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Notes on t h e  Haefe le-Sch ikor r  Model o f  Reac to r  S t r a t e g i e s *  

Alan S.  Manne 

1. I n t r o d u c t i o n  

These c a l c u l a t i o n s  a r e  i n tended  as a  h i g h l y  aggrega ted  ' 

d e s c r i p t i o n  o f  t h e  energy  sec to r - -w i th  a t ime hor i zon  ex tend-  

i n g  w e l l  i n t o  t h e  2 1 s t  cen tu r y .  The geog raph i ca l  scope i s  

t h a t  o f  a s e l f - c o n t a i n e d  "model s o c i e t y "  w i th  a  techno logy ,  

income and popu la t i on  simi lar  t o  t h a t  o f  t h e  U.S. o r  Western 

Europe. The focus  i s  upon t h e  t r a n s i t i o n  t o  z e r o  popu la t i on  

growth and z e r o  p e r  c a p i t a  i n c r e a s e  i n  t h e  use  o f  energy .  

I n  t h i s  e v e n t u a l l y  s t a t i o n a r y  economy, t h e r e  can no  l onge r  

be any r e l i a n c e  upon f o s s i l  f u e l s .  Energy i s  t o  be de r i ved  

from r e s o u r c e s  t h a t  a r e  i n  v i r t u a l l y  i n f i n i t e  supp ly ,  e .g .  

th rough s o l a r ,  geothermal ,  f us i on  and b reede r  f i s s i o n .  I n  

t h e i r  c u r r e n t  work, Hae fe le  and Sch i ko r r  have focussed upon 

f i s s i o n  t echno log ies .  Asympto t i ca l l y ,  50% o f  t h e  energy i s  

t o  be produced i n  t h e  form o f  e l e c t r i c i t y  by fast  b r e e d e r  r e -  

a c t o r s  (FBRts ) ,  and t h e  o t h e r  h a l f  w i l l  be produced i n  t h e  

form o f  hydrogen by h igh  tempera tu re  gas r e a c t o r s  (THTRts). 

(See F igure  1.) It i s  proposed t h a t  hydrogen, a non -po l l u t i ng  

f u e l ,  w i l l  r e p l a c e  pet ro leum i n  such uses  as automot ive and 

a i r  t r a n s p o r t .  

*See W. Haefe le  and W.  S c h i k o r r  [l] and a l s o  C. Marche t t i  
[2]. The numer ica l  va lues  h e r e  r e f e r  t o  "case 1" only .  Cer- 
t a i n  mod i f i ca t i ons  have been made t o  t h e  o r i g i n a l  model. For  
computer programming o f  t h e  c u r r e n t  v e r s i o n ,  t h e  a u t h o r  i s  i n -  
debted t o  Leo S c h r a t t e n h o l z e r .  



There i s  a  s y n e r g i s t i c  r e l a t i o n  between t h e  v a r i o u s  

r e a c t o r  t ypes .  During t h e  t r a n s i t i o n  phase ( F i g u r e  2 ) ,  t h e  

l i g h t  wa te r  r e a c t o r s  ( L W R 1 s )  produce p lu ton ium f o r  s t a r t i n g  

up t h e  FBR1s. The FBRts produce j u s t  enough p lu ton ium t o  

s u s t a i n  t h e i r  own f i s s i o n  r e a c t i o n .  T h e i r  b reed ing  g a i n  i s  

d i r e c t e d  toward c o n v e r t i n g  thor ium i n t o  U-233, t h e  f u e l  f o r  

t h e  THTR. S ince  t h e  LWRts  r e q u i r e  uranium 235--and s i n c e  t h e  

low-cost s u p p l i e s  of  t h i s  i s o t o p e  a r e  q u i t e  l i m i t e d - - t h i s  

r e a c t o r  t ype  does no t  appear  i n  t h e  asympto t i c  techno logy 

(F igu re  1). L'rJR's a r e  t h e r e f o r e  phased ou t  j u s t  a s  r a p i d l y  

a s  they  can be rep laced  by b reede rs .  

Upper bounds a r e  s p e c i f i e d  f o r  t h e  r a t e  o f  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 ,  e . g . ,  t h e r e  i s  an upper bound o f  100 GW 

t he rma l  upon t h e  combined t o t a l  c a p a c i t y  o f  LWR1s and FBR1s 

t h a t  can be i n t r oduced  i n  any one yea r .  Moreover, b reede rs  

cannot  be i n t r oduced  i n  l a r g e  q u a n t i t i e s  u n t i l  a f t e r  1988. 

Demands a r e  s p e c i f i e d  i n  t h e  form o f  l o g i s t i c  curves--  

s t a r t i n g  from an i n i t i a l  c o n f i g u r a t i o n  i n  which t h e r e  i s  a  

popu la t i on  of  250 l o 6 ,  a  p e r  c a p i t a  power consumption of  

1 0  KW, and 25% o f  t h e  energy requ i rements  a r e  i n  t h e  form of  

e l e c t r i c i t y .  The t r a n s i t i o n  i s  t o  a popu la t i on  o f  362 l o 6  

pe rsons ,  20 KW p e r  c a p i t a ,  and 50% e l e c t r i c  enerFy.  (See  

F igure  3 . )  Non-e lec t r i c  energy i s  termed "p rocess  f u e l . "  

Th is  i s  a  shor thand  e x p r e s s i o n  f o r  pet ro leum and n a t u r a l  gas  

p l u s  hydrogen. 

I n  t h e  t r a n s i e n t  phase,  t h e r e  i s  i n s u f f i c i e n t  n u c l e a r  



c a p a c i t y  t o  s a t i s f y  t h e  va r i ous  demands, and f o s s i l  f u e l s  

a r e  employed t o  whatever  e x t e n t  i s  needed t o  avo id  s h o r t a g e s .  

Thus, e l e c t r i c i t y  demands a r e  s a t i s f i e d  by energy  sou rces  i n  

t h e  f o l l ow ing  o r d e r  o f  p r e f e r e n c e :  (1) FBR1s; ( 2 )  LWR's; 

and ( 3 )  f o s s i l  e l e c t r i c .  S i m i l a r l y ,  p rocess  f u e l  demands 

a r e  s a t i s f i e d  f i r s t  by THTR1s and t h e n  by f o s s i l  f u e l s .  For 

each  phase of t h e  sys tem 's  e v o l u t i o n ,  t h e r e  i s  a t r i a n g u l a r  

sys tem o f  l i n e a r  d i f f e r e n c e  equa t i ons .  There i s  no e x p l i c i t  

o b j e c t i v e  f u n c t i o n  o t h e r  t han  t h e s e  rank ings  o f  r e a c t o r  t ypes .  

The p r e s e n t  paper  i s  i n t ended  as a s t e p  toward t h e  cons t ruc -  

t i o n  of  an e x p l i c i t  op t im i z i ng  model, one i n  which t h e r e  a r e  

b u i l t - i n  p o s s i b i l i t i e s  f o r  demand s u b s t i t u t i o n  between e l e c -  

t r i c  energy  and p r o c e s s  f u e l .  

2.  D e f i n i t i o n  o f  Unknowns and .Cons t ra i n t s  

Let  t h e  unknown P: d a i ~ o t e  t i ie i l iernlal  W aqu i va l r r l t  o f  

energy sou rce  i i n  a v a i l a b l e  i n  y e a r  t .  The s u b s c r i p t  i 

i d e n t i f i e s  t h e  energy  sou rces  as f o l l ows :  

L  : LWR 

B : FBR 

FE : f o s s i l  e l e c t r i c  ( t y p i c a l l y  c o a l  i n  U.S.; 

pet ro leum i n  Western Europe) 

FP : f o s s i l  p rocess  (pe t ro leum and n a t u r a l  g a s )  

The base  d a t e  (t = 0 )  i s  1970. C a l c u l a t i o n s  a r e  made f o r  

each  t h ree -yea r  i n t e r v a l  t h e r e a f t e r .  With 20 t ime p e r i o d s ,  

t h e  p l ann ing  h o r i z o n  ex tends  t o  2030. 



Le t  ~k~ and P: d e n o t e  t h e  exogenous l y  s p e c i f i e d  demands 

a t  t i m e  t f o r  e l e c t r i c i t y  and p r o c e s s  f u e l  r e s p e c t i v e l y .  

(See t h e  l o g i s t i c  c u r v e s ,  F i g u r e  3 .  l )  

These demands are t o  be  cove red  by one o r  a n o t h e r  o f  

t h e  e n e r g y  s o u r c e s .  That  i s :  

' t Le t  Pi d e n o t e  t h e  a n n u a l  ra te  o f  i n s t a l l a t i o n  o f  c a p a c i t y  

t y p e  i d u r i n g  t h e  r e p r e s e n t a t i v e  y e a r  t .  It i s  u n d e r s t o o d  

t ' t t h a t  Pi - > 0 ,  b u t  t h a t  Pi i s  u n r e s t r i c t e d  i n  s i g n .  With t h r e e  

y e a r s  p e r  p e r i o d  and no rep lacemen t  r e q u i r e m e n t s ,  we t h e n  

have t h e  f o l l o w i n g  dynamic e q u a t i o n s :  

' Le t  F! d e n o t e  t h e  demand a t  t i m e  t f o r  e n e r a y  t y p e  j 
J 

(j = EL,P) .  F o r  s h o r t ,  w e  s h a l l  omi t  t h e  s u b s c r i p t  j h e r e -  

a f t e r  and w i l l  a l s o  om i t  t h e  b a r  o v e r  P. The l o g i s t i c  c u r v e  

i s  a t h r e e - p a r a m e t e r  c u r v e ,  and i s  d e f i n e d  a s :  

The a s y m p t o t i c  v a l u e  pW i s  a datum, and t h e  p a r a m e t e r s  

a and B are c a l c u l a t e d  as f o l l o w s  from t h e  v a l u e s  a t  t . i m e  0 

and T : 
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The initial conditions are as follows:

0 .625 TWth 625 GWthPFE = =

0 1.875 TWth 1,875 GWthPFP = =

p? = 0 , (i=L,B,H)
1

If the entire breeding gain is employed to produce U-233

for the THTR--and if this technology is introduced simulta-

neously with the FBR--we have:

(4)

where b denotes the U-233 fuel coupling factor, here taken

to be 1.0.

Becauseof capacity limits on the nuclear construction

industry, we have the following constraints:

pt
L

+ pt < At = min [1 (t-1970) ] TW
thB ., 100

t . t
Note that there are ten unknowns Pi and Pi per time

period, but that there are only b equations in (1) - (4).

( 5 )

The system is closed by supposingthat there are four

phasesof the system'sevolution as shown in Table 1. In

phase I, there are no breedersor THTR's, and LWR's are built

at the maximum annual rate, A. (Recall constraint (5).)

Similarly, in phase II, both FBR's and THTR's are built at

the maximum rates specified by (4) and (5). Fossil electric

plants are gradually replacedby FBR's. This process comes



T a b l e  1. Four  p h a s e s  o f  e v o l u t i o n .  

R e p r e s e n t a t i v e  
y e a r s  t I 70 . . . I  88 91. .  . S S+3..  .T  T+3..  . '30 

N.B. It i s  u n d e r s t o o d  t h a t  e a c h  o f  t h e s e  unknowns r e f e r s  
t o  p e r i o d  t .  A c c o r d i n g l y ,  t h e  s u p e r s c r i p t  t i s  o m i t t e d .  
The a s t e r i s k e d  q u a n t i t i e s  a r e  c a l c u l a t e d  by d i r e c t  s u b s t i -  
t u t i o n  i n t o  t h e  dynamic e q u a t i o n s  ( 3 ) .  



t o  an  end i n  y e a r  S ,  t h e  las t  y e a r  i n  which PFE > 0 .  During 

- phase 111, PFE - PFE = 0,  and LWR1s a r e  i n  t h e i r  t u r n  super -  

seded by FBR's. Phase I11 t e r m i n a t e s  i n  y e a r  T ,  t h e  las t  

y e a r  i n  which PL > 0. F i n a l l y ,  i n  phase I V ,  a l l  e l e c t r i c i t y  

demands a r e  met by b r e e d e r s .  Th is  equipment i s  i n c r e a s e d  by 
- 

j u s t  t h e  amount r e q u i r e d  t o  meet t h e  demands, PEL. (See 

F i g u r e s  4 and 5 . )  I n  t h i s  numer ica l  example, i t  t u r n s  ou t  

t h a t  t h e  phase t e r m i n a t i o n  d a t e s  a r e  as f o l l o w s :  



3.  I m p l i c a t i o n s  f o r  t h e  F u e l  S u p p l y i n g  I n d u s t r i e s  

Given t h e  t i m e  p a t h s  P b  and P;, we may c a l c u l a t e  t h e  i 

cumu la t i ve  r e q u i r e m e n t s  f o r  f o s s i l  and  n u c l e a r  f u e l s  as 

f o l l o w s  : 

c u m u l a t i v e  f o s s i l  f u e l  
r e q u i r e m e n t s  f o r  e l e c -  
t r i c i t y  g e n e r a t i o n ,  a s  = C F E ~  
o f  end o f  p e r i o d  t 

( u n i t :  ~ O ~ ' B T U  = 1 Q) = C F E ~ - ~ +  ( 3 / 3 3 . 4 ) p i E  

c u m u l a t i v e  f o s s i l  f u e l  
r e q u i r e m e n t s  f o r  p ro -  
c e s s  u s e s ,  as o f  end = cFPt 
o f  p e r i o d  t 

( u n i t :  ~ O ~ ~ B T U  = 1 Q) = cFp t - j+  ( 3 / 3 3 . 4 ) ~ i p  

cumu la t i ve  r e q u i r e -  
ments f o r  n a t u r a l  
uran ium o r e ,  as o f  = C N U ~  
end o f  p e r i o d  t 

' t t ' t ( u n i t :  10' m e t r i c  t o n s )  = C N U ~ - ? +  .500 PL + .180 PL t .540 PH . 

A s  o f  t h e  end o f  p e r i o d  t ,  t h e  c u m u l a t i v e  p lu ton ium 

s t o c k p i l e  w i l l  b e :  

( u n i t :  l o 3  m e t r i c  t o n s )  

The a n n u a l  r e q u i r e m e n t s  f o r  s e p a r a t i v e  work d u r i n g  

p e r i o d  t w i l l  b e :  

( u n i t :  10' m e t r i c  t o n s  
p e r  y e a r )  



For  numer i ca l  r e s u l t s ,  s e e  F i g u r e s  6 - 8. Note t h a t  t h e  

p lu ton ium s t o c k p i l e  remains p o s i t i v e  u n t i l  2015. We have no t  

a t t emp ted  t o  e n s u r e  t h e  n o n n e g a t i v i t y  o f  t h i s  s t o c k p i l e  by 

r e d u c i n g  t h e  r a t e  o f  d e c l i n e  o f  t h e  LWRts  d u r i n g  phase 111. 

T h i s  d i f f i c u l t y  d i d  no t  a r i s e  i n  t h e  o r i g i n a l  Hae fe le -  

S c h i k o r r  pape r  because t hey  assumed a c o n s t a n t  va l ue  of t h e  

t n u c l e a r  c o n s t r u c t i o n  c a p a c i t y  l i m i t ,  A . Moreover, t h i s  

d i f f i c u l t y  w i l l  n o t  a r i s e  w i t h  a l i n e a r  programming model i n  

which i t  i s  s t i p u l a t e d  t h a t  C P U ~  - > 0.  

4 .  S e n s i t i v i t y  Ana l ys i s  f o r  Nuclear C o n s t r u c t i o n  Capac i t y ,  A~ 

I n s t e a d  o f  suppos ing  t h a t  n u c l e a r  c o n s t r u c t i o n  c a p a c i t y  

w i l l  be  expanded as r a p i d l y  as g iven  i n  ( 5 ) ,  we s h a l l  assume 

a s lowe r  r a t e  o f  LWR bui ldup--one i n  which i t  t a k e s  u n t i l  
s 

1985 r a t h e r  t h a n  1980 t o  r each  t h e  annua l  ou tpu t  l e v e l  o f  

.1 TWth = 3 3 . 3  GWel .  The q u a l i t a t i v e  r e s u l t s  remain q u i t e  

simi lar .  The p r i n c i p a l  q u a n t i t a t i v e  d i f f e r e n c e s  a r e  g i ven  

i n  Tab le  2. 



T a b l e  2.  E f f e c t s  o f  s l o w e r  r a t e  o f  LWR c o n s t r u c t i o n .  

S l o w e r  Rate o f  
B a s i c  Case LWR C o n s t r u c t i o n  

S, end o f  p h a s e  I1 2003 

T, end o f  p h a s e  I11 202 1 I 2021 

CFE2 O 3  O ,  c u m u l a t i v e  f o s s i l  
f u e l  r e q u i r e m e n t s  f o r  
e l e c t r i c i t y  g e n e r a t i o n  

( u n i t :  ~ O ' ~ B T U  = 1 Q) 

C F P ~  O 3  O ,  c u m u l a t i v e  f o s s i l  
f u e l  r e q u i r e m e n t s  f o r  
p r o c e s s  u s e s  3.028 

( u n i t :  10' e~~~ = 1 Q) 

C N U ~ ~ ~ ~  , c u m u l a t i v e  re-  
q u i r e m e n t s  f o r  n a t u r a l  
u ran ium o r e  

( u n i t :  l o 6  m e t r i c  t o n s )  

cpu2030  , c u m u l a t i v e  I 
p l u t o n i & n  s t o c k p i l e  

- . 7 9 9  
( u n i t  : 10"etr ic t o n s  ) 

SWU' ' , maximum re -  
q u i r e m e n t s  f o r  
s e p a r a t i v e  work 

( u n i t :  l o 6  m e t r i c  t o n s  
p e r  y e a r )  







Y e ~ r  t 
I I I 

1 ~ 8 5  2'700 7 ~~1 1 5 
I 

\ lb70 ' 2 0 3 ~ 1  

Figure 3 .  Power demands. 



F i g u r e  4 .  E l e c t r i c  power demands and s o u r c e s  o f  s u p p l y .  

. . 

F i g u r e  5. P r o c e s s  f u e l  demands and s o u r c e s  o f  s u p p l y .  





Figure 7. Plutonium stockpile. 



F i g u r e  8.  

C N U ~ ,  c u m u l a t i v e  r e q u i r e m e n t s  
f o r  n a t u r a l  u ran ium o r e  

u n d e r  350  

1 / -. - - -. .-. - - - 
_-.- 

/-' - 

,/ 
/. />" 

u n d e r  $35 

J' 
.,.* 

A 

C u t o f f  s u p p l y  c o s t s  

($/pound IJ 0 );  3 8 
T a b l e  1 2 ,  c a s e  B ,  4 TlSAFC b1ASH-1184, 

J a n u a r y  1972 

-. ,J -.---- .-J 
,970 19  85 2000 2015  203c 
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December 1973 

Comments on the Notes that were made by A.S.Manne on the 
H2fele-Schikorr Model of Reactor Strategies, (November 1973) 

The main purpose of these comments is to introduce a few 

details that make at little expense the model in question 

more realistic. 

1.) I continue to feel that we should employ both, the 

polynomial and the logistic curve that describe the energy 

demand. The polynomial allows explicitly to play with the 

length of the transition period, that is tl, while all other 

factors remain constant. The logistic curve may be more 

familiar to econometricians and was probably designed for 

more near term considerations, I feel. It does not allow 

to change the length of the transition period with every- 

thing else being constant (Po,Ro,P1). 

2.) The introduction of the various shifts that express 

first order properties of the fuel cycle starts on page 4, 

equation 4. 

It should read as follows: 

This backward time shift describes the fact that getting the 

u~~~ out of the breeder and putting it into the HTGR takes 

roughly 3 years. 

3.) The switch from producing LWRts to producing FBRts should 

be more realistic. 

I propose the following (see (5) on page 5): 



< 
f o r t - R - 3  * 
( r e c a l l :  R = t ) 

4 . )  Thefbrmulae d e s c r i b i n g  t h e  i m p l i c a t i o n s  f o r  t h e  n a t u r a l  

uranium i n d u s t r i e s  shou ld  be mod i f i ed  as f o l l o w s  (page 7 ) :  

The f a c t o r  o f  3  shou ld  be  made e x p l i c i t  on page 7  as we 

d e a l  w i t h  t h e  cumu la t i ve  demands. S imu l taneous ly ,  t h e  

t he rma l  e f f i c i enc i es  shou ld  be made e x p l i c i t  t o  a l l o w  f o r  

b e t t e r  approx ima t ion  t o  r e a l i t y .  Note:  0 , 23  = 0 ,54 -0 ,425 ,  

t h a t  i s ,  0,425 i s  t h e  t he rma l  e f f i c i e n c y  i f  t h e  HTGR were 

a n  e l e c t r i c a l  p l a n t  f o r  which t h e  v a l u e  o f  0 ,54  h o l d s .  

But i t  i s  meant t o  produce hydrogen and t h e r e f o r e  t h e  

t he rma l  e f f i c i e n c y  f o r  p roduc ing  e l e c t r i c a l  power shou ld  

n o t  e n t e r .  

The forward t ime  s h i f t s  i n  t h e  demands f o r  t h e  i n v e n t o r i e s  

d e s c r i b e  t h e  f a c t  t h a t  t h i s  f u e l  h a s  t o  be prov ided f o r  

3  y e a r s  p r i o r  t o  t h e  s tar t  o f  t h e  o p e r a t i o n .  

b .  ) CNUS = CNU s -3  + 3 -0 ,18= 'nL -~LS  t 3 * 0 , 2 3 * P H  S t 3  

T h i s  f o rmu la t i on  t a k e s  c a r e  of t h e  i s s u e  o f  d i s c o n t i n u i t i e s .  



S t+3 
c.) C N U ~  = CNU~-) + 3-0,18*Z.PL + 3.0,23 p H 

T-3 d. ) C N U ~  = CNU 

The time lag in 4.) again describes the step of 

reprocessing. 

The term 3-0,5qL PL t-3 in c.) is a negative requirement. 

It describes the availability of the inventories of the LWR's 

upon decommissioning. Reprocessing and refabrication takes 

roughly 3 years. This term corresponds with the term for the 

first core inventories during the build up phase. 

This interplay between fuel requirements for the remaining 
< 

LWRts and the availability of old cores holds for t - T -3. 

This can be seen by the following consideration: 

During the decommissioning phase the mass balance is as 

follows : 

at t = tX 6M should - = 0, that is 6 t 

3A is the decommissioning rate over 3 years, that is one inter- 

val and that means: 



_ propose not to take into account any request for natural 

i:?anium for t> T-3. These are negligible effects. That implies 

.: juat ion d . ) 

5.) The formulae describing the implications for the separative 

!cork industries should be modified as follows (on page 8): 

Similarly to above one notes that 0,186 = 0,438-0,425 
S 

b.) [ ( swu)~~  = 3.0,110gnL pL + 3 - 0 , 1 8 6 - P ~ ~ + ~  

s-3 
t-3 

095 PL 
c.) S W U ~  = 0 ,110-~ l~  pLt (1- t ) + 0 , 1 8 6 - ; ~ ~ + ~  

O,l8 PL 

< < 
S+3-t-T-3 

6.) In table 2 the column for the HTGR should read as follows: 

separative work requirement, initial loading 

(attention: delete "cum" 

ore requirements (U30$, initial loading [A] 1 
5.) Delete in table 2 the suffix "cum" at the separative work 

in general. 


