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ABSTRACT 

If commerc ia l i za t ion  of new t e c h n o l o g i e s  is  t h e  pr imary o b j e c t i v e  of t h e  
Department of Energy 's  Research,  Development and Demonstrat ion (RD&D) programs, 
t h e  r i l t ima te  measure of b e n e f i t  from RD&D programs is  t h e  e x t e n t  of commercial 
a c c e p t a n c e  of t h e  developed t e c h n o l o g i e s .  U n c e r t a i n t y  about  b a r r i e r s  t o  
c o n r n e r c i a l i z a t i o n  - government p o l i c y ,  f u e l  supp ly ,  e t c .  - nalce t h e  t a s k  of 
e s t i m a t i n g  t h i s  accep tance  very d i f f i c u l t .  However, g iven  t h a t  d e c i s i o n s  must 
be made r e g a r d i n g  a l l o c a t i o n  of RD&D funds ,  t h e  b e s t  i n f o r m a t i o n  a v a i l a b l e ,  
wi th  due r e g a r d  f o r  u n c e r t a i n t y ,  should  s e r v e  a s  i n p u t  t o  t h e s e  d e c i s i o n s .  
T h i s  paper  p r e s e n t s  an approach f o r  q u a n t i f y i n g  the  range of market p o t e n t i a l  
f o r  new t e c h n o l o g i e s  ( s p e c i f i c a l l y  i n  t h e  u t i l i t y  s e c t o r )  based on h i s t o r i c a l  
i n f o r m a t i o n  and known p l a n s  f o r  t h e  Future .  
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I. INTRODUCTION 

Market P e n e t r a t i o n  E s t i m a t e s  and RD&D A l l o c a t i o n  

C e n t r a l  t o  c a l c u l a t i n g  the  b e n e f i t s  a s s o c i a t e d  w i t h  t h e  development and 
i n t r o d u c t i o n  of new t e c h n o l o g i e s  a r e  e s t i m a t e s  of of t h e i r  r a t e  of accep tance  
( ~ a a r k e t  p e n e t r a t i o n )  and u l t i m a t e  market  p o t e n t i a l .  S ince  q u a n t i f i c a t i o n  of . 
t h e  h e n e f i  ts of technology development depends d i r e c t l y  on t h e  market  penet'ra- 
t i o n  of t h e s e  t e c h n o l o g i e s ,  t h i s  a r e a  d e s e r v e s  s p e c i a l  a t t e n t i o n .  . A s  s t a t e d  i n  
a n  e a r l i e r  paper on t h i s  s u b j e c t ,  "no s i n g l e ,  comple te ly  s a t i s f a c t o r y  means oS 
e s t i m a t i n g  market p e n e t r a t i o n  of a  new technology has  ever  been de.ve,loped. " l 
Nor i s  i t  l i k e l y  t h a t  a  s i n g l e  method w i l l  be evolved.  The i n h e r e n t  d i f f e r -  
ences  i n  market  s e c t o r s ,  changes i n  consurner h a b i t s ,  and unforeseen  i n n o v a t i o n s  
p r e c l u d e  development of a  u n i v e r s a l l y  a p p r o p r i a t e  methodology. 

I n  deve lop ing  methods f o r  d e a l i n g  wi th  q u e s t i o n s  of .market  p e n e t r a t i o n ,  
f a c t o r s  such a s  the  a v a i l a b i l i t y  of d a t a  t o  s u p p o r t  t h e  methodology, t h e  a c t u a l  
u s e f u l n e s s  of the  i n f o r m a t i o n  d e r i v e d ,  and the  u n c e r t a i n t i e s  i n  the  "informa- 
t i o n "  a r e  too f r e q u e n t l y  ignored.  E l a b o r a t e ,  expens ive  procedures  r e q u i r i n g  
v a s t  s u p p o r t  a c t i v i t i e s  g e n e r a l l y  produce r e s u l t s  wi th  a  l e v e l  of r e f inement  
t o t a l l y  u n j u s t i f i e d  by the  v e r i f i a b l e  conf idence  of t h e  d a t a  i n p u t s ;  i n  many 
c a s e s ,  l e s s  c o s t l y  methods would be adequa te  and can p rov ide  more u s e f u l  
i n f o r m a t i o n .  The d.ata i n p u t s  t o  e l e g a n t  f o r m u l a t i o n s  and s o p h i s t i c a t e d  method- 
o l o g i e s  may c o n t a i n  such a  h igh  degree  of u n c e r t a i n t y  t h a t  t h e  model r e s u l t s  
a r e  mean ing less ,  o r  worse, mis lead ing .  

Normative and E x p l o r a t o r y  F o r e c a s t i n g  Approaches 

Technology f o r e c a s t i n g  methods f a l l  i n t o  two g e n e r a l  c l a s s e s ,  normat ive  
and e x p l o r a t o r y .  These c a t e g o r i e s  a r e  not e n t i r e l y  e x c l u s i v e  (e.g. ,  a  doni- 
n a n t l y  normat ive  method may c o n t a i n  e x p l o r a t o r y  e l e m e n t s ) ,  bu t  a r e  b road ly  
d i f f e r e n t  philosophica1,Ly. Mormative f o r e c a s t i n g  assumes a d e s i r a b l e  g o a l  
( e .  g., a  l e a s t - c o s t  energy sys tem) and i d e n t i f i e s  a c t i o n s  ( r e s o u r c e  a l l o c a -  
t i o n s )  necessar ,y  f o r  goa l  r e a l i z a t i o n .  ,411 l i n e a r  programs, even when h i g h l y  
c o n s t r a i n e d  f o r  Ilse i n  s i rnu la t ion  ~.nodes, a r e  norna t i v e  models. 

Normative models show what should  happen i n  some o p t i m a l  s e n s e ;  they do 
n o t  a t t e m p t  t o  p r e d i c t  what w i l l  happen i n  t h e  f u t u r e .  For a  g iven  s e t  of 
i n p u t  a s sumpt ions ,  they can e s t a b l i s h  the  v a l u e  of a  new technology t o  a  f u t u r e  
energy system. ilowever, node l  i n p u t s  and o u t p u t s  a r e  p o i n t  d a t a  - u n c e r t a i n t y  
i.n major i n p u t  assumpt ions  is  d e a l t  w i t h  by the  g e n e r a t i o n  of a l t e r n a t i v e  
: ;cenarios.  U n c e r t a i n t y  i n  technology c h a r a c t e r i z a t i o n  d a t a  is  o f t e n  ignored.  
Energy sys tem models of t h i s  c l a s s  a r e  widely  used a s  a i d s  t o  p o l i c y  and 
budge ta ry  d e c i s i o n  making. C r i t i c i s m  of normat ive  models g e n e r a l l y  f o c u s e s  on 
the  i n c o n s i s t e n c y  of i n p u t  d a t a  q u a l i t y  and t h e  s o p h i ' s t i c a t i o n  of t h e  modeling 
approach.  The mei~n ingfu lness  of s e l e c t e d  g o a l s  i s  a l s o  o f t e n  s u s p e c t .  



E x p l o r a t o r y  f o r e c a s t i n g  s t a r t s  from t h e  c u r r e n t  s t a t e  of a  system and 
a t t e m p t s  t o  p r e d i c t  t h e  f u t u r e  s t a t e  of t h a t  system based on a g g r e g a t e s  of 
e x p e r t  judgment and /o r  e x t r a p o l a t i o n  of t r e n d s .  F o r e c a s t s  of p robab le  system 
t e c h n o l o g i c a l  s t a t e s  a r e  u s e f u l  i n  a i d i n g  r e s e a r c h  and development r e s o u r c e  
a l l o c a t i o n .  The s imple  approaches  used r e q u i r e  a f a r  lower commitment of 
r e s o u r c e s  t h a n  normative f o r e c a s t i n g .  The most complex a r e a  of e x p l o r a t o r y  
f o r e c a s t i n g  i n v o l v e s  t h e  e s t a b l i s h m e n t  of s imple  c o r r e l a t i v e  models by s t a t i s -  
t i c a l  t e c h n i q u e s .  

It is  p o s s i b l e  t o  d e a l  w i t h  u n c e r t a i n t y  i n  a  s imple  way through t h e  use  of  
e x p l o r a t o r y  t echn iques .  I n  t h e  approach o u t l i n e d  i n  t h i s  paper ( t h e  E l e c t r i c  
U t i l i t y  S t o c h a s t i c  Model), t h e  nean and v a r i a n c e  of t h e  i n p u t  d a t a  t o  t h e  
methodology may be used t o  s e t  l i m i t s  t o  t h e  t ime h o r i z o n  beyond which i.t would 
be i m p o s s i b l e  t o  draw i n t e l l i g e n t  c o n c l ~ l s i o n s  abou t  t h e  t e c h n o l o g i e s  under 
s t u d y .  

C r i t i c i s n  of t h e  e x p l o r a t o r y  f o r e c a s t i n g  approach c e n t e r s  on i t s  l a c k  of 
a t t e n t i o n  t o  c a u s a l  mechanisms. However, even t h e  most sophi ,s t i .ca ted  normat ive  
models use  e x p l o r a t o r y  methods e x p l i c i t l y  t o  l i m i t  t he  r a t e  of d i f f u s i o n  ,of  
t e c h n o l o g i c a l  i n n o v a t i o n s  and i n f o r m a l l y  t o  de te rmine  t h e  models'  exogenous 
d r i v i n g  i n p u t s  ( e .g . ,  f u t u r e  energy demand). 

R a t i o n a l e  f o r  t h e '  S e l e c t i o n  of t h e  E l e c t r i c  U t i l i t y  S t o c h a s t i c  Model 

A review of avai:Lable n o d e l s  f o r  l joss ib lc  llse i n  .market p e n e t r a t i o n  
a n a l y s i s  f o r  advanced power g e n e r a t i o n  t e c h n o l o g i e s  was conducted a s  an  e a r l i e r  
p a r t  of t h i s  program. Th i s  rs.view r e v e a l e d  g e n e r i c  weaknesses i n  each of t h e  
two c l a s s e s  of node l s  normal ly  used i n  t h e  e v a l u a t i o n  of new u t i l i t y  s e c t o r  
t e c h n o l o g i e s .  Even the  nos t a p p r o p r i a t e  ene rgy/econoiny sys  tems models s u f f e r  
from t h e i r  d i f  E icu l ty  i n  d e a l i n g  wi th  u n c e r t a i n t y  and l a c k  of r e g i o n a l  d e t a i  1. 
A v a i l a b l e  u t i l i t y  c a p a c i t y  expansion models have i n s u f f i c i e n t  t ime h o r i z o n s  t o  
e v a l u a t e  t h e  t e c h n o l o g i e s  under c o n s i d e r a t i o n  i n  t h i s  s t u d y ,  do not  a d d r e s s  
uncertainty i n  technology c h a r i i c t e r i z a t i o n s ,  o r  a r e  d i f f i c u l t  t o  use i n  t h e  
a s s e s s m e n t  of new t e c h n o l o g i e s .  Both of the  above c l a s s e s  of models r e q u i r e  
e x t e n s i v e  d a t a  bases  and have s u b s t a n t i a l  computa t iona l  r equ i rements  whi le  t h e  
l e v e l  of d e t a i l  r e q u i r e d  i s  g e n e r a l l y  incompat ib le  w i t h  t h e  q u a l i t y  of t h e  d a t a  
a v a i l a b l e  f o r  c h a r a c t e r i z i n g  emerging t e c h n o l o g i e s .  

The E l e c t r i c  U t i l i t y  S t o c h a s t i c  Model ( d e s c r i b e d  i n  S e c t i o n  111 of t h i s  
r e p o r t )  i s  p r i ~ n a r i l y  an e x p l o r a t o r y  t o o l  which a v o i d s  many of the  problems of  
t h e  models d e s c r i b e d  above. The node l  d e a l s  e x p l i c i t l y  wi th  t h c  u n c e r t a i n t y  
i n h e r e n t  i n  demand f o r e c a s t s  and t h e  econoinic c h a r a . c t e r i s t i c s  of immature 
t e c h n o l o g i e s .  Data and computationa.1 requ i rements  a re  minimal,  and. o p e r a t i o n  
a t  v a r i o u s  l ' e v e l s  of r e g i o n a l  d e t a i l  i s  e a s i l y  accomplished.  The model was 
deve loped  by P e t e r  Love of the  Conmission of the  European Comnunit ies,  DG X I I ,  
and is  c u r t e r ~ t l y  b s i n g  r e v i s e d  by members of t h e  'L'he Na t iona l  Cen te r  f o r  Analy- 
s i s  of Energy Systems a t  Brookhaven N a t i o n a l  L a b o r a t o r y  under h i s  d i r e c t  ion .  



T h i s  approach does not  t a k e  i n t o  accoun t  many of t h e  c o n s i d e r a t i o n s  which 
u t i l i t y  c a p a c i t y  expansion models a t t e m p t  . t o  c a p t u r e  such a s  system r e l i a b i l -  
i t y ,  load- fo l lowing  c h a r a c t e r i s t i c s ,  e t c .  For t h e  extended t ime frarne r e q u i r e d  
t o  i n t r o d u c e  the  t e c h n o l o g i e s  under  c o n s i d e r a t i o n  i n  t h i s  s t u d y ,  i t  is  neces- 
s a r y  t o  a c c e p t  t h a t  many of the  i n p u t  pa ramete r s  r e q u i r e d  t o  e v a l u a t e  t h e i r  
performance i n  a  u t i l i t y  system a r e  v e r y  u n c e r t a i n .  For example, e x p e r i e n c e  
w i t h  any technology is  n e c e s s a r y  t o  de te rmine  such o p e r a t i n g  c h a r a c t e r i s t i c s  as 
downt ine ,  o v e r a l l  e f f i c i e n c y ,  o p e r a t i n g  and maintenance c o s t s ,  e t c .  

A t  t h i s  t ime i t  a p p e a r s  r e a s o n a b l e  t o  c o n s i d e r  a l l  t e c h n o l o g i e s  i n  t h i s  
s t u d y  s imply a s  being a v a i l a b l e  f o r  a d d i t i o n s  t o  base load power g e n e r a t i o n  
( c a p a b l e  of meeting base  load demand growth o r  t o  r e p l a c e  e x i s t i n g  base  l o a d  
u n i t s ) .  

Techno log ies  S e l e c t e d  f o r  Ana lys i s  

'The advanced t ec i lno log ies  under s t u d y  a r e  c o a l - f i r e d  b a s e l i n t e r m e d i a t e  
l o a d  power g e n e r a t i o n  t e c h n o l o g i e s :  

c o n v e n t i o n a l  c o a l  colnbustion wi th  advanced f l u e  gas  d e s u l f u r i z a t i o n  
( s e v e r a l  p r o c e s s e s )  ; 
a tmospher ic  f lu i~: l ized-bed colnbustion; 
p r e s s u r i z e d  f lu id ized-bed  combustion;  
c o a l  gas  i €icat i .on/comhined c y c l e .  

To a l l o w  t h e s e  tec!lnologies t i n e  t o  a c h i e v e  s i g n i f i c a n t  market  p e n e t r a t i o n ,  t h e  
t ime  h o r i z o n  f o r  t h e  s t u d y  w i l l  ex tend a t  l e a s t  to  2000. I t  is  assumed t h a t  
renewable r e s o u r c e s  (e .g . ,  w.ind, p h o t o v o l t a i c s )  a r e  not a  major f a c t o r  i n  power 
g e n e r a t i o n  by c h i s  time. " U n t i l  about  A.D. 2000, t h e  major ,  c h o i c e s  a r e  n u c l e a r  
power, f o s s i l  f u e l s  (of  v a r i o u s  s o r t s ) ,  o r  n o t h i n g ,  i n  v a r y i n g  p r o p o r t i o n s .  " 2  
D i l  and n a t ~ l r a l  gas  a r e  assurnc3d e l i n i . n a t e d  frorp c o m p e t i t i o n  by t h e  Powerplant  
and I n d u s t r i a l  F u e l  Use Act of  1978. S y n t h e t i c  f u e l  p r o d u c t i o n  f o r  power 
g e n e r a t i o n  ( o t h e r  than  i n t e g r a t e d  c o a l  g a s i f i c a t i o n l c o n b i n e d  c y c l e )  w i l l  l i k e l y  
he tnn r n s t l y  a13,d l i m i t e d  i n  supp ly  t o  have a .ma j n r  impact on base  load genera-  
t i o n  i n  t h t s  t ime Erane, a l t h o u g h  t h i s  o p t i o n  could  e a s i l y  be i n c l u d e d  .Cui 
a n a l y s i s  a t  a  l a t e r  d a t e .  Al t l~ough  e l e c t r i c i t y  fro13 n u c l e a r  power i s  g e n e r a l l y  
c o n s i d e r e d  s l i g h t l y  cheaper  , than coal-based e l e c t r i c i t y ,  t h e  s o c i a l  con t ro -  
ve r sy  su r round ing  n u c l e a r  and the  momen turn of t h e  p o l i t i c a l  o p p o s i t i o n  t o  t h i s  
a l t e r n a t i v e  a r e  assumed t o  1imi.t i t s  c o u t r t b u t i o n  by t h e  t u r n  of t h e  cen tu ry .  
Thus, t h e  i n i t i a l  s e t  of t e c h n o l o g i e s  c o n s i d e r e d  t o  be i n  c o m p e t i t i o n  f o r  t h e  
h3~e/interrnedi. .?t , t?  power ,genera t ion  a r e  the  .four advanced c o a l  u t i l i z a t i o n  
t e c l ~ r ~ o l o g i e s  l i s t e d  above,  a long  w i t h  l i m e / l i m e s t o n e  (wet throwaway) s c r u b b i n g ,  
t h e  'base1 int?  technology.  , 



11. BASIC CONSIDERATIONS AND APPROACH OVERVIEW, 

Overview 

Although it  is i m p o s s i b l e  to. f o r e c a s t  w i t h  a  h igh  degree  of conf idence  t h e  
e v e n t u a l  a c c e p t a n c e  (market  p e n e t r a t i o n )  of a  technology c u r r e n t l y  a t  t h e  
r e s e a r c h  and development s t a g e ,  i t  i s  r e a s o n a b l e  t o  assume t h a t :  

Demonstra t ion of a  commercia l -scale  f a c i l i t y  w i l l  be r e q u i r e d  be£ o r e  
any g e n e r a l  a c c e p t a n c e  of t h e  technology w i l l  be p o s s i b l e ;  and 

r uuce dri : io~ls t ra t ion has  becn a c h i e v e d ,  i t  may be p o s s i b l e  t o  e s t i m a t e  
upper  l i m i t s  f o r  growth based upon t h e  h i s t o r i c a l  behavior  of o t h e r  
t e c h n o l o g i e s  ( e s p e c i  a l . l y  i i ~  the  same i n d u c t r y ) .  

The g e n e r a l  approach proposed t o  q u a n t i f y  market  p e n e t r a t i o n  p o s s i b i l i t i e s  
For new t e c h n o l o g i e s  i n  t h e  u t i l i t y  s e c t o r  c o n s i s t s  o f  the  f o l l o w i n g  s t e p s :  

1. E s t i m a t e  t h e .  complet ion d a t e  f o r  c o n s t r u c t i o n  of t h e  f i r s t  comner- 
c i a l - s c a l e  demons t ra t ion  u n i t .  

2. E s t i m a t e  t h e  t i n e  r e q u i r e d  f o r  s t a r t - u p ,  o p e r a t i o n ,  ,and e v a l u a t i o n  of 
t h i r ;  f i r r ; t  u n i t  (demons t r n t i o n  t o  c u ~ i i l ~ i c . l a l  a v a i l a b i l i e y ) .  

3. E s  t i ~ n a t e  t h e  t ime r e q u i r e d  f o r  i n i t i a l  market  p e n e t r a t i o n  (r .nmn~rci .al-  
% 

a v a i l a b i l i t y  t o  threshold a c c e p t a n c e  ). 

4. E s t i m a t e  economic, e n v i r o n m e n t a l ,  and  performance c h a r a c t e r i s t i c s  of 
t h e  new technology.  

5. E s t i m a t e  t h c  ~ r o w t l l  r a t e  of the  new ~ecl i r lo logy .. . (market  s h a r e ) .  

6 .  E s t i m a t e  market' s i z e  by q u a n t i f y i n g  e x i s t i n g  and planned c a p a c i t y ,  
a n t i r i  p n t ~ i i  r ~ t i  r ~ m e n t s ,  and cxpcc tcd  dcmand g r ~ w t h i  , 

7. Q u a n t i f y  market c a p t u r e  hy i n t e g r s  t i n 8  the  informclti.on e 3 t a b l i s h e d  i n  
. s t e p s  1 th rough  6. 

U n c e r t a i n t y  c o n s i d e r a t i o n s  a r e  invo lved  i n  a l l  t h e s e  s t e p s .  

-- 
* S u f f i c i e n t  market  c a p t u r e  t o  e l i m i n a t e  p e r c e p t i o n  of t e c h n i c a l  r i s k  and t o  

a d q u a t e l y  d e f i n e  p rocess  economics: t a k e n  a s  4 % o f  the  t o t a l  market i n  t h i s  
r e p o r t .  



Commercial-Scale D e n o n s t r a t i o n  - The Necessary  Condi t ion  

The demons t ra t ion  of commercial f e a s i b i l i t y  f o r  a  new technology,  from 
bo th  t e c h n i c a l  and economic p e r s p e c t i v e s ,  i s  a  p r e r e q u i s i t e  f o r  broader  accep t -  
ance  of t h a t  technology.  Even i f  f e a s i b i l i t y  has  been demons t ra ted ,  t h e  upper 
l i m i t  of t h e  t echno logy ' s  accep tance  i s  d i f f i c u l t  t o  a s c e r t a i n  because of 
economic and r e g u l a t o r y  u n c e r t a i n t i e s ,  t h e  behav io r  of o t h e r  e x i s t i n g  o r  
emerging t e c h n o l o g i e s ,  e t c .  However, i t  is  p o s s i b l e  t o  s t a t e  d e f i n i t e l y  t h a t  
a c c e p t a n c e  (market  p e n e t r a t i o n )  w i l l  not  s t a r t  u n t i l  commercial v i a b i l i t y  h a s  
been demonstra ted .  I n  making a  c a s e  f o r  t h e  commercial-scale demons t ra t ion  'of 
a  new technology f o r  use by t h e  e l e c t r i c  u t i l i t y  i n d u s t r y  ( a  200 MW a tmospher ic  

4 f l u i d i z e d - b e d  power p l a n t ) ,  the  Genera l  Accounting O f f i c e  s t a t e s  : 

" U t i l i t i e s ,  l i k e  i n d u s t r y ,  a l s o  p r e f e r  t o  minimize 
r i s k s  of i n t r o d u c i n g  new technology.  Hence, a  dernonstra- 
t i o n  s t e p  is  necessa ry  t o  convince  u t i - l i t i e s  of t h e  a t t r a c -  
t i v e n e s s  of f lu id ized-bed  combustion a s  an a l t e r n a t i v e  t o  
c o n v e n t i o n a l  c o a l - f i r e d  p l a n t s  w i t h  s c r u b b e r s .  U t i l i t y  
companies w i l l  a c c e p t  the  t echno lgoy  o n l y  i f  they a r e  
convinced t h a t  f lu id ized-bed  combustion powerp lan t s  w i l l  
(1) o p e r a t e  e E f e c t i v e l y  and r e l i a b l y  i n  an  i n t e r c o n n e c t e d  
e l e c t i c  power system; ( 2 )  meet a l l  F e d e r a l ,  S t a t e ,  and 
l o c a l  env i ronmenta l  r e g u l a t i o n s ;  and ( 3 )  r e q u i r e  l e s s  
c a p i t a l  and o p e r a t i n g  c o s t s  compared t o  c o n v e n t i o n a l  c o a l -  
f i r e d  steam p l a n t s  wi th  s c r u b b e r s .  

A J u l y  1978 TRW I n c o r p o r a t e d  s t u d y  performed f o r  TVA 
s t a t e s  t h a t  the  demons t ra t ion  s t e p  is  r e q u i r e d  t o  o b t a i n  
sca le -up  i n f o r m a t i o n ,  env i ronmenta l  measurements c o n t r o l  
and o t h e r  i n s t r u m e n t a t i o n  requ i rements ,  d e s i g n  o p t i l n i z a t i o n  
d a t a ,  and p r a c t i c a l  e x p e r i e n c e  wi th  t h e  f lu id ized-bed  
combustion u n i t s .  The manufac tu re r s  w i l l  need t h i s  i n f  or-  
mation t o  be a b l e  t o  c o n s t r u c t  a  commercial u n i t  meeting 
t h e  t e c h n i c a l  s p e c i E i c a t i o n s  of a u t i l i t y .  The s t u d y  
furt1ic.r s t a t e s  t h a t  demons t ra t ing  t h e  r e l i a b i l i t y  and 
economic a t t r a c t i v e n e s s  of t h e  technology is  r e q u i r e d  t o  
convince  the  f i n a n c i a l  community t h a t  t h e  f l u i d i z e d - b e d  
conbus t ion  technology i s  sound. Th i s  i s  necessa ry  f o r  t h e  
u t i l i t i e s  t o  o b t a i n  r e a s o n a b l e  f i n a n c i n g  r a t e s  f o r  u t i l i t y -  
s i z e  f lu id ized-bed  combustion u n i t s . "  

For the  t e c h n o l o g i e s  under c o n s i d e r a t i o n  h e r e ,  i t  is  p o s s i b l e  t o  e s t i m a t e  
e a r l i e s t  commercial demons t ra t ion  d a t e s  Erom t h e  p l a n s  of DOE and o t h e r s .  
These d a t e s  a r e  l i s t e d  i n  Tab le  1. 



Table 1 
Earliest  PLanned Ins tallat ion Dates for  Powr  Generation Technologies 

(Dmnstraticm Size Plants) 

P h e d  Instal lat ion 

Planned Year 
Technology d Operation Unit b c a t i o n  Unit  Size ~ p u r ~  . References 

Atrrpspheric 1990 2OCMW ' Tennessee Valley 9 
Fludized-Bed Au tb r i t y  
Canbus t ion 

Rressurined 1986 New YO& I~CMV' h r i r n n  Elr r t - r i r  P w * r  5 
FluidLtwl-Btwl Service Corp. 
Canbus t ion 

Coal Gasification/ 1983 Edimn Coo1 Ihter l'owcr 1@w h t t ~ 1 . 1 1  c d i f l ~ i . l l i ~  6,0,11), 17 
Combined Cycle Plant, San Bernadine, CA Edim Co. 

Advanced Flue Gas 
l'ksulfur iza t ion 

1. Ixlal. Alkalai 1979 A.B. Brown Yo. 1, 
West Franklin, LN 2 6 W  

Cane Run No. 6, . 2 8 W  
Lcuisvil le , I(Y 

Nwton No. 1, Newton, IL 57 PIW 

Southern Indiana Gas h 
Electr ic  Co. 

Central I1 Linois Public 
Service 

Pltiladelptua Electr ic  

3. Lllellmn-brd 1975 . Dean H. rlitchell No. 11, 11.W Nortkm Indiana Public 
Sul f i te  Gary, IN Service Co. 
Scrubbiq 1 i 

6. Dry Injection/ 1980 Rivcmidc Station No. 5 6 7, 1 Northern Sta te5  kwr  7,16 
B?glx)use F i l t e r  ~ i m & ~ l i s ,  FIN (each) Co. ... 

5. Spray Dryer/ 1981 North Dakota Coyote Station 44CTM Otter Ta i l  Powr Co. 
&house F i l t e r  No. 1. b l l a h .  ND 

ki~rlope Valley No. 1, Basin Electr ic  P m r  
BeuLah, ND Cooperati= 

1974 k i d  Garder No. 1 & 2, 1 2 W  Nevada P o e r  6. A~WOUS 
Ch3mnate h ~ a ,  MJ (each) 



Demonstration to Commercial Availability 

Once a commercial-scale demonstration facility has been constructed, 
additional time is required for start-up, operation, and evaluation. In 
addition, vendors,must have time to make adjustments in their operations to 
produce the new technology. For the electric utility industry, this period has 
historically ranged from three to eight years. l8-z1 

Initial Market Penetration - Comnercial Availability to Threshold Acceptance 

After a technology has been demonstrated as viable and been made available 
for commercial selection, the time period required to achieve a significant 
portion of the market, say, 4% of total capacity in place, can be estimated 
from the recent performance of the industry. The minimum time required to 
achieve threshold acceptance would be the sum of times required for planning, 
design, permitting, and construction of new units after commercial demonstra- 
tion has been successful. 

Nuclear power required 15 years to achieve 4% of electric power generating 
capacity, and flue gas desulfurization captured this market share after 11 
years (see Figures 1 and 2). 

The increased regulatory and licensing requirements for new power plants 
are expected to slow the rate of introduction of even the most attractive new 
technologies. "No future electric power option is likely to exceed the nuclear 
power speed record. "22 

Once a technology has achieved threshold acceptance; it can be assumed 
that the major uncertainties about its performance have been overcome, and that 
the risk aversion associated with these uncertainties will play a minor role in 
the selection process from this point on. Several technology substitution 
models assume that once this degree of market acceptance (2 to 4%) has been 
attained, further market penetration of, the technology can be forecast on the 
basis of its ecnnomi r. ctiaracteristics and those of its competj.tors. 

Economic, Environnental, and Performance Characteristics of New Technologies 

Consistent estimates of economic, environmental, and performance charac- 
tcristic~ for the vari-n~is' r.nal-f ired technologies are important in the develop- 
 neat of market penetration forecasts. Overall consistency is essential for an 
equitable evalilat.ion of technologies. To achieve this consistency, it is 
important that identical methods and assumptions be. used for each technology. 
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In e s t i m a t i n g  t h e s e  c h a r a c t e r i s t i c s  we must d e a l  w i t h  t h e  f a c t  t h a t  f u t u r e  
e v e n t s  and t h e  a v a i l a b l e  d a t a  c o n t a i n  some degree  of u n c e r t a i n t y .  Understand- 
a b l y ;  t h e  degree  of u n c e r t a i n t y  f o r  c o n v e n t i o n a l  t e c h n o l o g i e s  i s  l e s s  than  f o r .  
t h o s e  t e c h n o l o g i e s  n o t  y e t  c o a m e r c i a l i z e d .  I n  a d d i t i o n ,  c h a r a c t e r i s t i c  uncer-  
t a i n t i e s  t h a t  a r e  common t o  any one technology should  no t  va ry  between. t h e s e  
t e c h n o l o g i e s  (e.g., c o s t  u n c e r t a i n t y  i n v o l v i n g  i d e n t i c a l  equipment should  no t  
va ry  f o r  d i f f e r e n t  t e c h n o l o g i e s ) .  

The a n a l y s i s  of u n c e r t a i n t y  i n  t h e  e s t i m a t e s  of economic, env i ronmenta l ,  
a n d  performance c h a r a c t e r i s t i c s  of new g e n e r a t i n g  t e c h n o l o g i e s  i s  b e i n g -  per-  
formed by Argonne N a t i o n a l  L a b o r a t o r y  (ANL). 

Market P e n e t r a t i o n  Ra tes  f o r  New Techno log ies  

General  C o n s i d e r a t i o n s  - .  Once a  new technology has  ach ieved  t h r e s h o l d  
a c c e p t a n c e ,  i t s  r a t e  of market  c a p t u r e  ( d e g r e e  of s u b s t i t u t i o n )  i s  l i m i t e d  by 
many f a c t o r s ,  i n c l u d i n g  t h e  i n h e r e n t  i n e r t i a  of t h e  p o t e n t i a l  c u s t o n e r s ,  uncer-  
t a i n t y  over  p o t e n t i a l   regulation^,^^ u n c e r t a i n t y  over  a n t i c i p a t e d  improvements 
o r  r emain ing  a n x i e t i e s  concern ing  t echno logy  performance,  and t h e  a b i l i t y  
and /o r  w i l l i n g n e s s  of equipment s u p p l i e r s  t o  p rov ide  t h e  new u n i t s . 2 4  These and 
o t h e r  f a c t o r s  l e a d  t o  t h e  market p e n e t r a t i o n  behavior  observed by F i s h e r  and 
p r y ,  25 ~ e t e r k a ,  26 and o t h e r s :  t h a t  of t h e  f a m i l i a r  S-shaped growth c u r v e  
( l o g i s t i c  c u r v e ) .  Numerous a t t e m p t s  have been made t o  e x p l a i n  t h i s  widely  
observed h i s t o r i c a l  behavior  of new t e c h n o l o g i e s  d i s p l a c i n g  e x i s t i n g  t echno lo -  
g i e s .  Generally i t  i s  b e l i e v e d  t h a t  the  shape of the  curve  r e f l e c t s  t h e  
p e n e t r a t i o n  p rocess  a s  proceeding s lowly  a t  f i r s t  a s  t h e  market  overcomes i t s  
u n c e r t a i n t i e s  about  t h e  new techno logy ' s  b e n e f i t s  and c o s t s .  With t ime,  t h e s e  
u n c e r t a i n t i e s  and r i s k s  a r e  overcome by an i n c r e a s e d  accep tance  oE t h e  r e a l i t y  
of t h e  b e n e f i t s  of t h e  newcomer. Also ,  u t i l i t i e s  whose e x i s t i n g  c a p i t a l  s t o c k  
i s  r e l a t i v e l y  o l d  w i l l  be prompt t o  a c c e p t  t h e  new t e c h n o l o g i e s ,  whi le  o t h e r  
u t i l i t i e s  might a n t i c i p a t e  an improve[nent i n  performance o r  a  r e d u c t i o n  i n  c o s t  
of t h e  new technology and d e l a y  accep tance .  

I$a themat ica l ly ,  pa ramete r s  ( g e n e r a l l y  c o s t s )  c h a r a c t e r i z e  t h e  e x i s t i n g  
t echno logy  which a r e  used t o  o b t a i n  t h e  d a t a  s e t  w i t h  which neN competing 
t e c h n o l o z i e s  a r e  then compared i n  o r d e r  t o  e s t a b l i s h  t h e i r  r a t e  of market  
p e n e t r a t i o n .  One element of our  approach w i l l  be t o  develop a  curve  o r  s e t  of 
c u r v e s  which c a p t u r e  t h e  b e h a v i o r a l  and o t h e r  f a c t o r s  which l i m i t  t h e  s u b s t i t u -  
t i o n  r a t e s  f o r  new t e c h n o l o g i e s .  These c u r v e s  w i l l  be based on h i s t o r i c a l  d a t a  
s e t s  from t h e  e l e c t i c  u t i l i t y  i n d u s t r y ' s  e v o l u t i o n  (e .g . ,  t h e  s u b s t i t u t i o n  of  
n u c l e a r  f o r  f o s s i l  s team f o r  power g e n e r a t i o n ) .  I n  a d d i t i o n ,  t h e  P e t e r k a  
technology s u b s t i t u t i o n  model w i l l  be used,  w i t h  a p p r o p r i a t e  m o d i f i c a t i o n ,  t o  
c a l c u l a t e  market  p e n e t r a t i o n  based on t h e  economic assessments  of t h e  new 
t e c h n o l o g i e s .  Since  t h i s  method does not  c a p t u r e  b e h a v i o r a l  a s p e c t s ,  i t  w i l l  
s e r v e  t o  p rov ide  an  o p t i m i s t i c  p e n e t r a t i o n  r a t e  based s o l e l y  on economic 
c r i t e r i a ;  t h i s  r a t e  w i l l  not be a l lowed t o  exceed t h e  b e s t  h i s t o r i c a l  s u b s t i t u -  
t i o n  r a t e .  (EPRI s c i e n t i s t s  e s t i m a t e  a  c e i l i n g  market  s h a r e  of about  8% by 
2000 f o r  a  new power g e n e r a t i o n  technology a c h i e v i n g  commercia l -scale  demon- 
s t r a t i o n  i n  1985. ) 2 7  



H i s t o r y  o f  t h e  Adoption of  New Techno log ies  by t h e  U t i l i t y  I n d u s t r y .  

"Our t a s k '  of f o r e c a s t i n g  ' and a s s e s s i n g  t echno logy  is  
d i f f i c u l t .  Yet we, o u r s e l v e s ,  d i s c o u n t  a l l  bu t  t h e  most 
' r e c e n t  p a s t .  (Trend e x t r a p o l a t i o n  does use  r e c e n t  p a s t .  ....:. .. . . :. : ._ ._ 
d a t a . )  We t a l k  i n  t e x t s  b r a v e l y  about  h i s t o r i c a l  a n a l o g i e s  
b u t  when do we u s e  them? ,  I n  fac;, technology f o r e c a s t e r s  
and a s s e s s o r s  a r e  . s h o c k i n g l y  i g n o r a n t  about  t h e  h i s t o r y  of 
technology.  Yet h i s t o r y  p r o v i d e s  t h e  on ly  l a b o r a t o r y  o r  
models we have f o r  s t u d y i n g  complex i n t e r a c t i o n s  'between 
technology,  t h e  i n d i v i d u a l ,  and s o c i e t y  -- a f t e r  a l l  t h e  
e s s e n c e  of TA. "28 . . 

S c e r ~ a r i o  b u i l d i n g  - f o r e c a s t i n g  - r e q ~ l i  r ~ s  p,refessicrnal' judgment of what . 
c o i ~ s t i t u t e s  a . r e a s o n a b l e  f u t u r e .  "Models d o n ' t  f o r e c a s t ,  model .bui1der .s  do,"  
and o f t e n  t h e  use ' ,of  a model i s  s imply an e l -ahorate  j u s t i f i c a t i o n  f o r  a node1 
b u i l d e r ' s  p reconcep t ions .  R a t e s  of change r e l a t i v e  t o  a  base  y e a r  a r e  c e n t r a l  
t o  d e f i n i n g  r e a s o n a b l e  f u t u r e s ,  ' y e t  t h e s e  r a t e s  a r e  o f t e n  s p e c i f i e d  w i t h o u t  
a d e q u a t e  j u s t i f i c a t i o n .  I n  an  a t t e m p t  t o  b e t t e r  p rov ide  i n d i c a t i o n s  of m a -  
s o n a b l e  l i m i t s  f o r  r a t e s  of technology 'acceptan'ce i n  t h e  e l e c t r i c  u t i l i t y  
i n d u s t r y ,  r e s e a r c h  i n t o  t h e  e v o l u t i o n  of . t echno logy  i n  t h i s  s e c t o r  i s  c u r r e n t l y  

. . 
be ing  conduc ted ,  and w i l l  be p u b l i s h e d  a s  a  s e p a r a t e  paper .  I t  i s  t o  be 'holjed " ' 

t h a t  t h i s  work w i l l  resu1.t i n  a b e t t e r  unders tand ing  of t h e  dynamics of tech- 
n o l o g i c a l  change i n  t h i s  s e c t o r  and p r o v i d e  e m p i r i c a l l y  grounded e s t i m a t e s  of 
l i k e l y  and maxi-mum r a t e s  0.t' change. These ' e s t i m a t e s  w i l l  be used i n  t h e  
d e f i n i t i o n  of pa ramete r s  f o r  u s e  i n  a  technology s u b s t i t u t i o n  ( r a t e  l i m i t i n g )  
model t o  be used a s  p a r t  of t h i s  s tudy .  I n  a c t u a l  a p p l i c a t i o n ,  t h i s  model w i l l  
he u s e 8 . a ~  a gl.li.de, n o t  a r1.1le. 

"I t  should  be emphasized t h a t  w h i l e  h i s t o r i c a l  d a t a  p rov ide  
i n d i c a t i o n s  of l i k e l y  a c c e p t a n c e  r a t e s ,  f o r e c a s t s  must be 
supplemented by pr0fess . i  o n a l  judgment oE r e c e n t  (and 

1.29 . . p o s s i b l y  i n c i p i e n t )  trends. 

Technology S u b s t i t u t i o n  Models: S t r e n g t h s  and Weaknesses. C e n t r a l  t o  
most t echno logy  s u b s t i t u t i o n  models a r e  t h e  b a s i c  Fisher-Pry hypo theses :  

I f  a  s u b s t i t u t e  c a p t u r e s  a few p e r c e n t  of t h e  market ,  i t  w i l l  p roceed 
t o  dominate t h e  market  ( i f  no subsequent  s u p e r i o r  t echno logy  is  
i n t r o d u c e d ) ,  and 

t h e  r a t e  of s u b s t i t u t i o n  i s  p r o p o r t i o n a l  t o  t h e  remaining market  t o  be 
c a p t u r e d .  

I 



This behavior has been identified in many industries, including segments 
of the utility industry, and in the absence of "facts about the future" we will 
assume that it holds for this study. 

An important aspect of this method is that it sets limits on the capture 
of fractional market share, not on the absolute amount of the market taken. 
This decomposes the substitution process into the calculation of market shares 
and the estimation of narket growth. Thus, total market size is separated from 
the market share calculation, and scenarios based on different growth rates, 
retirement rates, etc. can be used to estimate the magnitude of the market 
potential. 

E'eterka30 extends the Fisher-Pry method to a model that considers more 
than two competing technologies, shows how information about model parameters 
can be extracted from historical data, and demonstrates how a new techncilogy 
can be incorporated in the model on the basis of its economic assessment. His 
assumptions seem basically defensible. These include that no technology can be 
permanently supported by external capita131 and .that the rate of substitution 
is positively correlated with' profitability of the new technology and negative- 
ly influenced b the relative capital investment required to '-introduce the new 
technology. 32,33 

The use of these equations as predictive tools is open to criticism. The 
central weakness is that while the equations can achieve excellent fits to some 
past observed behavior, their performance in anticipating future developments 
cannot be verified. 

"Instead of evaluating the past performance of technologi- 
cal forecasting, forecasting theorists generally analyzed 
past growth trends in the technologies themselves, which 
usually implied that a given technology would have been 
forecasted accurately because it is now known that its 
growth trend followed some identifiable curve or formula. 
This conclusion makes sense, of course, only if that 
specific curve or formula (i.e., the appropriate forecast- 
ing method) dcfinitcly was used by the hypothetical earlier 
forecasters. It does ,not provide any real justification 
for optimism. " 3 4  

In addition, the factors used by such models to explain the past behavior 
of technologies may not be the important determinants in the future market 
penetration of other new technologies. "All the precise models of technologi- 
cal substitution considered above can serve as valuable tools in estimating 
market penetration, but they cannot hope to be all inclusive in considering 
influences on the market and a product's development."j5 The dominance of 
social and political factors in the case of nuclear energy, for example, have 
led to a different market behavior (illustrated by Figure 1) from that pre- 
dicted by Blackman's technology substitution models (Figure 3). Blackman's 



node1  a n t i c i p a t e d  t h e  market  i n c r e a s e  f o r  n u c l e a r  g e n e r a t i n g  c a p a c i t y  ( a t  t h e  
expense  of f o s s i l  s team) t o  e x h i b i t  t h e  f a m i l i a r  l o g i s t i c  c u r v e  b e h a v i o r ;  t h i s  
p r e d i c t i o n ,  whi le  r e a s o n a b l y  c o r r e c t  f o r  e a r l y  y e a r s ,  has  been i n v a l i d a t e d  by 
t h e  v i g o r o u s  and e f f e c t i v e  o p p o s i t i o n  t o  n u c l e a r  power by v a r i o u s  s p e c i a l  
i n t e r e s t  groups.  

YEAR 

F i g u r e  3 
Market Behavior P r e d i c t e d  by Technology S u b s t i t u t i o n  ? lodels  

Dynamics of t h e  d i sp lacement  of steam b a s e l i n t e r m e d i a t e  l o a d  g e n e r a t i n g  
c a p a c i t y  by n u c l e a r  non-breeder-type r e a c t o r  sys tems:  

O f o r e c a s t  d a t a ,  I n  n/0.28-19 -3.592 + 0.354t1, ,  m = ~ n a r k e t  s h a r e  of 
n u c l e a r  sys tems,  t '  = y e a r  - 1970, and c o r r e l a t i o n  coeE.Eicienl: = 0.948 -- 
model p roduc t ion .  

Source :  Blackman, A.M.  Jr., "A Plathemat ica l  Model f o r  Trend F o r e c a s t s , "  
T e c h n o l o g i c a l  F o r e c a s t i n g  and S o c i a l  Change, 3 ,  449, F i g .  9, 1972. 

- .  

The use  of e m p i r i c a l l y  d e r i v e d  technology s u b s t i t u t i o n  models a s  f o r e c a s t -  
i n g  t o o l s  p r o v i d e s  a  conven ien t  means f o r  d e f i n i n g  h i s t o r i c a l l y  c o n s i s t e n t  
l i m i t s  on s u b s t i t u t i o n  r a t e s  f o r  new t e c h n o l o g i e s .  They i n c o r p o r a t e  t h e  
d i v e r s e  b e h a v i o r a l  and dynamic a s p e c t s  of t e c h n o l o g i c a l  e v o l u t i o n  i n  a  u s a b l e  
form, t h u s  supp ly ing  a n  h i s t o r i c a l  ba,sis. f o r  p r o j e c t i n g  f u t u r e  changes.  When 



model pa ramete r s  a r e  d e r i v e d  from h i s t o r i c a l  d a t a  ( e s p e c i a l l y  f o r  t h e  same 
i n d u s t r y  and f o r  s i m i l a r  p r i o r  t e c h n o l o g i c a l  s u b s t i t u t i o n s ) ,  they can be used 
t o  p l a c e  r e a s o n a b l e  l i m i t s  on the  range of p o s s i b l e  f u t u r e s .  

"... maximum h i s t o r i c a l  r a t e s  of change will. most probably  
n o t  be exceeded and r a t e s  of change d u r i n g  "normal" t imes  
and d u r i n g  the  s u b s t i t u t i o n  of one technology f o r  a n o t h e r  
w i l l  be q u i t e  h e l p f u l  i n  s c e n a r i o  b u i l d i n g .  The economic 
r a t i o n a l e  f o r  a  g iven  r a t e  of change need not  be w e l l  
unders tood t o  a l low a p p l i c a t i o n  of t h a t  r a t e  t o  a n  analo-  
gous f u t u r e  s i t u a t i o n  and a  new technology w i t h  soEle 
r e a s o n a b l e  conf idence  i n  t h e  p r e d i c t e d  r e s u l t s .  "36 

Narket  Size,: Re t i r ements ,  Planned Addi t ions  t o  Capac i ty ,  and Demand Growth 

Genera l  C o n s i d e r a t i o n s  - The u t i l i t y  market  f o r  new t e c h n o l o g i e s  can be 
c o n c e p t u a l i z e d  a s  being a  f u n c t i o n  of t h e  r e t i r e m e n t  of e x i s t i n g  c a p i t a l  s t o c k  
and t h e  t o t a l  requirement  f o r  power genera t ion ;  

, 1 ~ o t  a l l .  new c a p a c i t y  w i l l  be i n c l u d e d  i n  t h e  , p o t e n t i a l  market  f o r  t h e  new 
t e c h n o l o g i e s  conside.red i n  t h i s  s tudy .  Time frame c o n s t r a i n t s  ( t e c h n o l o g y  
a v a i l a b i l i t y ) ,  c u r r e n t  u t i l i t y  p l a n s  f o r  expans ion  ( F i g u r e  4 ) ,  a p p r o p r i a t e n e s s  
of new t e c h n o l o g i e s  t o  u t i l i t y  l o a d  c u r v e s ,  env i ronmenta l  r e s t r i c t i o n s ,  and 
o t h e r  c o o s i ~ l e r a t i o n s  w i l l  l i m i  t t h e  ma-rke t a v a i l a b i l i t y .  These c o n s i d e r a t i o n s  
can be c o n v e n i e n t l y ' i n c o r p o r a t e d  i n  a n  energy sys tems modeling framework. 

T o t a l  c a p a c i t y  r e q u i r e d  i s  a  f u n c t i o n  of demand and r e s e r v e  margin.  
N a t i o n a l l y ,  a r e s e r v e  margin of 20% i s  g e n e r a l l y  c o n s i d e r e d  adequate .37 Fore- 
c a s t i n g  demand h a s  become a  d i f f i c u l t  t a s k .  From 1954 u n t i l  1973, demand r o s e  
s t e a d i l y  by 7  t o  8% Followir& t h e  1973-1374 o i l  embargo, t h e  
growth r a t e  slowed t o  l e s s  t h a n  5% a n n u a l l y ,  and i s  l i k e l y  t o  be h e l d  down by 
e educed C M P  g r o ~ t h ,  rnn:;ecvation, i n c r e a s e d  e f f  Lciency of use (e.  g., h e a t  
pumps), and o t h e r  f a c t o r s .  However, t h e  i n d u s t r i a l  r a r e  01 p u r c l ~ a s c s  of 
e l e c t r i c i t y  could  i n c r e a s e  a s  t h e  Powerplant  and I n d u s t r i a l  Fuel  Use Act of 
1978 f o r c e s  o u t  i n d u s t r i a l  use  of o i l  and gas .  P r o j e c t i o n  h a s  'become a  new and 
r i s k y  game; even  shor t - t e rm demand growth is  now d i f f i c u l t  t o  p r e d i c t .  The 
N a t i o n a l  E l e c t r i c  R e l i a b i l i t y  c o u n c i l  p r e d i c t e d  t h a t  t h e  1979 summer peak l o a d  
would grow by 7%,  t h e  Edison E l e c t r i c  I n s t i t u t e  (EEI) p r e d i c t e d  4%,  and t h e  EEI 
o f f i c i a l  survey found a c t u a l  growth t o  be 0.5%. 39 

An extended t ime frame must be c o n s i d e r e d  t o  a l l o w  t h e  t e c h n o l o g i e s  i n  
t h i s  s t u d y  t o  a c h i e v e  s i g n i f i c a n t  market  s h a r e .  T h i s  i n t r o d u c e s  a l a r g e  degrcc  
of u n c e r t a i n t y  i n t o  t h e  demand e s t i m a t e s  f o r  e l e c t r i c  power, which i n  t u r n  
makes market  s i z e  h i g h l y  u n c e r t a i n .  



" I n  e s s e n c e ,  a  f o r e c a s t  must accoun t  f o r  t h e  c h a r a c t e r -  
i s t i c s  of a  t r e n d  from t h e  d a t e  t h e  f o r e c a s t  i s  made t o  t h e  
t a r g e t  d a t e .  The l o n g e r  t h e  f o r e c a s t  pe r iod  ( i . e . ,  t h e  
more remote t h e  t a r g e t  d a t e  from t h e  f o r e c a s t  d a t e ) ,  t h e  
g r e a t e r  t h e  chances  any of t h e  c o n d i t i o n s  a f f e c t i n g  t h e  
t r e n d  may change. I n  o t h e r  words, t h e  c e r t a i n t y  of pre-  
v a i l i n g  c o n d i t i o n s  d e c l i n e s  a s  t h e  l e n g t h  of t h e  f o r e c a s t  
p e r i o d  i n c r e a s e s .  It i s  p l a u s i b l e ,  t h e r e f o r e ,  t h a t  more 
remote f o r e c a s t s  a r e  i n t r i n s i c a l l y  Illore d i f f i c u l t ,  and i n  
g e n e r a l  w i l l  be made w i t h  l e s s  accuracy.  1.40 
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F i g u r e  4 
I1 Lustra t e d  Market S i z e  

FORECASTED - REUUIHED CAPACITY 

ED NEW ADDITION 

- CURRENT CAPACITY 
AND PLANNED 
ADDITIONS 

T h i s  p o i n t  is i l l u s t r a t e d  i n  F i g u r e  5. 

These  f o r e c a s t s  were made i n  a  pe r iod  of r e l a t i v e  energy s e c u r i t y .  I n  
rnore v o l a t i l e  p e r i o d s ,  w i t h  t h e  energy sys tem undergoing t r a u m a t i c  change,  
g r e a t e r  e r r o r s  a r e  t o  be expec ted .  There  can be l i t t l e  doubt t h a t  we a r e  
e n t e r i n g  an e r a  of such  v o l a t i l i t y .  

E x i s t i n g  C a p i t a l  S t o c k ,  Planned A d d i t i o n s ,  a.nd Re t i r ements .  E x i s t i n g  
c a p i t a l  s t o c k ,  i t s  v i n t a g e s ,  and planned a d d i t i o n s  t o  c a p a c i t y  w i l l  be d e f i n e d  . 



on the basis of data contained in the Energy Information Administration's 
Ge.nerating Unit Reference File (GURF). Retirement rates by equipment type, 
size, fuel, and region will be estimated using distributions to be derived from 
time series data contained in GURF, the latest Economic Regulatory Administra- 
tion's Additions to Generating Capacity for the Contiguous United States, and 
other data bases identified in Survey of Electric Utility Data Sources with 
Application to R&D Planning. RelevanLdata will be extracted from several data 
bases and organized into a convenient, manageable format for statistical analy- - 

sis of retirement rates and technology acceptance. Data on current capital 
stock and ~lanned additions and retirements will also be made readily available 
to provide suitable foundations for scenario building at various levels of 
geographic disaggregation. It is anticipated that this data base will be - - 

updated annually as hew information becomes available. 

b =  BUSINESS g = GOVERNMENT AGENCY 
- c =GOVERNMENT COMMISSION r =RESEARCH INSTITUTE 

f = PUBLIC INTEREST FOUNDATION t = TRADE JOURNAL 
UNDERLINED = UNDERESTIMATE NOT 

- *= REGlONAL-BREAKDOWN METHOD 
= GROWTH -CURVE METHOD 

LOWER CASE = CAPACITY 
- 9 UPPER CASE = GENERATION 

Figure 5 
Range of  orec cast Due to Extended Timeframe 
(Errors of Ten-Year Nuclear Energy Forecasts) 

Source: Ascher, W. Forecating, An appraisal for Policy-Makers and Planners, 
John IIopkins University Press, Baltimore, FID, 1978, p. 173, Fig. 7.2. 

Demand Growth. Estimation of the probability distribution for future 
electrical energy demand is an integral part of the Electrical Utility Stochas- 
tic Model. Denand estimation is discussed in detail in Section I11 of this 
report. 



111. THE ELECTRIC UTILITY STOCHASTIC MODEL 

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

Th i s  s e c t i o n  o u t l i n e s  t h e  p r i n c i p l e s  of a. s imple  o v e r a l l  methodology f o r  
market  f o r e c a s t i n g  w i t h  t h e  o b j e c t i v e  of p r o v i d i n g  guidance i n  t h e  a l l o c a t i o n  
of RD&D r e s o u r c e s .  Although i t  s p e c i f i c a l l y  d i s c u s s e s  t h e  e l e c t r i c a l  u t i l i t y  
s e c t o r  t h e  r e a s o n i n g  may be a p p l i e d  g e n e r a l l y .  

I n  t h e  l a s t  seven y e a r s  l i t e r a l l y  hundreds  of a n a l y s e s  have been conducted 
i n  t h e  energy  f i e l d  and much of t h e  i n t e r e s t  has  c e n t e r e d  upon techno-econnmir 
models. ~ h e s e  have tended t o  becoine i ~ ~ c ~ e a s i r l g l y  complex, commonly i n v o l v i n g  
e c o n o m e t r i c ,  i n p u t / o u t p u t  and l i n e a r  programming models i n  a .  c losed- loop 
sys tem,  o f t e n  wi th  the  i n t e r c o n n e c t i o n s  being made manually. The c.nnsir lerable 
d e t a i l  invo lved  h a s  r e q u i r e d  a l a r g e  d a t a  base  f o r  t h e  d e t e r m i n i s t i c  e v a l u a t i o n '  
of ene rgy  i n t e r e s t s  a c r o s s  a  range of s c e n a r i o s .  

' I t  h a s  g r a d u a l l y  becom'e a p p a r e n t  t h a t  the- c o n s i d e r a b l e  u n c e r t a i n t i e s  
a s s o c i a t e d  wi'th much of t h e  d a t a ,  e .  g. ,  o i l  p r i c e  p r o j e c t i o n s ,  e l a s t i c i t i e s ,  
s o c i a l  concerns ,  env i ronmenta l  impac t s ,  e t c . ,  l e a d '  t o  a  wide range of outcomes 
and a  c o n t i n u a l  upda t ing  of any s e t  of l i k e l y  f u t u r e  p r o j e c t i o n s .  

Given t h i s  ve ry  v a l u a b l e  h i n d s i g h t ,  i t  is t h e r e f o r e  p e r t i n e n t  t o  examine 
t h e  adequacy of employing s imple  s t o c h a s t i c  models t o  a d d r e s s  problems which do 
no t  r e q u i r e  a  d e t a i l e d  p e r c e p t i o n  of t h e  energy system. T h i s  has  t h e  advan tage  
of  g r e a t l y  r educ ing  t h e  d a t a  a c q u i s i t i o n  l o a d ,  whi le  a t  t h e  same t ime s i lnp l i fy -  
i n g  t h e  problem of s e l e c t i o n  by t h e  s t r a i g h t f o r w a r d  accep tance  of a  range of 
e x p e r t  o p i n i o n  a s  a  d a t a  s e t ,  i n c l u s i v e  of i t s  v a r i a n c e ,  f o r  any g iven  parame- 
t e r .  

It is t h e r e f o r e  proposed t h a t  an  approach be adopted which e x p l i c i t l y  
r e v e a l s  t h e  range of u n c e r t a i n t y  t h a t  e x i s t s  and a l l o w s  the  p o l i c y  maker t o  
i n t e r j e c t  h i s  own p r e f e r e n c e  f o r '  r i s k  t a k i n g  i n t o  t h e  a n a l y t i c a l  outcome. T h i s  
i s  most r e a d i l y  accomplished by a c c e p t i n g  t h e  p r o b a b i l i s t i c  s t a t e  of energy 
a f f a i r s  and u t i l i z i n g  i t  t o  p rov ide  t h e  r e s u l t s  through s t o c h a s t i c  i n f e r e n c e  . 
and a n a l y s i s .  It is  i m p l i c i t  i n  such an approach t h a t  t h e  v a r i a n c e  of t h e  d a t a  
w i l l  s e t  limits t o  t h e  t ime  hor izon  beyond which i t  w i l l  no t  be p o s s i b l e  t o  
draw any i n t e l l i g i b l e  c o n c l u s i o n s .  

U n c e r t a i n t y  and Risk i n  t h e  Assessment of New Techno log ies  

The o v e r a l l  o b j e c t i v e  of many sys tem a n a l y s i s  programs i s  t o  p rov ide  an  
a n a l y t i c a l  b a s i s  f o r  t h e  assessment  of t e c h n o l o g i e s  i n  s u p p o r t  of t h e  formula- 
t i o n  of a  s t r a t e g y  f o r  r e s e a r c h  and development budget ing.  



I n  o r d e r  t o  assess any number of new t e c h n o l o g i e s ,  i t  i s  f i r s t  n e c e s s a r y  
. t o  d e c i d e  upon some common u n i t  of measure of t h e i r  q u a l i t y .  I f  such q u a l i t i e s  
can be q u a n t i f i e d ,  i t  i s  then'  p o s s i b l e  t o  r ank  t h e  t e c h n o l o g i e s  i n  o r d e r  of 
p r e f e r e n c e  and t o  make c h o i c e s  among a l t e r n a t i v e s  a s  r e q u i r e d .  

The q u a l i t i e s  of RD&D p r o j e c t s  cannot  be a s c e r t a i n e d  w i t h  comp1,ete con- 
f i d e n c e .  E s t i m a t e s  of f u t u r e  q u a l i t i e s  o f t e n  become more d i f f i c u l t  as t h e  t ime  
h o r i z o n  recedes .  Any a p p r a i s a l  of new t e c h n o l o g i e s  shou ld ,  t h e r e f o r e ,  t a k e  
t h i s  i n t o  account  i n  a  l o g i c a l  and c o n s i s t e n t  way. The a n a l y s t  a l s o  needs t o  
convey t h e  magnitude of t h e s e  u n c e r t a i n t i e s  t o  t h e  d e c i s i o n  maker s o  t h a t  t h e  
l a t t e r  can a p p l y  h i s  own pre fe renc ' e s  w i t h  regard  t o  h i s  p r o p e n s i t y  f o r  r i s k  
t a k i n g  i n  t h e  e v a l u a t i o n  of p r o j e c t s .  

U n c e r t a i n t y  and R i s k  - The p r o v i s i o n  of i n f o r m a t i o n  a s  s i n g l e - f i g u r e  
e s t i m a t e s ,  whi le  a t t r a c t i v e  i n  i t s  s i m p l i c i t y ,  can be ve ry  mis lead ing .  The 
advan tage  of d i s c u s s i n g  t e c h n o l o g i c a l  e v a l u a t i o n s  i n  terms of u n c e r t a i n t y  and 
r i s k  i s  t h e  i n c r e a s e d  i n f o r m a t i o n  which u s u a l l y  c a r r i e s  w i t h  i t  an impl ied  
r e d u c t i o n  of r i s k  - i n  t h i s  c a s e ,  a  r e d u c t i o n  of t h e  r i s k  of the  p o l i c y  maker 
making t h e  wrong d e c i s i o n .  A l t e r n a t i v e l y ,  he can e v a l u a t e  v a r i o u s  outcomes 
a g a i n s t  t h e  odds of f a i l i n g  t o  meet the  o b j e c t i v e  and can,  t h e r e f o r e ,  i n c l u d e  
h i s  own t o n c e p t i o n  of t h e  p r o j e c t ' s  l i k e l i h o o d  of s u c c e s s  i n  t h e  d e c i s i o n  
making p rocess .  

For example, i t  is  one t h i n g  f o r  a  d e c i s i o n  maker t o  have t o  choose  
between two p o l i c i e s ,  g i v e n  s i n g l e  f i g u r e  e s t i m a t e s  t h a t  'A '  w i l l  p rov ide  a  
h i g h e r  r e t u r n  t h a t  ' B ' .  I t  is  q u i t e  a n o t h e r  t h i n g  i f  a d d i t i o n a l  i n f o r m a t i o n  
i n d i c a t e s  t h a t  t h e r e  is a  r e a l  p o s s i b i l i t y  of ' A '  f a i l i n g  t o  p rov ide  any r e t u r n  
a t  a l l ,  wh i le  such an outcome f o r  ' B '  i s  very  u n l i k e l y  indeed.  

It i s  o f t e n  f o r g o t t e n  t h a t  u t i l i z i n g  d a t a  o b t a i n e d ' f r o m  a  d e t e r m i n i s t i c  
a s sessment  i m p l i e s  t h a t  d e c i s i o n s  may be taken which a r e  based upon outcomes 
having odds a g a i n s t  t h e i r , b e i n g  ach ieved .  For example, many models a r e  l a r g e l y  
m u l t i p l i c a t i v e  by n a t u r e  and a s t o c h a s t i c  a n a l y s i s  of the  a s s o c i a t e d  d i s t r i b u -  
t i o n s  w i l l  r e v e a l  an  approx imate ly  log-normally d i s t r i b u t e d  s o l u t i o n .  Because 
of i t s  i n h e r e n t  skewness the  mean, o r  expec ted  outcome, may w e l l  have l e s s  than 
a  50% p r o b a b i l i t y  of be ing  b e t t e r e d .  ' 

This  i s  n o t  i n  accord  w i t h  t h e  11ormally observed r i s k  pre.Eerences of most 
i . n s t i t u t i o n a l i z e d  p o l i c y  makers who p r e f e r  t o  work w i t h  a  3 o r  4 t o  1 odd-on 
chance of s u c c e s s  i n  d e c i s i o n  malting. 

Q u a n t i f y i n g  U n c e r t a i n t y  and Risk  - I f  we a r e  t o  make compara t ive  eva lua -  
t i o n s  on an i n t e r t e c h n o l o g y  b a s i s ,  i t  i s  e s s e n t i a l  t h a t  they be c a r r i e d  o u t  i n  
a c o n s i s c e n t  manlier. The L i t e r a t y  teens used above,  such a s  ' r e a l  p o s s i b i l i t y '  
and ' v e r y  u n l i k e l y , '  a r e  too vague. To a s s e s s  u n c e r t a i n t y  and r i s k  i n  q u a n t i -  
t a t i v e  t e rms ,  d a t a  must be provided and p rocessed  i n  a  manner which more 
c l e a r l y  d e f i n e s  t h e  methods and assumpt ions  t h a t  may have been employed. T h i s  
i s  done by i n t r o d u c i n g  t h e  concept  of p r o b a b i l i t y .  



P r o b a b i l i t y  assessments  r a t i n g s  may be e i t h e r  o b j e c t i v e  o r  s u b j e c t i v e ,  o r  
a m i x t u r e  of t h e  two. I f  o b j e c t i v e ,  they u s u a l l y  r e f e r  t o  t h e  f requency of 
o c c u r r e n c e  of an  event .  When s u b j e c t i v e ,  they  e x p r e s s  t h e  degree  of b e l i e f  
t h a t  one f e e l s  t h a t  some p a r t i c u l a r  e v e n t  w i l l  occur .  When we a r e  concerned 
w i t h  t h e  p r o b a b i l i t y  of f u t u r e  e v e n t s  o c c u r r i n g ,  t h e s e  r a t i n g s  must be subjec-  
t i v e ,  because  we a r e  unab le  t o  c a r r y  o u t  exper iments  t o  determine any s o r t  of 
f r e q u e n c y  p a t t e r n .  Th is  does no t  p r e c l u d e  s u b j e c t i v e  p r o b a b i l i t y  r a t i n g s  being 
based upon hard  ev idence ,  however, but  a n a l y t i c a l  judgment i s  always e s s e n t i a l  
t o  making any e s t i m a t e  of p o s s i b l e  f u t u r e  outcomes based upon p a s t  occur rences .  

The t echn iques  of o b t a i n i n g  such a s s e s s n e n t s  a r e  i n  t h e  domain of t h e  
p r a c t i c i n g  p s y c h o l o g i s t ,  and a  wide r a n  e  of l i t e r a t u r e  is  a v a i l a b l e  f o r  r e f e r -  
erne. The conc lus ions  of L. P h i l l i p '  s4? p r e s e n t a t i o n  t o  t h e  1979 I n t e r n a t i o n a l  
Energy Systems Analysis  ConEerence i n  Dublin summarizes b a s i c  p r a c t i c e :  

" A s  s a i d  p r e v i o u s l y ,  our conce.rn should be on g e t t i n g  r i g h t  
t h e  c i rcumstances  s o  t h a t  ' it w i l l  be puss . ib le  Lo make 
p r e c i s e ,  r e l i a b l e ,  a c c u r a t e  assessments  of p r o b a b i l i t y .  
G e t t i n g  t h e s e  , r i g h t  should  aC l e a s t  i n c l u d e  the f o l l o w i n g  
i t e m s  ( f o r  p r a c t i c a l  p rocedures ,  s e e  S p e t z l e r  and S t a e l  
von H o l s t e i n ,  1975) : 42 

1. I f  t h e  a s s e s s o r  is  u n f a n i l i a r  wi th  p r o b a b i l i s t i c  th ink-  
ing ,  some b r i e f  f a m i l i a r i z a t i o n  u s i n g  r e f e r e n c e  
gambles should be given.  I f  t h e  a s s e s s o r  c o n t i n u e s  t o  
exper ience  g r e a t  d i f f i c u l t y  i n  making p r o b a b i l i t y  judg- 
~~IerlLs, Llie assessmenr should be abandoned and a n o t h e r  
a s s e s s o r  sought .  

. -  * 

2. Ouly e x p e r t s  bn   he ' suhseant . i  VP area s h o l ~ l d  be asked 
f o r  a s s e s s a e n t s .  Th i s  i s  p a r t i c u l a r l y  impor tan t  where . .. 
p r o b a b i l i t i e s  f o r  complex e v e n t s  a r e  needed. 

3. Whenever p o s s i b l e ,  complex e v e n t s  should  be broken down 
illLo sLmple e v e n r s ,  and assessments  g iven o n l y  f o r  t h e  
l a t t e r .  Th i s  i n c l u d e s  u s i n g  Bayes' theorem, not un- 
a i d e d  judgment, t o  a g g r e g a t e  d a t a .  

4. Assessment procedures  should always e x p l o i t  coherence.  
More assessments  should  be o b t a i n e d '  than a r e  needed SO 

t h a t  rohcrence can be checked. I t  may cvcn he nec-- 
e s s a r y  t o  i n t r o d u c e  e x t r a  e v e n t s ,  t o  "extend t h e  
c o n v e r s a t i o n , "  t h u s  e n s u r i n g  t h a t  a t  l e a s t  some of t h e  
p r o b a b i l i t i e s  w i l l  be redundant .  

5. The assessment  p roccsc  should be i t e r a t i v e ,  no t  "once- 
o f f . "  Incoherence should be brought t o  the  a t t e n t i o n  
of t h e  a s s e s s o r ,  who can then work toward p rov id ing  a  
c o h e r e n t  s e t  of p r o b a b i l i t i e s .  



6. Difficulties in obtaining a probability assessment are 
frequently a sign that the problem is structured 
differently from the assessor's internal view of the 
problem. Restructuring so as to provide more direct 
access to the. assessor's experience may solve the 
problem. " 

Model structure and Operation 

A Market Substitution Model - The substitution of a new technology for an 
old one is an evolutionary process. Techniques which have been in use for - - 

decades are unlikely to have room for further refinement. On the other hand, 
with new innovations there are many opportunities for major improvements which 
can lead to higher productivity, greater uniformity, and the production of 
devices which are not possible with current means. 

If strong commercial reasons exist for the introduction and development of 
a new technique, a substitution process is suggested, wherein the new technol- 
ogy allows the user to perform an existing function and to meet an ongoing need 
nore efficiently than before. The new product has, in effect, a greater 
perceived value to the consumer than the old one. 

Examples abound; from the introduction of stoneware (1400 B.C.) to the . 
introduction of the handheld calculator of today. Despite such a long history 
of technological innovation, it was only in 1971 that J.C. Fisher and R.H. 

proposed a substitution model to describe the phenomena. Their paper 
provided considerable empirical evidence to substantiate their hypotheses, 
which have also been widely verified. - 

. .- 
This model is .limited to substitution between two technologies, the new 

replacing the old. In 1975 C. ~ a r c h e t t i ~ ~  proposed an enhancement to Fisher 
and Pry's work to account for substitution between any number of technologies, 
although his main interest lay in the field of energy analysis. This was, 
again, a primarily empirical dissertation. 

Most recently V. ~ e t e r l t a ~ ~  has sought to provide a mathematical under- 
pinning to this developing methodology by an in-depth and detailed paper 
published by the International Institute for Applied Systems Analysis (IIASA) 
in IJovernber 1977. Although the driving forces involved are open to interpreta- 
tion, as evidenced by the parameters and assunptions given, they do provide a 
very convenient tool for market analysis. 

The Model Philosophy - Figure 6 shows a block-schematic diagram of the 
overall model which is primarily stochastic and exploratory in format wherein 
each parameter is described by an independent probability density function 
(PDF). There are two different aspects of its use in any assessment: 



1. The a b s o l u t e  computat ion of t h e  d r i v i n g  f u n c t i o n  which, i n  t h e  
v e r s i o n  g iven ,  is  t h e  t o t a l  pr imary energy demand.; and 

\ 

2. t h e  p r o p o r t i o n a l  computat ion a t  d e c r e a s i n g  l e v e l s  of a g g r e g a t i o n  down 
t o  t h e  p o i n t  of s p e c i f i c  i n t e r e s t .  

For any q u a n t i t a t i v e  a n a l y s i s ,  the  d r i v i n g  f u n c t i o n  w i l l  r e q u i r e  d e f i n i -  
t i o n  i n  t h e  form of a  PDF. T h i s  may be most s imply . ach ieved  by t h e  d e d u c t i o n  
of a n  a p p r o p r i a t e  d i s t r i b u t i o n  through l o g i c a l  r eason ing  b r  by e x p e r t  con-. 
census .  It h a s ,  however, been argued e a r l i e r  i n  t h i s  paper t h a t  complex e v e n t s  
shou ld  be broken down i n t o  s imple  e v e n t s  and assessments  g i v e n  on ly  f o r  t h e  
l a t t e r .  

- - 
POP SNERGV GNP HIS- HIS- TEOI. 

PROJEC- DEMAND PER TORlC TORI C 8 Ni? W 
TlONS PER CAPITA MARKET MARKET COST TECh.  

GNP DATA DATA CHARAC- 

6 TERIS- 
- TICS - 
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ELEC. I COAL 
SHARE SHARE 1 

TOTAL MARKET MARKET MARKET 
SUBSTITUTION SUBSTITUTION 

DEMAND MODEL MODEL 

SHARE 
MlSC 

SHARES 

Note: A l l  t h e  pa ramete r s  $re p r o b a b i l i t y  d i s t r i  hlrtinns. 

F i g u r e  6 
The S t o c h a s t i c  Model 

It i s  t h e r e f o r e  proposed t h a t  the  t o t a l  pr imary energy demand is  dernm- 
posed i n t o  t h r e e  time-dependent d i s t r i b u t i o n s :  t h e  p o p u l a t i o n ,  the  GNP p e r  
c a p i t a ,  and t h e  pr imary energy r e q u i r e d  t o  g e n e r a t e  each d o l l a r  of GNP. 



The ba lance  of t h e  model, d e a l i n g  w i t h  t h e  market  s h a r e s  a t  v a r i o u s  l e v e l s  
of d i s a g g r e g a t i o n ,  may be d e a l t  wi th  by s i m i l a r  decomposi t ion methods. For t h e  
s a k e  of b r e v i t y  i n  t h i s  i n i t i a l  d i s c u s s i o n ,  t h e s e  d e t a i l e d  comments w i l l  be 
r e s e r v e d  f o r  a  s e p a r a t e  paper.  

C o r r o b o r a t i o n  of t h e  Model 's  P r o j e c t i o n  of  Energy Demand - The 
d e r i v e d  energy demand which r e s u l t s  from t h e  combinat ion of t h e  t h r e e  pro- 
j e c t i o n s  of p o p u l a t i o n  e t c .  canno t ,  of c o u r s e ,  be v e r i f i e d  by any p h y s i c a l  
p a r a l l e l .  It is ,  however, p o s s i b l e  t o  examine t h e  l i k e l i h o o d  of the  r e s u l t  
be ing  a nemher of a s e t  of p r o f e s s i o n a l  e s t i m a t e s ,  a r r i v e d  a t  by t h e  use  of 
o t h e r  methodologies ,  and s o  c o r r o b o r a t e  t h e  outcome by comparison w i t h  e x p e r t  
op in ion .  

There a r e  a r e a s o n a b l e  number of d e t e r m i n i s t i c  p r o j e c t i o n s  a c r o s s  a  r ange  
of s c e n a r i o s  f o r  t h e  1J.S. consumption of pr imary energy i n  2000. These d a t a  
have been examined i n  some d e p t h  and compared w i t h  t h e  r e s u l t s  o b t a i n e d  from 
t h e  s t o c h a s t i c  model. The d e t a i l e d  method of working and t h e  c o n c l u s i o n s  of 
t h e  t e s t s  used a r e  g i v e n  i n  Appendix A. 

The o b j e c t i v e  outcome i n f e r s  t h a t  t h e  p r o j e c t e d  energy demand d e r i v e d  from 
t h e  s t o c h a s t i c  model is  a s i m i l a r  d i s t r i b u t i o n  of e x p e c t a t i o n  t o  t h a t  g iven  by 
e x p e r t  o p i n i o n ,  and t h a t  t h e s e  d a t a  a r e  log-normally d i s t r i b u t e d ,  a s  shown i n  
F i g u r e  7. 

C o r r o b o r a t i o n  of t h e  Model's P r o j e c t i o n  of E l e c t r i c i t y  G e n e r a t i o n  - 
The c a s e  f o r  s u b s t i t u t i o n  by e l e c t r i c i t y  Eor o t h e r  end-use energy Eorms canno t  
be s imply accounted f o r  on a  c o s t  comparison b a s i s  a lone .  Even when due 
a l lowance  i s  made f o r  t h e  improved e f f i c i e n c i e s  of e l e c t r i c a l  end-use d e v i c e s  
and t h e  p e r v a s i v e n e s s  of the  e l e c t r i c a l  g r i d  system, i t  is no t  unusual  t o  f i n d  
t h a t  t h e  u n i t  energy c o s t  of e l e c t r i c i t y .  is g r e a t e r  than i t s  c o m p e t i t o r ' s ,  even  
i n  s i t u a t i o n s  where p e r f e c t  s u b s t i t u t i o n  is a p p l i c a b l e .  E l e c t r i c i t y  a l s o  has  
t h e  c h a r a c t e r i s t i c  of being a  s u b s t i t u t i n g  technology i n  a l l o w i n g  t h e  u s e r  t o  
meet the  needs  s a t i s f i e d  by a l l  oth'er energy forms. 

I n  P e t e r k a ' s  o r i g i n a l  concept  t h e  b a s i c  market p e n e t r a t i o n  c o e f f i c i e n t  of 
s p e c i f i c  p r o d u c t i o n  c o s t s  was e v a l u a t e d  by us ing  the  f i r s t  and l a s t  d a t a  p o i n t s  
f o r  n given  technology i n  n r d e r  ti, e s t a b l i s h  i t s  s l o p e  t o  a  l o g a r i t h m i c  base.  
These p o i n t s  encompass a  h i s t o r i c a l  d a t a  s e t  which was u t i l i z e d  t o  e s t a b l i s h  
t h e  pa ramete r s  of t h e  d i s t r i b u t i o n  f o r  t h i s  s l o p e  i n  o r d e r  t o  e v a l u a t e  t h e  
market  c h a r a c t e r i s t i c s  on a  s t o c h a s t i c  b a s i s .  A s  such i t  w i l l  i n c l u d e  a ' l l  t h e  
market  f o r c e s ,  both  economic and o t h e r w i s e ,  which g i v e  r i s e  t o  an  i n c r e a s i n g  
e l e c t r i c a l  demand. Based upon the  h i s t o r i c  d a t a  s e t ,  1947-1976, F i g u r e  8 
d i s p l a y s  bo th  the  h i s t o r i c a l  match and t h e  f u t u r e  p r o j e c t i o n s  g e n e r a t e d  by t h e  
market s u b s t i t u t i o n  model. 

The o u t p u t  of t h i s  s ~ r t i n n  o f  the model w i l l  be a  p r o p o r t i o n a l  market  
s h a r e  of e l e c t r i c a l  g e n e r a t i o n  t o g e t h e r  w i t h  the  n o n - e l e c t r i c a l  demand, both  i n  

energy  terms. I.€ t h e  e l e c t r i c a l  p r o b a b i l i t y  d i s t r i b u t i o n  i s  a p p l i e d  t o  
PDF's f o r  pr imary energy demand and t r a n s f o r m a t i o n  e f f i c i e n c y ,  a  composi te  
d i s t r i b u t i o n  w i l l  be c r e a t e d  i n  a b s o l u t e  t e r n s  of k i l o w a t t  hours  genera ted .  



F i g u r e  7 
Comparison Between t h e . S t o c h a s t i c  Mode'l and 25 Other  F o r e c a s t s  

Year 2000 - T o t a l  Pr imary Energy Demand 
. . 
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T h i s  r e s u l t  was examined i n  a  manner analo'gous t o  t h a t  employed i n  corrob-  
o r a t i n g  t h e  energy demand u s i n g  32 e x p e r t  p r o j e c t i o n s  f o r  t h e  y e a r  2000. The 
l i s t  of s o u r c e s  f o r  t h e s e  d a t a  a r e  i n c l u d e d  i n -  Appendix A (Tahlcz A-6)  and t h e  
r e f e r e n c e  s e c t i o n  of t h i s  r e p o r t .  
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The same o b j e c t i v e  outcome was a r r i v e d  a t  .which i n f e r s  t h a t  t h e  p r o j e c t e d  
e l e c t r i c a l  g e n e r a t i o n  d e r i v e d  from t h e  s t o c h a s t i c  model .is a  s i m i l a r  d i s t r i b u -  
t i o n  of e x p e c t a t i o n  t o  t h a t  g i v c n ;  by e x p e r t  o p i n i o n ,  and t h a t ,  those  data .  are 
log-normal ly  d i s t r i b u t e d ,  a s  shown i n  F i g u r e  9. 
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Figure  9 
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G e n e r a t i o n  by F u e l  Type and b y . S p e c i f i c  Technolog ies  - For a more d e t a i l e d  
examina t ion  of the  e l e c t r i c a l  convers ion  i n d u s t r y ,  t h e  t e c h n o l o g i e s  a r e  c l a s s i -  

PERCENTAGE PROBABII ITY 

f i e d  through a two-step p rocess :  



1. e l e c t r i c a l  g e n e r a t i o n  by f u e l  t y p e ,  and 
2. e l e c t r i c a l  g e n e r a t i o n  by s p e c i f i c  f u e l  t e c h n o l o g i e s .  

From t h e  same n a r k e t  s u b s t i t u t i o n  model p r e v i o u s l y  d i s c u s s e d  i n  deve lop ing  
t h e  e l e c t r i c a l  s h a r e ,  t h e  s t o c h a s t i c  market  f o r  a  s p e c i f i c  e l e c t r i c a l  g e n e r a t -  
i n g  technology (E) i s  g iven  a t  t ime ' t ' :  

where 

and 

e l e c t r i c i t y  g e n e r a t i o n  a s  p r e v i o u s l y  d e s c r i b e d ,  
f r a c t i o n  of t o t a l  e l e c t r i c a l '  genera  t i o n  produced from the  ith f u e l ,  
f r a c t i o n  of e l e c t r i c a l  g e n e r a t i o n  d e r i v e d  from t h e  i th f u e l  by t h e ,  
a p p l i c a t i o n  of t h e  jth p r o c e s s ,  
number of f u e l s  g e n e r a t i n g  e l e c t r i c i t y ,  
number of p r o c e s s e s  u t i l i z i n g  a  s p e c i f i c  f u e l ;  
t h e  f i r s t  t h r e e  moments of the  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t h e  
f r a c t i o n a l  s h a r e  of e l e c t r i c i t y  g e n e r a t e d  by t h e  ith f u e l ,  
t h e  f i r s t  t h r e e  moments o.E t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t h e  . 
f r a c t i o n a l  s h a r e  of e l e c t r i c i t y  g e n e r a t e d  by the  jth p r o c e s s  u s i n g '  
the  it" f u e l ,  
t h e  e l e c t r i c i t y  g e n e r a t e d  by t h e  ith f u e l  and the  jth p r o c e s s ,  
deno tes  a p r o b a b i l i t y  d i s t r i b u t i o n .  

The s e r i e s  of  q u a n t i t i e s  d e s c r i b i n g  a f requency o r  p r o b a b i l i t y  d i s t r i b u -  
t i o n  a r e  known a s  '~noments,  ' of which t h e  f i r s t  t h r e e  a r e  t h e  - e x p e c t e d  o r  mean 
v a l u e ,  t h e  v a r i a n c e ,  and the  c o e f f i c i e n t  oE skewness. 

A s s e s s i n g  t h e  D i s t r i b u t i o n s  of Market P e n e t r a t i o n  - The n a r k e t  p e n e t r a t i o n  
model based upon t h e  F i she r -Pry  - P e t e r k a  reason ing  w i l l ,  a  p r i o r i ,  g e n e r a t e  
t h e  moments of t h e  a p p r o p r i a t e  d i s t r i b u t i o n s  of f u t u r e  market s h a r e s  from the  
h i s t o r i c a l  d a t a  s e t .  An i n t e r i m  s t e p  i n  t h i s  p r n r e s s  is  the  e v a l u a t i o n  of t h e  
s l o p e s ,  t o  a  log-base,  of t h e s e  s h a r e s ,  any one of which may be used as t h e  
r e f e r e n c e  technology t o  which t h e  remainder a r e  compared. 



I f ,  however, t h e r e  is  good reason  t o  . b e l i e v e  t h a t  these.  p r o d u c t s  of p a s t  
e v e n t s  canno t  be p r o j e c t e d  i n t o  t h e  f u t u r e ,  then  it becomes n e c e s s a r y  t o  eya lu -  
a t e  them from an a l t e r n a t i v e  s t a n d p o i n t .  An obvious  example of e x t r a p o l a t i o n  - .  

f a i l u r e  i s  a  new technology w i t h o u t  h i s t o r i c a l  precedent .  Other  c a u s e s  might 
be l e g i s l a t i v e  changes which p r o h i b i t  t h e  'expansion of an  e x i s t i n g  technology,  
o r  f o r c e .  i t s  d e d l i n e ;  . s o c i a l '  o r  env i ronmenta l  concerns  which c'an on ly  be met by 
s i g n i f i c a n t  c o s t  i n c r e a s e s ;  and s o  on. 

I n  nany c a s e s  t h e r e  w i l l  be c o n s i d e r a b l e  u n c e r t a i n t y  r e g a r d i n g  t h e  impact 
of change and,  i n  t h i s  s e n s e ,  t h e  s t o c h a s t i c -  a s p e c t s  of t h i s  modeling approach 
can  be h e l p f u l .  S i n c e  t h e  h i s t o r i c a l l y  dependent s l o p e s  of each e x i s t i n g  
t echno logy  w i l l  be a v a i l a b l e ,  a  s t a b l e  technology may be s e l e c t e d  a s  t h e  
r e f e r e n c e  c a s e  f o r  comparisorl purposes  w i t h  o t h e r  t e c h n o l o g i e s  whose f u t u r e  
s l o p e s  a r e  e s t i m a t e d  on t h e  b a s i s  of t h e i r  technolngical, ~connmic, and s n r i ? l  , 

c h a r a c t e r i s t i c s .  S i n c e  t h i s  judgment w i l l  be i n  t h e  form of e s t a b l i s h i n g  a  
d i s t r i b u t i o n  of p o s s i b l e  v a l u e s ,  any u n c e r t a i n t y ,  however g r e a t ,  may be r e a d i l y  
i n c l u d e d .  

The i n p u t  d a t a  w i l l  be g a t h e r e d  i n  a  form which w i l l  ' b e  based upon t h e  
a s s u n l > t i o n  t h a t .  the  g iven  v a l u e s  a r e  drawn from a  binormal d i s t r i b u t i o n .  T h i s  
i s  a  p ragmat ic  s i m p l i f i c a t i o n  because of t h e  i n h e r e n t  d i f f i c u l t y  i n  o h t a i n t n g  
d e t a i l e d  d i s t r i b u t i o n s  of s u b j e c t i v e  b e l i e f s .  I n  p r a c t i c e ,  however, t h e  e x a c t  
shape  of t h e  i n p u t  d i s t r i b u t i o n s  i s  . o f  second-order importance ,  a l t h o u g h  
s e n s i t i v i t y  t e s t s  w i l l  . be  c a r r i e d  o u t  t o  demons t ra te  t h i s .  . 

The model w i l l  no t  p rov ide  any i n s i g h t s  w i t h  r e g a r d  t o '  o p e r a t i o n  of t h e  
n a t i o n a l  energy system. For example , .  no d e E i n i t i v e ,   equation,^ a r e  employed t o  
d e t e r m i n e  t h e  l i n k  between t h e  p r o d u c t i v i t y  o.€ t h e  n a t i o n  and i.ts energy  
demarid. I t  i s  simply an observed - r e l a t i o n s h i r ,  which has  a s s o c i a t e d  w i t h  i t  
some mean, v a r i a n c e ,  and c o e f f i c i e n t  , o f  skewness based upon .the h i s t o r i c a l  d a t a  
a v a i l a b l e .  The p r o j e c t i o n  of .  t h e s e  d a t a  i n t o  the  f u t u r e ,  w i t h  o r  wi thou t  
m o d i f i c a t i o n ,  i s  a  m a t t e r  .af a n a l y . t i c a 1  judgment.. . , , . , 

The t e c h n o l o g i c a l  s u b s t i t u t i o n  methodology.  r e q u i r e s  ' t ha t  t h e  p a r a m e t e r s  of 
new and l a r g e l y '  unknown t e c h n o l o g i e s  be e v a l u a t e d  th r Jugh  t h e  use of e x p e r t  
o p i n i o n .  . Exper ience  has  shown t h a t  human judgment r e g a r d i n g  b e l i e f s  concern ing  
u n c e r t a i n  e v e n t s  can s u f f e r  from s e v e r e  and s y s t e m a t i c  e r r o r s .  It is  t h e r e f o r e  
n e c e s s a r y  t o  c o l l a t e  t h e  d a t a  through a  p r o c e s s  of decomposi t ion and c o n s i s -  
t e n c y  checks  t o  reduce such s o u r c e s  of. e r ror :  a s  f;a,r a s  p o s s i b l e .  



IV. SUMMARY 

The approach t o  market  p e n e t r a t i o n .  e s t i m a t i o n  p resen ted  . i n  t h i s  paper  h a s  
ntimernlis a t  t r a c t i v e  f e a t u r e s  l a c k i n g  i n  a v a i l a b l e  a l e r n a t i v e  methodologies ,  
c h i e f l y :  

E x p l i c i t  c o n s i d e r a t i o n  of t h e  u n c e r t a i n t y  i n h e r e n t  i n  p r o j e c t i o n s  
of  energy demand and technology c h a r a c t e r i z a t i o n s .  
Limited d a t a  and computa t iona l  r equ i rements .  
Extreme f l e x i b i l i t y  and e a s e  of use. 

It i s  hoped t h a t  t h e s e  p o s i t i v e  f e a t u r e s  w i l l  e n a b l e  t h i s  method t o  make a  
s t r o n g  c o n t r i b u t i o n  t o  t h e  assessmeut  of t h e  p o t e n t i a l ,  r o l e  of t echno ' log ies  
c u r r e n t l y  under development and t o  t h e  i d e n t i f i c a t i o n  of t h e  most promis ing 
a r e a s  . f o r  f u r t h e r  r e s e a r c h .  . . 

Market p e n e t r a t i o n  e s t  i n a t i o n  i s ,  . i n  e s s e n c e ,  a  p r e d i c t i o n  of the  f u t u r e  
based on what i s  known, o r  thought  t o  be known,. today.  P r e c i s e  e s t i m a t e s ,  
e s p e c i a l l y  f o r ' e x t e n d e d  time f rames,  a r e  v i r t u a l l y  c e r t a i n  t o  be wrong. , T h e  
method' p resen ted  i n  t h i s  paper  is  an a t t e n p t  t o  d e f i n e  and i n t e g r a t e ,  i n  a n  
i n t e l l i g i b l e  manner, t h e  i n f o r m a t i o n  c u r r e n t l y  a v a i l a b l e  about  t h e  p o s s i b l e  
f u t u r e  of new t e c h n o l o g i e s  and t o  s e t  ranges  of conf idence  t o  t h e  r e s u l t i n g  , 

market p e n e t r a t i o n  e s t i m a t e s .  The f l e x i b i l i t y  of t h e  nethod a l l o w s  a d j u s t m e n t s  
t o  be e a s i l y  made f o r  a l t e r n a t i v e  assumpt ions  and a s  more knowledge i s  ga ined  
i n  t h e  e v o l u t i o n  of t h e  energy system. 



+ .  
THIS PAGE , I . 

WAS INTENTIONALLY 
LEFT BLANK t 

3 ,  



APPENDIX . ~ A 

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

Energy a n a l y s i s  of some ' f u t u r e  , e v e n t  i n v o l v e s  d a t a  which e x h i b i t  s c a t t e r  
i n t r o d u c e d  by s u b j e c t i v e  judgment. To d e a l  w i t h  t h i s  s i t u a t i o n  i n  a  way which 
i n c o r p o r a t e s  t h i s  v a r i a b i l i t y  w i t h i n  t h e  a n a l y s i s  r e q u i r e s  t h a t  the  u n c e r t a i n t y  
i s  d e a l t  w i t h  i n  e x p l i c i t l y  p r o b a b i l i s t t c  terms. According t o  Benjauin  and 
~ o r n e l l 6 :  

"When the  e lement  of u n c e r t a i n t y ,  owing t o  n a t u r a l  v a r i a t i o n  
o r  incomple te  p r o f e s s i o n a l  knowledge i s  t o  be c o n s i d e r e d  
e x p l i c i t l y ,  t h e  models d e r i v e d  a r e  p r o b a b i l i s t i c  and s u b j e c t  
t o .  a n a l y s i s  by the  r u l e  of  p r o b a b i l i t y  theory . "  ' 

T h i s  appendix  exan ines  an e m p i r i c a l  d a t a  s e t  of e x p e r t  o p i n i o n  r e g a r d i n g  a  
s p e c i f i c  f u t u r e  e v e n t .  Ry t h e  use of d e s c r i p t i v e  s t a t i s t i c s  i t  d e t a i l s  com- 
p a r i s o n s  wi th  t h e s e  d a t a  and the  r e s u l t s  o b t a i n e d  from a  s imple  p r o b a b i l i s t i c  
model which was used t o  c o n s i d e r  the  same e v e n t .  

Exper t  Opinion of a  Fu tu re  Event 

Over the  p a s t  Eew y e a r s  a  number of p r o j e c t i o n s  have. been made r e g a r d i n g  
t h e  p o s s i b l e  pr imary energy  demand f o r  t h e  1 J . S . A .  i n  the  year  2000. The 
a p p l i c a t i o n  of  any s t a t i s t i c a l  i n f e r e n c e  p rocedures  t o  t h e s e  d a t a  would assume 
t h a t  t h e y  r e p r e s e n t  a  random sample from some p o p u l a t i o n ,  t h a t  i s ,  t h a t ,  t h e y  
a r e  s t a t i s t i c a l l y  independent  and s h a r e  a  common d i s t r i b u t i o n  whose c h a r a c t e r -  
i s t i c s  a r e  of i n t e r e s t .  

. a 

The  assumpt ion of independence seems q u e s t i o n a b l e ;  anyone b u i l d i n g  a  fo re -  
c a s t i n g  model has  a c c e s s  t o  t h e  e a r l i e r  p u b l i s h e d  r e s u l t s .  T h a t  the  p t e d i c -  
t i o n s  a r e  drawn from a  common p o p u l a t i o n  a l s o  i s  d e b a t a b l e .  Each a n a l y s t  
c o n s t r u c t s  a  d i f f e r e n t  model, w i t h  d i f f e r e n t  e q u a t i o n s ,  c o n s t r a i n t s ,  and 
v a r i a b l e s ,  a d j u s t e d  d u r i n g  development t o  conform wi th  h i s  p r e c o n c e p t i o n s .  
There a r e ,  however, some common e l e m e n t s .  A l l  models a r e  based on approximate- 
l y ,  t h e  same h i s t o r i c a l  d a t a .  A l l  models must i n c l u d e  some p r o j e c t i o n s  abou t  
p o p u l a t i o n  growth and growth of GNP,  f o r  example,  and t h e s e  a r e  based on 
r e g r e s s i o n s  on the same d a t a .  So i n  some sense  the  r e p r e s e n t  . a  
sarnp1.e ( a l b e i t  not  random) of s o l u t i o n s  of  sys tems o.€ e q u a t i o n s  chosen by  
e x p e r t s ,  w i t h  c o e f f i c i e n t s  based on common h i s t o r i c a l  d a t a ,  and c o n s t r a i n t s  
added,  a g a i n ,  by e x p e r t s .  



It i s ,  t h e r e f o r e ,  reasonable  t o  examine t h i s  empir ica l  d i s t r i b u t i o n  i n  
o rde r  t o  test the v a l i d i t y  of any hypothes i s  regard ing  i t s  f u n c t i o n a l  shape.  
On one hand t h i s  m y  be d e a l t  with by comparing the h igher  sample moments with 
t he  corresponding moments of some given mathematical func t ion .  A l t e r n a t i v e l y  
t h e i r  o v e r a l l  "shapes" may be compared g r a p h i c a l l y  through the use of cumula- 
t i v e  d i s t r i b u t i o n  func t ions  (CDF) . 

I n t u i t i v e l y ,  the  l a t t e r  course'  of a c t i o n  appears  p re f e r ab l e  because i t  
b r i n g s  more of the information: contained i n ,  t h e  sample i n t i  the comparison. It 
a l s o  coun te r s  the c r i t i c i s m  t h a t  many models 'may have nea r ly  i d e n t i c a l  second- 

4 5 o r  third-or ,der  moments, but s t i l l  have markedly' d i f f e r e n t  shapes.  

The Model V e r i f i c a t i o n  of Expert opinion 
. . , . 

Table A-1 d e t a i l s  the  2 5  p r o j e c t i o n s  t h a t  were made f o r  U.S. energy 
consumption i n  the year  2000. The datam sources  are given a t  t h ~  end of t hc  
main body of the r e p o r t .  

- An examination'  of the ' data  l eads  t o  the fol lowing hypotheses and t e s t  
procedure.  

1. The n u l l  hypothes i s ,  %, i s  t h a t  the empi r i ca l  da ta  of these e x p e r t ,  
op in ions  a r e  log-normally d i s t r i b u t e d .  

. . 

2 .  The a l t e r r ~ a t i v e  hypothes i s ,  111, i s  t h a t  the d i s t r i b u t i o n  of these da t a  
a r e  o thc r  than s p e c i f i e d .  

3 .  The s t a t i s t i c a l  t e s t  s e l e c t e d  i s  the. Knlmogrov-Smirnov goodncss-of f i t  
t e s t  st a s i g n i f i c a n c e  level  of a = 0 -05. 

The choice of t h i s  t e s t  procedure w a s  based upon the following:' 

1': The comparisvn is  made rin a11 the  da ta  i n  c m ' u n a l t c r ~ d  fnnn.  

2 .  Thc test i s  an exac t  t e s t  f o r  a l l  sample sixes. 

3 .  The model s e l e c t e d  f o r  comparison may be hypothesized wholly indepen- 
. . d e n t l v  of the ' d a t a .  

4 .  The r e s u l t s  may be g r a p h i c a l l y  d i sp l ayed .  



Table  A-I 
. . 

. . 
Primary Energy Demand f o r  t h e  U.S. i n  2000 

- 
F o r e c a s t e r  Source* Quads 

Brookhaven N a t i o n a l  ~ a b o r a t o r y l  
Da le  Jo rgenson  A s s o c i a t e s  (BNLIDJA) 1 

Alan S. Manne's ETA-LYACRO 1 
FOSSIL2 (1978) - Department of  Energy 1 
LEAP (Long-range Energy A n a l y s i s  Package) - 

Department of Energy 1 
S t a n f o r d  U n i v e r s i t y ' s  PILOT 1 
Brookhaven N a t i o n a l  Labora to ry :  Repor t  2  
Sourcebook f o r  Energy Assessment (BNL) 3 
P r i v a t e  Communication 4 
Edison E l e c t r i c  I n s i t u t e  5 
Edison E l e c t r i c  I n s t i t u t e  5 
Edison  E l e c t r i c  I n s t i t u t e  5 
Exxon Company (1977) 6 
Exxon Company (1973) 7  
FOSSIL2 - BHS (Balance  High Supply S c e n a r i o )  8  
FOSSIL2 - BE (Bes t  E s t i m a t e  S c e n a r i o )  8  
MARKAL PS-1 9 
MARKAL SP-411.0 9 
ResourceS f o r  t h e  F u t u r e  10 
Resources  f o r  t h e  Fu tu re  10 
WAES (Workshop on A l t e r n a t i v e  Energy S t r a t e g i e s )  C 1  11 
WAES (Workshop on A l t e r n a t i v e  Energy S t r a t e g i e s )  C2 11 
WAES (Workshop on A l t e r n a t i v e  Energy S t r a t e g i e s )  D 7  11 
WAES (Workshop on A l t e r n a t i v e  Energy S t r a t e g i e s )  D8 11 
WEC (World Energy Conference)  12 
WEC (World Energy Conference)  12 

-- ~ - . . 
*See page 4 7 .  

The C a l c u l a t i o n  of t h e  T e s t  S t a t i s t i c  

The v a l u e  of t h e  second t e s t  s t a t i s t i c ,  D2, may be more r e a d i l y  d e s k  
computed than  D l .  It c o n c e n t r a t e s  upon t h e  d e v i a t i o n s  between t h e  hypot l les ized 
CDF Fx(x) and t h c  observed c u n u l a t i v e  . h i s  togram: 

. . 

i n  which x i  i s  t h e .  ith l a r g e s t  observed v a l u e  i n  t h e  random -sample o f  s i z e  n .  
The D2 s t a t i s t i c  i s  g iven  by: 



n  
D 2  = max [IF*(xi) - F x ( x i ) f ]  

i 
n  

= ,  max [ l i / n  - Fx(xi)! ]  
i 

The r e s u l t i n g  c a l c u l a t i o n s  a r e  given i n  Table A-2 and t h i s  r e s u l t s  i n  a  D2 
s t a t i s t i c  of 0.183. A s  a  cross-check,  t h e  Kolmogorov-Smirnov s p e c i a l  purpose 
r o u t i n e  NKS1, from t h e  IMSL program s u i t e , 4 7  was u t i l i z e d  and from t h e  same s e t  
o f  d a t a  gave a  D2 s t a t i s t i c  of 0.177. 

I-____ - ,.. .". . . . --. ..-- P -- 
Table A-2 

Determina t ion  of the '  T e s t  S t a t i s t i c  D 2  

. r- - --- - 
Note: 1) A f t e r  t ransEormat ion by l o g s .  

2 )  The e m p i r i c a l  d a t a  a r ranged  i n  an asc.~.qding ~ r d e r  nf  m a g n i t ~ ~ d s ,  

Table  A-3 prov ided  t h e  c r i t i c a l  s t a t i s t i c  f o r  t h i s  t e s t .  Since D2 i o  1 ~ 3 3  

t h a n  t h e  c r i t i c a l  va lue  f o r  a sample s i z e  o f  25, i t  is  concluded t h a t  t h e  n u l l  
h y p o t h e s i s  shou ld  be a c c e p t e d ,  

A more r o b u s t  test may be a p p l i e d  through t h e  use of W s t a t i s t i c ,  a s  
proposed by Shapiro  and Wilk.48 It has  the drawhack of not  being so rcadily . 

* ,  
~ a b u l a t e d  and i s ,  t h e r e f o r e ,  not. d e t a i l e d  i n  t h i s  appendix .  It has ,  however, i 
been a p p l i e d  t o  the  n u l l  h y p o t h e s i s  and the  r e s u l t s  a r e  above t h e  5% p o i n t  of j t h e  n u l l  d i s t r i b u t i o n .  - I 

- 



--- - 
Table A-3 

C r i t i c a l  S t a t i s t i c  f o r  t h e  Kolmogorov-Smirnov Goodness-of-Fit Tes t  (D2) 
- 

Sample S i z e  a .  = 0.10 a = 0.05 a = 0.01 

The G r a p h i c a l  P r e s e n t a t i o n  

T h i s  form of p r e s e n t a t i o n  is S e a t  c a r r i e d  o u t  u s i n g  p r o b a b i l i t y  paper  
which a l l o w s  the  reader  t o  v i s u a l i z e  the e f f e c t s  of the s t a t i s t i c a l  uncer ta .Lnty  
on t h e  d i s t r i b u t i o n  a s  a  whole.  Figlire A-1 S ~ I O W S  the  e m p i r i c a l  d a t a  a s  a  CDF, 
t h e  boundary l i n e s  of the  92 t e s t  s t a t i s t i c  (0.15), and the  boundar ies  of the  
accep tance  reg ion  f o r  an  a l p h a  va lue  o f  0.05 (92 = 0 .256) .  

PERCENTAGE PROBABILITY 

F i g u r e  A-1 
P r o j e c t i o n  Data  f o r  U .S. Pri~.nary Energy Demand i n  2000 and 

Kolmogorov-Smirnov T e s t  
x = CDF of d a t a  p o i n t s  



The s t o c h a s t i c  Mod,el ' 

It i s  proposed t h a t  a  s imple  s t o c h a s t i c  model, based upon r e a d i l y  a v a i l a -  
b l e  d a t a ,  be used t o  g e n e r a t e  a s e t  of p r o b a b i l i t y  d i s t r i b u t i o n s ,  a t  f i v e - y e a r  
i n t e r v a l s ,  which d e s c r i b e  a  p r o j e c t e d  range of t o t a l  pr imary energy demands i n  
t h e  U.S.A. The outcome f o r  t h e  yea r  2000 w i l l  t hen  be used a s  a  benchmark f o r  
t h e  purpose  of comparison w i t h  t h e  e m p i r i c a l  d a t a  s e t  of e x p e r t  o p i n i o n  a l r e a d y  
d i s c u s s e d .  

The t h r e e  b a s i c  d a t a  s e t s  which a r e  u t i l i z e d  .by t h e  node1 a r e :  

1. -The p o p u l a t i o n  . p r o  j e c t ' i o n s  f o r  t h e  p e r i o d  1980-2005. 
, . .  

2: ' the h i s t o r i c a l  d a t a  set  f o r  GNP pe r  c a p i t a . ,  1.900-1975. 

3. The energy dcmand a s s o c i a t e d  w i L 1 1  GNP as a r a t i n  fnr the p e r i o d  
1 Y  ZU-1975. 

' The d e r i v a t i o n  of p r o b a b i l i t y  d i s t r i b u t i o n s ,  from t h e s e  d a t a ,  i s  d i s c u s s e d  
under  t h e  a p p r o p r i a t e  subheadings  a s  fo l lows :  

The P o p u l a t i o n  P r o j e c t i o n s  

T h e  f i v e - y e a r l y  r o  j e c t i o n s  of f u t u r e  U. S. p o p u l a t i o n  l e v e l s  i s s u e d  by t h e  
Bureau of t h e  Census4' g i v e s  t h r e e  major p r o j e c t i o n  s e r i e s  which form t h e  b a s i s  
of  t h e  e s t i m a t i n g  procedure  g iven here.  

I n  d i s c u s s i n g  t h e  s e l e c t i o n  of any p a r t i c i i l a r  s e r i e s ,  they say: 

I 

" P o p u l a t i o n  p r o j e c t i o n s  a r e  "correct" by rlpf i n i  t i o n  ( ~ x c e p t  
f o r  computat ional  e r r o r s )  because  they i . n d i r a t c  t h e  popula- 
t i o n  t h a t  would r e s u l t  i f  t h e  base  d a t e  p o p u l a t i o n  i s  
c o r r c c t  .and i f  tlie U I L L ~ ~ ~ L  1y 111g ~ s ~ u m p r i o n s  should  t u r n  o u t  t o  
be c o r r e c t .  Thus w i t h o u t  i n  e v a l u a t i o n  of t h e  assumpt ions ,  
t h e r e  i~ no 'baa io  f o r  i110~~sil lg ~ I I I U I I ~  ' a l ce rna rL .ve  p ro jec -  
t i o n s . "  

Although a  desk s t u d y  of t h e s e  d a t a  r e v e a l s  t h a t  i t  is  i m p r a c t i c a l  t o  
e v a l u a t e  t h e s e  assumpt ions  on a  p r o b a b i l i t y  b a s i s ,  t h e  impl ied  e q u a l i t y  of 
o c c u r r e n c e  i s  u n s a t i s f a c t o r y  f o r  t h e  f o l l o w i n g  . reasons  : 



1 .  The use of ignorance a,$ a  b a s i s  f o r  ? ' s e l e c t i n g  a  r e c t a n g d l a r  d i s t r i b u -  
t i o n  i s  unsound s i n c e  i t  can . l e a d  . t o  incompat ib le  r e s u l t s  . ( B e r t r a n d l  s 
paradox) 9 51 

2 .  The s e q u e n t i a l  e l ements  of any one s e r i e s  obv ious ly  v i o l a t e s  t h e  
concept  of a  s e t  of independent  d i s t r i b u t i o n s .  

I n  o r d e r  t o  meet t h e s e  o b j e c t i o n s ,  w h i l s t  s t i l l  r e t a i n i n g  a  s i m p l i s t i c  
model,  a s e t  of popu la t ion  growth r a t e s  f o r  each series ws determined from the  
g iven  p o p u l a t i o n  p r o j e c t i o n s .  These were then s u b j e c t i v e l y  assumed t o  be 
inenbers of some nnspeci f ie 'd  d i s t r i b u t i o n  whose shape was determined by computer 
a n a l y s i s . 5 2  These r e s u l t s  a r e  a s  shown i n  E'igure A-2 and the  p o p u l a t i o n  ( P )  i s  
g iven  i n  time t:  

where g i  i s  t h e  annual  r a t e  i n  the  i th f ive -year  p e r i o d ,  and denotes  a 
p r o b a h i l i t y  d i s t r i h u t i o n .  

PERCENTAGE PRORARlLlTY 

F i g u r e  A-2 
. Generated CDF1s of U .S .  Popu la t ion 'Growth  R a t e s  

1980 - 2005 i n  Five-Year S t e p s  



T h i s  is e s s e n t i a l l y  a s imple  Markov c h a i n  p rocess  wherein t h e  growth r a t e s ,  . 
a r e  independen t  samples . a t  e a c h ' t i m e  p e r i o d  a p p l i e d  t o  t h e  e n t i r e . h i s t o r y  of 
t h e  p o p u l a t i o n  t rend.  

The GNP/Capita P r o j e c t i o n s  

These d a t a  were e x t r a c t e d  from r e f e r e n c e  53 and covered t h e  p e r i o d  1900- 
1375 i n  f ive -year  s t e p s .  I n  a manner similar t o  t h e  one above, a  normal 
d i s t r i b u t i o n  of growth r a t e s  was d e r i v e d  from t h i s  h i s t o r i c a l  d a t a  s e t  and 
used,  unchanged, f o r  sampling f u t u r e  GNPIcapita va lues .  The r a t i o n a l e  f o r  t h i s  
s u b j e c t i v e  judgment is based upon t h e  f a c t  t h a t  t h i s  p e r i o d  saw major economic 
booms and d e p r e s s i o n s ,  two world wars,  and sundry l e s s e r  p e r t u r b a t i o n s  t o  t h e  
s o c i a l  system. It Is, t h e r e f o r e ,  argued t h a t  t h e  long- te rn  mean and t h e  
v a r i a n c e  of t h e  growth r a t e  w i l l  remain s u b s t a n t i a l l y  unchanged by f u t u r e  
e v e n t s .  

Tlir vafucc: used i n  t h e  s t o c h a s t i c  model were: 

Plean: 1.8% per  y e a r  Std.  Dev. : '2.62% 

and t h e  GNPlcapita (Y) i s  g iven  a t  t ime t :  

where g i  i s  t h e  annual  growth r a t e  i n  t h e  .it" f i v e - y e a r  p e r i o d ,  and A d e n c r t ~ s  a 
p r o b a b i l i t y  d i s t r i b u t i o n .  

The R a t i o  of Primary Energy Demand t o  GNP . 
! . , 

From t h e  same source53 and us ing  methods s i m i l a r  t o  thdse  above, tlie 
pa ramete rs  d e r i v e d  from t h i s  h i s t o r i c a l  d a t a  s e t  f o r  ' t he  annual  r a t e  of change 
are: , 

It w a s  no ted ,  however, t h a t  over the  las t  two decades  t h e  mean growth r a t e  
,was a p p r o x i m a t e l y  z e r o ,  w h i l s t  a t  t h e  same t ime i t  must be recognized t h a t  

c u r r e n t  c o n s e r v a t i o n  e f f o r t s  w i l l  beg in  t o  be a p p a r e n t  from now ori. The 
s u b j e c t i v e  judgment r e f l e c t i n g  t h e s e  e f f e c t s  a r e  g iven  i n  t h e  fo l lowing  t a b l e .  



Table A 4  
, Rate  of Annual Change i n  

Primary Energy DemandIGNP $ 
. . 

% Rate  p e r  Year 

Per iod ' . Mean. . S.D. 
. , 

80-85 -0.5 1.5 
85-91) -0.75 1 . 5 .  
90-95 -1 .O 1.5 
95-1 00 -0 . 5  1.5 . , 

, . 00-05 0 .O 1.5 

%<, .--, - . '. .; 

These t a b u l a t e d  v a l u e s  a r e  used i n  t h e  s tochas t ' i c  model 'and the  r a t i o  '(R) -is .. 
given  a t  t ime t:  

where g i  i s  t h e  annual  growth r a t e  i n  t h e  ith p e r i o d ,  and 6 d e n o t e s  a  proba- 
b i l i t y  d i s t r i b u t i o n .  

The Primary Energy Supply 

On the  a s s u k p t i o n  t h a t  the  energy  sys tem w i l l  be i n  a  s t a t e  of long-term 
e q u i l i b r i u m ,  t h e  f i n a l  end-use demand w i l l  be matched by t h e  t o t a l  pr imary 
energy  s u p p l y .  Th i s  may be e s t i m a t e d  a t  some f u t u r e  t ime .from t h e  knowledge o f  
c u r r e n t  v a l u e s  and the  t ,hree growth r a t e s  a l r e a d y  d i s c u s s e d .  The t o t a l  pr imary 
energy  s u p p l y  ( E )  is then  given a t  time t by: 

where 

t = t h e  time h o r i z o n  of the  a n a l y s i s ,  

g p i  
= t h e  p o p u l a t i o n  growth r a t e  f o r  t h e  i th p e r i o d ,  

g r i  = t h e  pr imary energy  demand/GNIJ r a t i o  f o r  t h e  i t h  p e r i o d ,  
gy = t h e  GNP p e r  c a p i t a  growth r a t e ,  and 

A = deno tes  a  p r o b a b i l i t y  d i s t r i b u t i o n .  



A Comparison .of the Resu l t s  

The s t o c h a s t i c  s imula t ion  model was computed over the per iod  1975-2005, 
and the r e s u l t s  were der ived a t  f ive-year ly  i n t e r v a l s  . 

From the forego in,^ desc r ip t i on  of the model, i t  w i l l  be apparent  t h a t  the 
r e s u l t s  a r e  the  outcome of a  m u l t i p l i c a t i v e  process .  I f  

and the  Yi a r e  independent random v a r i a b l e s  whose d l s t r i b u t i o n s  have f i n i t e  
means and var iances ,  then Z tends t o  be log-normally d i s t r i b u t e d .  This  f a c t  
may be observed i n  Figure A-3 which shows the model o1.1tput f o r .  2000. 

PERCENTAGt PROBABILITY 

Figure A-3 
s t o c h a s t i c  Model ' p ro j ec t ed  U .S .  Primary Energy Denand i n  2000 a s  a , O F  ' . 



The computed parameters  of the  e n p i r i c a l  d i s t r i b u t i o n  of e x p e r t  o p i n i o n  
and those  o.E the  model, both  f o r  2000 and i n  n a t u r a l  l o g  terms',  a r e :  

-- 
Table A-5 

Parameters  of the  Comparative D i s t r i b u t i o n s  
- 

Number i n  Sample Sample 
Sample Mean Variance 

Exper t  Opinion 2 5  4.803 0.02016 
S t o c h a s t i c  Model 590 4 . 7 4 5  0 . 1 2  5 

It i s  not s u r p r i s i n g  to  Eind t h a t  the v a r i a n c e  of e x p e r t  o p i n i o n  i s  l e s s  
than t h a t  of the  model.  The former u t i l i z e s  a  c o n s i d e r a b l y  l a r g e r  d a t a  base  
than  the  l a t t e r  which l e a d s  t o  the  expec tancy  oE reduced u n c e r t a i n t y  due t o  
i n c r e a s e d  inEormat ion.  

The mathemat ica l  form of both  d i s t r i b u t i o n s  has  been s t a t i s t i c a l l y  demon- 
s t r a t e d  t o  be log-normal and the  f i n a l  comparat ive  t e s t  i s  g iven :  

!Io = The m a n  va lue  of e x p e r t  o p i n i o n  cou ld  come from a  d i s t r i b u t i o n  
s i m i l a r  to  t h a t  of the  s t o c h a s t i c  model. 

91 = This  mean value comes from a  d i s t r i b u t i o n  o t h e r  than  s p e c i f i e d .  

S t a t i s t i c :  S tuden t s - t  t e s t  where 

. - 
H = mean va lue  from s t o c h a s t i c  model, 
- 
E - :Tiean value  of e:cpCrt o p i n i o n ,  
n  = number of samples ,  and 
g2 = v a r i a n c c  of c x p c r t  op in ion . ,  

s i g n i f i c a n c e  c r i t e r i a :  a = 0 . 0 5  



Using t h e  v a l u e s  g iven  i n  Table  A-5, 

T h i s  r e s u l t  i s  l e s s  than  t h e  t a b u l a t e d  s t u d e n t s - t  s t a t i s t i c  a t  t h e  5% s i g n i -  
f i c a n c e  l e v e l  and t h e  n u l l  h y p o t h e s i s  may t h e r e f o r e  be accepted.  

T h i s  * ~ ~ ~ e n d i x  has  determined t h a t  t h e  e lements  of t h e  primary d r i v i n g  
f u n c t i o n  of t h e  U.S. energy system may be c o l l a t e d  i n t o  a log-normal proba- 
b i l i t y  f u n c t i o n ,  e i t h e r  through t h e  use of e x p e r t  op in ion  o r  by a silnple 
s t o c h a s t i c  model. 

It is  prdposed t h a t  t h i s  model may be reaso.nably u t i l i z e d  a s  a  s u r r p g a t e  
f o r  e x p e r t  op in ion  i n  s i t u a t i o n s  where t h e  n e c e s s a r y  body of p r o f e s s i o n a l  
a n a l y s i s  i s  no t  a v a i l a b l e ,  e..g., i n  r e g i o n a l  and/or  o t h e r  coun t ry  s t u d i e s .  

. . .  . 



---- -- 
Table  A-6 

Year 2000 F o r e c a s t s  of U.S. E l e c t r i c a l  U t i l i t y  Output 
--- 
F o r e c a s t e r  Source* 1012 kwh 

-- 
D. Chapman, T. T y n e l l  and T. Mount 
D. Chapman, T. T y n e l l  and T. Mount 
D. Chapman, T. T y n e l l  and T. Mount 
D. Chapman, T. T y n e l l  and T. Mount 
D. Chapman, T. T y n c l l  and T. Yount 
D. Chapman, T. T y n e l l  and T. Mount 
Brookhaven N a t i o n a l  Labora to ry /  

Dale  Jo rgenson  A s s o c i a t e s  (BNL/DJA) 
Alan S. ivlanne ' s  ETA-XACRO 
FOSSIL2 (1978) - Dept. of Energy 
LEAP (Long-range Energy Ana lys i s  Package) - DOE 
S t a n f o r d  U n i v e r s i t y ' s  PILOT 
Bureau of Mines (1972) 
Department of Comerce  
Department o E  I n t e r i o r  
Edison E l e c t r i c  I n s t i t u t e  
EPRI - E l e c t r i c  Power l iesearch I n s t i t u t e  
EPRI - E l e c t r i c  Power Research I n s t i t u t e  
EPYI - E l e c t r i c  Power Research I n s t i t u t e  
ETA - Energy Technology Assessment 
ETA - Energy Technology Assessment 
ETA - Energy Technology Assessment 
ETA - Energy Technology Assesstnent 
ETA - Energy Technology Assessment 
Hudson-Jorgenson (1974) 
Hudson-Jorgenson (1975) 
Hudson-Jorgenson (1977) 
:Iudson-Jorgenson (1978) 
Hudson-Jorgenson (1379) 
N a t i o n a l  Energy P l a n  I1 (NEP-11) 
Nordhaus 
Wordhaus 
Nordhaus 
Nordhaus 
Nordhaus 
DESOM - Dynamic Energy System Opt i in iza t ion  Elodel 
DESO>I - Dynamic Energy System O p t i m i z a t i o n  Nodel 
DESOC.1 - Dynamic Energy S y s t e n  O p t i m i z a t i o n  Plodel 
ORNL - Oak Ridge N a t i o n a l  L a b o r a t o r y  
-- ------- -- ---- - 

*See page 4 8 .  
--- 
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