  breeders ( represented by LMFBRs).  Each o f  these c lasses  has o t h e r  

p l a n t  types, such as o i l - f i r e d ,  BWR, and GCFBR, A l though n o t  complete, 
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the  use o f  t h e  se lec ted  r e p r e s e n t a t i v e  types should p e r m i t  a r e a l i s t i c  

e v a l u a t i o n  o f  t h e  r e l a t i v e  economic c o m p e t i t i o n  faced by t h e  HTGR. 

The b a s i c  t o o l  used i n  these s t u d i e s  was a l i n e a r  programming 

o p t i m i z a t i o n  model of  t h e  U.S. u t i l i t y  i n d u s t r y ,  which determines t h e  

optimum long- term expansion p l a n  o f  t h e  i n d u s t r y .  Prev ious work w i t h  

s i m i l a r  models was c a r r i e d  o u t  i n  t h e  AEC Systems A n a l y s i s  Task Force 

Studies (SATF) i n  1967-1968, Resu l ts  f rom t h i s  p rev ious  work were r e -  

por ted  i n  USAEC Reports WASH-1 098 and WASH-1 126, 

The computer model c o n t a i n s  subrout ines  which p r o j e c t  c o s t s  o f  

f u e l  c y c l e  s e r v i c e s  (such as f u e l  p r e p a r a t i o n ,  f a b r i c a t i o n ,  process ing,  

sh ipp ing,  e t c . )  as a f u n c t i o n  o f  throughput  o f  f u e l  f rom each r e a c t o r  

type,  The d e s c r i p t i o n  o f  the  f u e l  c o s t  models i s  conta ined i n  USAEC 

Report  WASH-1099. Using c o s t  da ta  prepared by t h e  f u e l  c o s t  subrou- 

t i n e s ,  and r e a c t o r  mass balance data ( l a r g e l y  ob ta ined f rom prev ious  

t a s k  f o r c e  s t u d i e s ) ,  t h e  long- term o p t i m i z a t i o n  o f  p l a n t  s e l e c t i o n s  i s  

c a r r i e d  o u t  by a l i n e a r  programming model t h a t  was w r i t t e n  a t  ORNL,  

c l o s e l y  p a t t e r n e d  a f t e r  t h e  Systems A n a l y s i s  Task Force model w r i t t e n  

a t  PNL (now H E D L ) .  

ORSAC ( f o r  Oak Ridge Systems A n a l y s i s  Code), i s  presented i n  ORNL-TM- 

3223. 

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  ORNL code, c a l l e d  

2, GROUPID RULES AND STUDY DESCRIPTION 

Tab le  1 shows some o f  the  ground r u l e s  chosen f o r  t h i s  s tudy,  The 

p e r i o d  covered i n  t h e  c a l c u l a t i o n s  was f rom January 1 ,  1970 through 

December 31, 2039. However, a l l  repor ted  c o s t s  and o t h e r  r e s u l t s  cover  

o n l y  t h e  45-year p e r i o d  through December 31, 2015. The a d d i t i o n a l  24 

years was used t o  reduce t h e  p r o b a b i l i t y  o f  e n d - e f f e c t  e r r o r  i n  t h e  

p e r i o d  o f  i n t e r e s t .  

Tab le  2 i n d i c a t e s  t h e  sources o f  r e a c t o r  c h a r a c t e r i s t i c s  and most 

o f  t h e  f u e l  c y c l e  data.  The PWR da ta  was prepared d u r i n g  t h e  SATF 

s t u d i e s  and a r e  g e n e r a l l y  descr ibed i n  WASH-1082. A t o t a l  of 19 

d i f f e r e n t  PWR f u e l  c y c l e s  was used, i n c l u d i n g  uranium-fueled cyc les ,  

p lu ton ium p l u s  n a t u r a l  uranium-fueled c y c l e s ,  and p lu ton ium p l u s  

dep le ted  uranium-fueled cyc les .  The HTGR da ta  prepared d u r i n g  t h e  SATF 
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Tab le  1 ,  Ground Rules f o r  ORSAC C a l c u l a t i o n s  

. 

. 

1 .  Separa t ive  Work P r i c e :  Thru 2-21-71 $26/kg 

Thru 12-31 -71 $28.70/kg 

T h e r e a f t e r  $32/kg 

2. E l e c t r i c a l  Energy Demand: From FPC 1970 Nat iona l  Power Survey 

3. Discount Rate: 7%/yea r 

4. HTGR A v a i l a b i l i t y  Date: 1978 
5. LMFBR A v a i l a b i l i t y  Date 1986 

Table 2. Sources o f  Reactor Data Used 

i n  ORSAC C a l c u l a t i o n s  

1. PWR da ta  f rom WASH-1082 

2. HTGR data  f rom WASH-1085 

3 ,  LMFBR Data 

a)  A I  f o l l o w - o n  des ign 1986-1990 

b) GE f o l  low-on des ign 1990- 

. 

s t u d i e s  a r e  r e p o r t e d  i n  WASH-1085; i n  a d d i t i o n ,  these da ta  were supple- 

mented by plutonium-makeup c y c l e s  c a l c u l a t e d  by ORNL and by G u l f  General 

Atomic (GGA) .  The LMFBR data  were prepared by Argonne, based on t h e  

1000-Mwe LMFBR f o l l o w - o n  designs by Atomics I n t e r n a t i o n a l  and General 

E l e c t r i c .  The A I  des ign was s e l e c t e d  as t h e  " re fe rence design" and i n t r o  

duced i n  1986. The GE des ign was des ignated as an "advanced design," and 

was n o t  in t roduced u n t i l  1990. Both designs were a v a i l a b l e  a f t e r  1990. 
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3. FOSSIL FUEL PR 

F i g u r e  2 shows t h e  d i s t r i b u t i o n  o f  coa 

C E S  

p r i c e s  used i n  t h e  s tudy.  

As  shown here, t h e  d i s t r i b u t i o n  o f  coa l  p r i c e s  was d i v i d e d  i n t o  13 seg- 

ments hav ing approx imate ly  equal energy f r a c t i o n s .  The average p r i c e  o f  

coa l  f rom t h i s  d i s t r i b u t i o n  is  about $7.50/ton (about 32C/MMBTU). I n  

genera l ,  when nuc lear  energy becomes c o m p e t i t i v e  w i t h  a g i v e n  coa l  p r i c e ,  

nuc lear  w i l l  c a p t u r e  t h e  e n t i r e  b l o c k  shown, The coa l  p r i c e s  were h e l d  

constant  d u r i n g  t h e  s tudy hor izon .  

4. URANIUM ORE P R I C E S  

Uranium reserves were en tered  as a t a b l e  o f  q u a n t i t i e s  a v a i l a b l e  a t  

a g i v e n  p r i c e ,  as shown i n  Tab le  3. The e f f e c t  o f  cumula t ive  o r e  usage 

on uranium p r i c e s  was a u t o m a t i c a l l y  inc luded i n  t h e  o p t i m i z a t i o n  process. 

Tab le  3 .  Uranium Ore A v a i l a b l e  a t  Given P r i c e s  

Thousands o f  Average P r i c e  
Tons o f  U3O8 $ / l b  U3O8 

. 
~ ~~~ 

0 - 300 

300 - 700 

700 - 1100 

1100 - 1500 

1500 - 1800 

1800 - 2100 

2100 - 2300 

2300 - 2500 

2500 - 2800 

2800 - 4000 

4000 - 10000 

- 

7.25 

9.00 

11.25 

13.75 
17.50 

22.50 

27.50 

32.50 

37.50 

42.50 

50.00 

Based on c u r r e n t  domest ic uranium reserves and 
es t imates  o f  a d d i t i o n a l  a v a i l a b l e  resources i n  
recognized f a v o r a b l e  g e o l o g i c a l  environments.  
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F i g .  2. Fossil Fuel Price Distribution Used in ORSAC Studies. 
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5 .  POWER PLANT CAPITAL COSTS 

C a p i t a l  c o s t s  were es t imated  as a f u n c t i o n  o f  p l a n t  s i z e  f o r  each 

p l a n t  t y p e  inc luded i n  t h e  study. We then superimposed a p r o j e c t i o n  o f  

p l a n t  s i z e  as a f u n c t i o n  o f  t ime,  p l u s  a curve  o f  c o s t  r e d u c t i o n s  due t o  

" learn ing . "  The f i n a l  r e s u l t  was a curve  o f  c a p i t a l  c o s t  versus t i m e  f o r  

each o f  t h e  p l a n t  types.  These c o s t s  a r e  shown i n  F i g .  3. The c o s t s  

shown here a r e  i n  cons tan t  1970 d o l l a r s ,  and do n o t  i n c l u d e  any e s c a l a t i o n  

d u r i n g  c o n s t r u c t i o n ,  The r e d u c t i o n  w i t h  t i m e  i s  due t o  t h e  combined 

e f f e c t s  of  increase i n  p l a n t  s i z e  p l u s  l e a r n i n g ,  A complete d i s c u s s i o n  

o f  t h e  c a p i t a l  c o s t  es t imates  i s  presented i n  ORNL-TM-3243. 

6. HTGR FUEL CYCLE DATA 

Previous system a n a l y s i s  s t u d i e s  made by t h e  USAEC have inc luded 

p lu ton ium-fueled LCJRs, b u t  have n o t  cons idered p l u t o n i u m  makeup f o r  t h e  

HTGR. Resu l ts  f rom those s t u d i e s  have g e n e r a l l y  shown t h a t  l a r g e  numbers 

o f  p lu ton ium-burn ing LWRs a r e  in t roduced when excess p l u t o n i u m  i s  produced 

by  f a s t  breeders.  However, o t h e r  s t u d i e s  have i n d i c a t e d  t h a t  p l u t o n i u m  

has a h i g h e r  f u e l  v a l u e  i n  t h e  HTGR than i n  LCJRs. Hence, i t  seemed 

a p p r o p r i a t e  t o  i n c l u d e  plutonium-makeup HTGRs i n  system a n a l y s i s  s t u d i e s .  

The s o - c a l l e d  re fe rence des ign HTGR descr ibed i n  WASH-1085 was 

se lec ted  by ORNL f o r  f u e l  c y c l e  c a l c u l a t i o n s  w i t h  p lu ton ium t a k i n g  t h e  

p l a c e  o f  h i g h l y  enr iched uranium (93.5% 2 3 5 U )  as t h e  purchased makeup 

m a t e r i a l .  

t h e  makeup m a t e r i a l  u n t i l  2 3 3 U  had b u i l t  up i n  t h e  r e a c t o r  ( t o  s i m p l i f y  

s t a r t u p ) ,  The makeup p lu ton ium composi t ion was h e l d  cons tan t  w i t h  i s o t o p i c  

f r a c t i o n s  t y p i c a l  o f  LCJR d ischarge p lu ton ium (60% 239Pu, 24% 240Pu, 12% 

241Pu, 4% 242Pu). 

r e a c t o r  type  was n o t  comple te ly  d i v o r c e d  f rom t h e  d i f f u s i o n  p l a n t .  How- 

ever,  bo th  o r e  and s e p a r a t i v e  work requirements a r e  g r e a t l y  reduced, 

r e l a t i v e  t o  use o f  t h e  s tandard 235U-makeup c y c l e .  Tab le  4 presents  

30-year f u e l  consumption da ta  f o r  the  235U-makeup and t h e  Pu-makeup 

cyc les .  The n e t  consumptions imply convers ion  r a t i o s  o f  about 0.8 f o r  

t h e  235U-makeup case and about 0.6 t o  0.65 f o r  t h e  Pu-makeup case. 

However, 2 3 5 U  was used f o r  t h e  i n i t i a l  l o a d i n g  and as p a r t  of 

Since t h e  HTGR was i n i t i a l l y  f u e l e d  w i t h  235U,  t h i s  

8 
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Table 4. Summary o f  30-Year Fuel Requirements fo r  a 1000-Mwe HTGR 

w i t h  E i t h e r  235U-Makeup o r  Pu-Makeup 

Reference P1 u t o n  i urn 

Cycl e Cyc le  
235U-Elakeup Ma keu p 

T o t a l  Makeup Feed, kgs 
23511 

F i s s i l e  Pu 

a 
T o t a l  Fuel Remaining a t  End of  

30 Years, kgs 

F i s s i l e  Pu 

Bred 2 3 3 U  

Bred 2 3 5 U  

Makeup 2 3 5 U b  

Net 30-Year Consumpt ion,  kgs 

F i s s i l e  Pu 

Bred Uranium 

Makeup 2 3 5 U  

TOTAL 

C 
30-Year Supply Requirements 

Sep. Work, MTU 

U3O8, Shor t  Tons 

8,055 

1,350 

175 
1,250 

-1,525 

6,805 

5,280 

1908.5 

1470.7 

1,990 

8,685 

245 

81 0 

90 

275 

8,440 

- 300 

L 1 715 
9 s 255 

471.5 
472.4 

inc ludes f i n a l  r e a c t o r  l o a d i n g  p l u s  f u e l  d ischarged f rom r e c y c l e ,  

b P a r t i a l l y  burned makeup 2 3 5 U  i s  s t o r e d  b u t  i s  n o t  r e c y c l e d  due t o  

a 

bu t  which was s t i l l  i n  t h e  p i p e l i n e .  

h i g h  236U conten t  (no c r e d i t  i s  taken f o r  t h i s  m a t e r i a l ) .  

Wi th  0.2% 2 3 5 U  i n  d i f f u s i o n  p l a n t  t a i l s ,  C 



1 1  

7. SUMMARY OF R E  SU LTS 

. 

The items d iscussed i n  t h e  preced ng sec t  ons c o n s t i t u t e d  t h e  i n p u t  

t o  t h e  l i n e a r  p r o g r a m i n g  model o f  t he  U.S. e l e c t r i c  u t i l i t y  i n d u s t r y .  A l l  

t h e  p l a n t  types competed f o r  t he  p l a n t  a d d i t i o n  requi rements t o  meet expan- 

s i o n  needs o f  t h e  i ndus t r y .  Table 5 p resents  a t a b u l a r  summary o f  t h e  

optimum p l a n t  a d d i t i o n s  as ob ta ined  f rom t h e  ORSAC c a l c u l a t i o n ,  w h i l e  F i g .  4 
p resents  t h e  r e s u l t s  g r a p h i c a l l y .  

These r e s u l t s  i n d i c a t e  t h a t  t he  HTGR i s  i n  f a c t  t h e  p r e f e r r e d  system 

f o r  us ing  t h e  p lu ton ium made a v a i l a b l e  f rom t h e  f a s t  breeders. I n  t h e  

e a r l i e r  years,  however, a Pu- fue led PWR i s  b u i l t  i n  s i z e a b l e  numbers, T h i s  

s e l e c t i o n  o f  t he  PlJR i s  caused by two f a c t o r s .  

1. The l i n e a r  program model i nco rpo ra ted  a c o n s t r a i n t  such t h a t  

t h e  maximum number of HTGRS which cou ld  be b u i l t  i n  a g i v e n  p e r i o d  

was l i m i t e d  t o  t w i c e  t h e  number which were b u i l t  i n  t h e  prev ious  

pe r iod ,  beg inn ing  w i t h  a maximum of  two p l a n t s  i n  t h e  i n i t i a l  pe r iod ,  

2. 

years o f  ope ra t i on ,  s w i t c h i n g  t o  enr iched uranium f o r  t h e  f i n a l  26 

years. 

w i t h  a 30-year commitment i n  the  HTGR, f o r  t h e  cases considered,  

A comparable ORSAC case was a l s o  r u n  w i t h o u t  t h e  Pu-makeup HTGR i n -  

The computer-se lected PCJR uses p lu ton ium f o r  o n l y  t h e  f i r s t  4 

Thus, t h e  p lu ton ium i s  t i e d  up f o r  o n l y  4 years,  compared 

c luded,  and t h e  r e s u l t s  a r e  shown i n  F i g .  5. As expected, fewer HTGRs 

were b u i l t  i n  t h e  1970-2015 pe r iod .  The LMFBR captures  t h e  major  p a r t  

o f  t h e  new c a p a c i t y  requi rements,  w h i l e  t h e  Pu- fue led LWR i s  b u i l t  t o  

u t i l i z e  t h e  excess p lu ton ium. 

b u i l t  o n l y  d u r i n g  t h e  p e r i o d  be fo re  the  LMFBR i s  in t roduced,  p l u s  a 

few b u i l t  t o  u t i l i z e  t h e  2 3 3 U  made a v a i l a b l e  by re t i remen ts  o f  o l d e r  

HTGR5. 

considered p lu ton ium makeup t o  be poss ib le ,  w h i l e  t h e  o t h e r  considered 

235U makeup a lone.  

F o r  t he  235U-makeup case, t h e  HTGR i s  

Tab le  6 compares t h e  r e s u l t s  o f  t h e  two cases, one o f  which 

The above r e s u l t s  a l s o  i n d i c a t e  t h a t  high-performance f a s t  breeders 

w i l l  be b u i l t  i n  about t h e  same numbers independent o f  t h e  use o f  p lu ton ium- 

fue led  HTGRs, and t h a t  they p r o v i d e  a major p o r t i o n  o f  t h e  c e n t r a l  s t a t i o n  

power p l a n t  needs. As FBRs a r e  b u i l t  i n  l a r g e  numbers, l a r g e  q u a n t i t i e s  

of  excess p lu ton ium w i l l  be produced and a system t o  use t h i s  p lu ton ium 



Table 5. NUMBER OF 1000-MWE POWER PLANTS ADDED I N  EACH TWO-YEAR PERIOD FROM 1970-2015 

Number of P lan ts  Added During Period 
Two -Y e a r 

Period PWR HTGR IElFBR F o s s i l  Tota l (2)  
Begi nn i ng - 

U- f ue l e  d Fu- f ueled U-f ueled Pu- f ueled 

1970 
1972 
1974 
1976 
1978 
1930 
1982 
1984 
1986 
1988 
1990 
1992 
1994 
19% 
1998 
2000 
2002 
2004 
2c06 
2008 
2 010 
2012 
2014 

T o t a l  Additions 
1970-2015 

11.3 

17.0 
8.2 

33.4 
16.8 
56.7 
23.9 
12.4 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

30.8 

27.0 

238. 

0 
0.6 
3.8 
6.7 
6.6 
12.2 
16.9 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

47. 

(1) n.a.  
n .a .  
n .a .  
n.a. 
0 
0 
0 

32.0 
64.0 

16.0 

71.5 
35 
3-2 
3.8 

3.1 
4.9 
9.3 
3.7 
9.5 
11.4 
10.4 
6.2 

0 

284. 

n. a .  
n.a. 
n.a. 
n.a.  
2.0 
4.0 
8.0 
0 
0 
0 
0 

34.1 
0 

29.1 

96.0 
66.0 
77.1 
81.3 
88.8 
146.1 
89.6 
47.2 
21.8 

791. 

n. a. 
n .a .  
n.8. 
n. a. 
n.a.  
n .a .  
n.a.  
n.a.  
8.0 
16.0 
32 .O 
64.0 
~ 8 . 0  
177 * 8 
116.2 
158.4 
148.9 
184.3 
190.3 
178.6 

250.0 
211.5 

342.4 

2206. 

39.7 
27.6 
29.2 
60.1 
31.4 
43.4 
36.3 
42.3 
37.1 
53.6 
27.5 
24.8 
8.7 
9.4 
4.8 

0 
0 
0 
0 
0 
0 
0 
0 

478. 

51. 
59. 
50 
75. 
67. 
93. 
78. 
115. 
101. 
146. 
131. 

174. 
153. 

191. 
217. 
227. 

283. 
334 
313 - 
308. 
370 * 

231. 
275 * 

4042. 
~~ ~ 

( l ) T h i s  p l a n t  type was not  ava i lab le  in  the per iods marked "n.a." 
(2)Totals may not agree prec ise ly  w i t h  sum of ind iv idua l  values,  due t o  round-off' d i f fe rences .  
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Tab le  6. Comparison o f  ORSAC Resu l ts  CJith and \. l i thout 
Plutonium-Makeup HTGR - T o t a l  Number o f  
1000-Mwe P l a n t s  B u i l t  i n  1970-2015 Per iod  

Pu-Ma keup 
HTGR 

I nc 1 uded 

V i  t h o u t  
Pu-Ma keup 

HTGR 

L ight -Water  Reactors 

HTGR - 

Uranium Fueled 238. 
P luton ium Fueled 

Tota 1 

Uranium blakeup 

Pluton ium MakeuD 

T o t a l  

47. 
285. 

284, 

791. 
1075. 

LMFBR 2206, - 
Foss i 1 478. 

220. 

547. 
767. 

493. 

493 

2331. 

451. 

w i l l  be needed, The favorab le  c a p i t a l  and f u e l  c y c l e  c o s t  f o r  t h e  HTGR 

makes t h a t  r e a c t o r  a l o g i c a l  cho ice  t o  f i l l  t h i s  r o l e ,  i f  t h e  Pu-makeup 

c y c l e  i s  made a v a i l a b l e .  

c a l c u l a t i o n s  performed p r e v i o u s l y  a t  G u l f  General Atomic and a t  Oak Ridge 

FJational Laboratory ,  which i n d i c a t e d  t h a t  the  v a l u e  o f  f i s s i l e  p lu ton ium 

i s  h i g h e r  i n  HTGRs than i n  LWRS.) I f  the  Pu-makeup c y c l e  i s  n o t  con- 

s idered  f o r  t h e  HTGR, then t h a t  r e a c t o r  has a much smal le r  r o l e  i n  t h e  

optimum system expansion, and t h e  p lu ton ium f u e l e d  LWR becomes t h e  

dominant system t o  supplement t h e  LMFBR. 

(Th is  r e s u l t  i s  i n  agreement w i t h  f u e l  c y c l e  

A d d i t i o n a l  s i g n i f i c a n t  i n f o r m a t i o n  ob ta ined i n  t h i s  s tudy concerns 

t h e  t rends  i n  power c o s t s  f o r  t h e  v a r i o u s  r e a c t o r  systems w i t h  t ime, 

and the  shadow p r i c e  o f  f i s s i l e  f u e l s .  

a f u n c t i o n  o f  t ime f o r  the  d i f f e r e n t  r e a c t o r  types, c o n s i d e r i n g  v a r i o u s  

f u e l  c y c l e s ,  For t h e  cases c a l c u l a t e d ,  t h e  f a s t  breeder r e a c t o r  c o n t r o l s  

F i g u r e  6 g i v e s  t h e  power c o s t  as 
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t h e  power c o s t  o f  t h e  system, l e a d i n g  t o  FDR dominance i n  f u t u r e  years. 

Also, as t h e  shadow p r i c e  of  p lu ton ium f a l l s ,  the  power c o s t  o f  t h e  L\JR 

f u e l e d  w i t h  Pu and dep le ted  uranium f a l l s  s i g n i f i c a n t l y ,  becoming lower 

than power c o s t s  from t h e  Pu-makeup HTGR about 2015. T h i s  i s  due t o  t h e  

i n c r e a s i n g  c o s t  o f  uranium ore,  caus ing t h e  i n i t i a l  f u e l i n g  c o s t  o f  t h e  

HTGR t o  r i s e .  A t  t h e  same t ime, t h e  i n i t i a l  f u e l i n g  c o s t  o f  t h e  LCJR i s  

n o t  i n f l u e n c e d  by t h e  c o s t  o f  uranium ore ,  s i n c e  t h e  v a l u e  o f  t a i l s  

m a t e r i a l  would n o t  change s i g n i f i c a n t l y .  I f  t h e  HTGR were f u e l e d  w i t h  

p lu ton ium-thor ium, however, t h e  p e n a l t y  assoc ia ted  w i t h  r i s i n g  uranium 

o r e  p r i c e s  would n o t  occur .  These r e s u l t s  i n d i c a t e  t h a t  i f  p lu ton ium- 

f u e l e d  HTGRs a r e  t o  m a i n t a i n  dominance over  p lu ton ium- fue led  LWRs i n  

f u t u r e  years,  use o f  p lu ton ium as t h e  i n i t i a l  as w e l l  as t h e  makeup 

f i s s i l e  f u e l  w i l l  be requ i red .  Whi le  t h i s  should be poss ib le ,  s p e c i f i c  

s t u d i e s  o f  HTGRs f u e l e d  i n i t i a l l y  w i t h  p lu ton ium need t o  be performed, 

c o n s i d e r i n g  t h e  p lu ton ium t o  be t h a t  produced by FBRs. 

F i g u r e  7 g i v e s  t h e  shadow p r i c e  o f  bred f i s s i l e  m a t e r i a l s  as a 

f u n c t i o n  o f  t ime, and a l s o  the  U3O8 p r i c e ,  f o r  t h e  case which considered 

t h e  Pu-makeup HTGR. The i n c r e a s i n g  v a l u e  o f  t h e  f i s s i l e  p lu ton ium 

i n i t i a l l y  i s  due t o  i t s  r e l a t i v e l y  h i g h  v a l u e  i n  FBRs and t h e  economic 

i n c e n t i v e  t o  i n s t a l l  FBR p l a n t s ,  w h i l e  t h e  decreas ing v a l u e  i n  f u t u r e  

years i s  due t o  t h e  p r o d u c t i o n  o f  excess p lu ton ium by t h e  l a r g e  FBR 

c a p a c i t y  i n  e x i s t e n c e  a t  t h a t  t ime. 

t h e  same t y p e  behavior  as does p lu ton ium; however, somewhat s u r p r i s i n g  i s  

t h e  r e l a t i v e l y  h i g h  v a l u e  ob ta ined f o r  233U.  T h i s  i s  due t o  t h e  economic 

a t t r a c t i v e n e s s  o f  HTGRs, and t h e  h i g h  v a l u e  o f  2 3 3 U  r e l a t i v e  t o  p l u t o n i u m  

i n  HTGR p l a n t s .  Also, i t  i s  s i g n i f i c a n t  t h a t  t h e  v a l u e  o f  233U remains 

r e l a t i v e l y  h i g h  i n  f u t u r e  years,  which i n d i c a t e s  t h a t  when FBRs s t a r t  

producing excess f i s s i l e  f u e l ,  t h a t  m a t e r i a l  should be 2 3 3 U e  

a l s o  i n d i c a t e s  t h a t  even p r i o r  t o  t h e  year 2000 t h e r e  may be o v e r a l l  

economic b e n e f i t s  i f  FBRs were t o  produce some 2 3 3 U  f o r  use i n  HTGRs. 

The 2 3 3 U  v a l u e  vs t i m e  has i n  genera l  

F i g u r e  7 

8 ,  CONCLUS I O N S  

I n  summary, t h e  r e s u l t s  o f  t h i s  s tudy show t h a t  ( 1 )  use of  t h e  

plutonium-makeup f u e l  c y c l e  permi ts  HTGRs t o  have a much deeper pene- 

t r a t i o n  o f  t h e  power market than use o f  t h e  235U-makeup f u e l  c y c l e  
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alone; (2 )  plutonium-makeup HTGRs a r e  economical ly  p r e f e r r e d  over  p lu ton ium- 

fue led  LWRs over  t h e  p e r i o d  o f  t h i s  study; (3) as t h e  p r i c e  o f  uranium o r e  

r i s e s  and t h e  p r i c e  o f  p lu ton ium decreases, i t  w i l l  e v e n t u a l l y  be necessary 

f o r  HTGRs t o  opera te  w i t h  p lu ton ium a s  t h e  i n i t i a l  f i s s i l e  f u e l  i f  they 

a r e  t o  compete w i t h  LWRs f u e l e d  w i t h  uranium t a i l s  and plutonium; (4) use 

o f  Pu-makeup HTGRs has no s i g n i f i c a n t  i n f l u e n c e  on t h e  i n t r o d u c t i o n  and use 

o f  FBRs; and (5)  i f  FBRs produce excess f i s s i l e  f u e l  i t  appears economical ly  

d e s i r a b l e  t h a t  such f u e l  be 2 3 3 U  f o r  use i n  HTGRs. 
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APPEND I X 

For completeness, t h e  r e s u l t s  f o r  the  case o f  no i n t r o d u c t i o n  of  

f a s t  breeder r e a c t o r s  i s  g i v e n  i n  F ig ,  A-1 (o ther  bases a r e  the  same 

as i n  t h e  body o f  t h i s  r e p o r t ) .  

f u t u r e  power market f o r  such a c o n d i t i o n  based on t h e  s tudy performed. 

A lso,  r e s u l t s  concern ing s e p a r a t i v e  work requirements and n a t u r a l  

uranium o r e  requirements f o r  v a r i o u s  cases a r e  g i v e n  i n  Table A-1  and 

F igs .  A-2 through A-4. 
f o s s i l  f u e l  and LWR p l a n t s  a r e  i n s t a l l e d ;  F i g .  A-3 cons iders  f o s s i l  f u e l ,  

LWR, and HTGR (U- fue led)  p l a n t s  t o  be a v a i l a b l e  f o r  c o n s t r u c t i o n ;  w h i l e  

F i g .  A -4  cons iders  f o s s i l  f u e l ,  LWR, HTGR (U- fue led)  and LMFBR p l a n t s  

a v a i l a b l e  f o r  c o n s t r u c t i o n .  The mined o r e  and s e p a r a t i v e  work r e q u i r e -  

ments f o r  Case No. 73 (same as Case No. 63 except t h e  plutonium-makeup 

HTGR was considered i n  t h e  s o l u t i o n )  were e s s e n t i a l l y  t h e  same a s  t h e  

r e s u l t s  g i v e n  i n  F i g .  A-4. 

As  shown, t h e  HTGR dominates t h e  

F i g u r e  A-2 g i v e s  r e s u l t s  f o r  t h e  case where o n l y  
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Tab le  A - 1 ,  Uranium Ore Requirements and Separa t ive  Nark 

Requirements f o r  Var ious Cases 

Case Number 41 61 63 73 
P l a n t s  Inc luded Foss i 1 Foss i 1 Foss i 1 Foss i 1 

HTGR-U HTGR-U HTGR-U 
LWR LWR L\JR L\IR 

LMFBR LMFBR 
HTGR-Pu 

Uranium Consumption and P r i c e  

Thousands o f  tons o f  
U3O8 used t h r u  2019 3020 3540 1980 2060 

U3O8 P r i c e  t h r u  2019 

Hax i mum 42.50 42.50 22.50 22.50 

Average 20 00 23.30 12.65 13.05 

Maximum 87. 200. 62. 59. 
Ave. t h r u  2019 46. 75. 30. 32. 

Separa t ive  work ( k i  lo tonnes /y r )  
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