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Overview on Techniques and Models 

Used i n  t h e  Energy F i e l d  

J.-P. C h a r p e n t i e r  

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

A t  t h e  o u t s e t ,  l e t  m e  comment on  t h e  term "models" and on 

model u s e .  I n  my view t h e  meaning o f  t h e  word "model" must be 

v e r y  broad and n o t  c o n f i n e d  t o  economet r i c  approaches .  Each 

t o o l  which cou ld  c o n t r i b u t e  t o  a  b e t t e r  u n d e r s t a n d i n g  o f  complex 

phenomena c o u l d  r e c e i v e  t h i s  d e s i g n a t i o n .  But w e  must n o t  f o r -  

g e t  t h a t  a  model a s  a  computer can  g i v e  no a b s o l u t e  answer;  t h e  

o u t p u t  must a lways  be  r e l a t e d  t o  t h e  i n p u t .  Models a r e  t o o l s  

which h e l p  t h e  human b r a i n  b u t  c a n n o t  t a k e  i t s   lace. 

The s o - c a l l e d  "energy c r i s i s "  h a s  caused i n c r e a s i n g  concern  

i n  t h e  enerqy  i n d u s t r y  and i n  governments .  The p rocedures  of  

env i ronmenta l  p r o t e c t i o n  have f u r t h e r  com?l ica ted  t h e  energy 

supp ly  and p r i c e  p i c t u r e .  

The q u e s t i o n  o f  how s e r i o u s  a n  energy  problem w e  a re  f a c i n g  

and of  a l t e r n a t i v e  s t r a t e g i e s  c a n  be  s t u d i e d  by means of e x t e n -  

s i v e  models.  The adequacy of  t h e  a v a i l a b l e  models and t h e  

p o s s i b i l i t i e s  o f  t h e  d i f f e r e n t  k i n d s  of models under  development 

a r e  b e i n g  e x h a u s t i v e l y  reviewed i n  most c o u n t r i e s .  The u s e  of  

models f o r  d e c i s i o n  making i n  i n d u s t r y  i s  q u i t e  w e l l  developed,  

w h i l e  t h e i r  u s e  by governments ,  a t  n a t i o n a l  o r  i n t e r n a t i o n a l  

l e v e l s ,  i s  i n  t h e  beg inn ing  s t a g e s .  

By way o f  i n t r o d u c t i ' o n  t o  models i n  energy,  I s h a l l  f i r s t  

b r i e f l y  r ev iew t h e  main t e c h n i q u e s  used  i n  ene rgy  mode l l ing  t o  

i l l u s t r a t e  t h e  e x t e n t  of  t h e  t e r m  "model" which r a n g e s  from 

c l a s s i c a l  methods such a s  l i n e a r  programming t o  t h e  b u i l d i n g  

of normat ive  s c e n a r i o s .  A review o f  t h e  most  i m p o r t a n t  models 

developed and b e i n g  developed t h e n  f o l l o w s ;  and f i n a l l y ,  I 

s h a l l  pose  some q u e s t i o n s  l i n k e d  t o  a  s p e c i f i c  problem: t h e  

energy demand. 



I .  Main Mathemat ica l  Techniques Used i n  Energy Model l ing  

1.1. C o r r e l a t i o n  1 

I n  t h e  c o r r e l a t i o n  approach one  assumes t h a t  t h e  o b j e c t i v e ,  

f o r  example t h e  energy  consumption p e r  c a p i t a ,  i s  r e l a t e d  t o  

a  g i v e n  form such a s  l i n e a r ,  e x p o n e n t i a l ,  and s o  on ,  and t o  a  

g i v e n  v a r i a b l e  such a s  income, p r i c e ,  e tc .  A t y p i c a l  form cou ld  

be  r e p r e s e n t e d  by 

where 

Ot = consumption of  a  c e r t a i n  k ind  of  ene rgy  a t  t i m e  t ,  

k  = c o n s t a n t ,  

Yt = e x p l a n a t o r y  v a r i a b l e  ( e . g .  GNP, income. . . ) ,  

Tt  = a v e r a g e  t e m p e r a t u r e  a t  t i m e  t ,  

pt = p r i c e  o f  t h e  c o n s i d e r e d  energy,  

PC = p r i c e  o f  t h e  c o n c u r r e n t  ene rgy ,  

- c o e f f i c i e n t s  e s t i m a t e d  by r e g r e s s i o n  on p a s t  t r e n d  

d a t a ,  

- e l a s t i c i t y  c o e f f i c i e n t  as ,  f o r  example,  
e ( e l a s t i c i t y  o f  ene rgy  consumption 

6 109 Qt t o  t h e  e x p l a n a t o r y  v a r i a b l e  Y t  
b  = 6 l o g  Yt  ( i f  Yt i n c r e a s e s  by 1% t h e n  Qt  

w i l l  i n c r e a s e  by b % )  . 

The purpose  o f  t h e  method t h e n  i s  t o  f i n d  t h e  b e s t  c o e f f i -  

c i e n t s :  a , b ,  ..., e ,  which l i n k  t h e  g i v e n  r e l a t i o n  t o  p a s t  d a t a .  

The method used i s  t h e  " l e a s t  s q u a r e  method." 

'see [9 ]  and [16].  



I want to emphasize a very important point: the least 
square method does not permit one to find the most relevant 

parameters and relationships. It only gives the adjusted 

coefficient. In order to reach the best relation fitted to 

the past data it is very important to test different functions. 

Sector 
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a 
d 
a 
a 
-4 
k 

$ 

l l a  Remarks on the Difference between Short- and 

Long-Term Elasticity 2 

For simplification, let us suppose that the desired 

demand of a given form of energy depends on the income and 

the 'price: 

Different variables generally used in regression 
analysis 

Residential and 
Commercial 

- Population 
- Income per capita 
- Prices of the 
different fuels 

- Weight of each 
kind of fuel in the 

global consumption 

- Quantity of energy 
consumed during the 

past period 

Industrial 

- Number of employees 
- Value added 
- Prices of the 
different fuels 

- Weight of specific 
sector in the global 

industry sector 

- Quantity of energy 
consumed in the past 

period 



where 

q* = d e s i r e d  q u a n t i t y ,  

y = income, 

p = p r i c e .  

The a c t u a l  l e v e l  o f  demand o f  one  y e a r ,  however, i s  n o t  

n e c e s s a r i l y  e q u a l  t o  t h e  desired l e v e l .  I n  p a r t i c u l a r ,  a c t u a l  

demand a d j u s t s  toward d e s i r e d  demands a c c o r d i n g  t o  a  l i n e a r  

e q u a t i o n  between p a s t  consumption and d e s i r e d  demand: 

p a s t  + d e s i r e d  A demand = l i n e a r  combinat ion  o f  demand demand 

I f  w e  p u t  (2) i n  ( l ) ,  w e  o b t a i n  ( 3 )  : 

( 3  I l o g  q t  = A + l o g  qt-l + a ( l  - A )  l o g  yt  

+ b ( l  - A )  l o g  Pt t 

where 

A =  (1 - A )  l o g  k . 



F i n a l l y ,  t h e  e l a s t i c i t y  c o e f f i c i e n t s  a r e :  

1 .2 .  L inea r  Programming 

E l a s t i c i t y  c o e f f i c i e n t s  

Most o f  t h e  models u s e  t h i s  well-known t echn ique  which 

S h o r t  r u n  

a ( l  - A )  

b ( l  - A )  

c o n s i s t s  o f  o p t i m i z i n g  a  l i n e a r  c o s t  f u n c t i o n  under  l i n e a r  

Long r u n  

a 

b  

c o n s t r a i n t s ,  f o r  example, x A 
2  

n  constraints 
min 1 cixi , 

i=l 

s u b j e c t  t o  j  c o n s t r a i n t s :  

n  
1 a .  . x .  < b  , 

11 1 -  j  i=l 

where, f o r  example, 

x  = t h e  q u a n t i t y  o f  energy under t h e  form i ,  X1 
i 

ci = t h e  c o s t  of  p roduc t i on  o f  energy i. 

The j  c o n s t r a i n t s  a r e  r e l a t e d  t o :  

- demand t o  s a t i s d y ,  

- environmenta l  norms, 

- f u e l  b a l a n c e s ,  

and s o  on.  

Th i s  method cou ld  be used f o r  s t a t i c  o r  dynamic i n v e s t i -  

g a t i o n s ;  i n  t h i s  l a s t  c a s e ,  t h e  v a r i a b l e s  x i ( t )  and x i ( t  + 1) 

a r e  cons ide r ed  a s  two d i f f e r e n t  v a r i a b l e s  d u r i n g  t h e  program- 

ming work. 



The technique of resolution introduces a dual variable 

X j  for each constraint j which (as a Laqranqian multiplicator) 3 

could be interpreted as the marginal cost related to this 
\ 

constraint. 

1.3. Dynamic Prosramminu and Its Derivative 

Each time a decision system could be described at each 

step n by 

where 

u = decision variable, n 
x = state variable, n 

rn = result variable, 

and where the objective function is the sum of the result 

variable at each step: 

and where 

then the dynamic programming can be used. 

For example, see [2] for an investment choice in an 

electricity utility. This problem could be represented in 

the following wayst 

max is the same thing 3~ecall Lagrange: solving (g(x, 

as finding x and h which solve max [f (x) + hg (XI] . 



t-1 u t t u t+l 
X + X i i +i or - i - b  lt + 4 L w 

t J. 
different costs I choice of 

the 
I best path 

The goal of such a study is to research the optimal 
t investment at each time: ui -. > 0 (i is the index characterizing 

each kind of investment: hydraulic, nuclear, different thermic). 

xt designates the state variable which corresponds to the i 
global power of the network existing in a plant of type i, the 

year t. 

The total actualized cost to minimize is 

t t t  lfut + G (xi,ui) , 
t=l i=l 1 i 

investment management 
cost cost 

with the state equation 

(The state of the network at time t equals the state at time 

(t - 1) plus the new investment at time t.) 

1.3.a. Brief Look at the Elementary Mathematical 

Principle : Dynamic Programming 



where 

u  = d e c i s i o n  v a r i a b l e  (utoD: domain of p o s s i b l e  t 
investments)  , 

x  = s t a t e  v a r i a b l e  xt = ~ [ x  u  ] , t t-1' t 
r = economic r e s u l t  of t h e  d e c i s i o n  r = R [ x ~ - ~ , u ~ ] .  t t 

The func t ion  t o  op t imize  is 

I n  f a c t ,  t h e  dynamic programming c o n s i s t s  of s t e p  by s t e p  

o p t i m i z a t i o n  of t h e  f u n c t i o n  

where f t  is  optimum from T  t o  t. The f i r s t  s t e p s  begin wi th :  

f T ( X T - l )  = Opt rT . 
uT 

The l a s t  s t e p s  g i v e  t h e  r e s u l t :  

1 .3 .b .  P r i n c i p l e  of t h e  "Maximum" 

1 . 3 . b . l .  Under t h e  D i s c r e t e  Form 

In  t h e  maximum p r i n c i p l e ,  t h e  g o a l  is  t o  op t imize  a  

l i n e a r  f u n c t i o n  of  t h e  l a s t  s t a t e  v e c t o r :  

1) (xT a s  x  could be v e c t o r s  of s component) t 



w i t h  

2) - S t a t e  e q u a t i o n  xt  = X [u t ttxt-11 
- ut&D domain of  v a r i a t i o n  o f  t h e  d e c i s i o n  v a r i a b l e .  

To o p t i m i z e  1) under  2) i s  t h e  same a s  t o  o p t i m i z e  
rn 

where X a r e  t h e  Lagrange m u l t i p l i c a t o r s :  
t 

a )  optimum r e l a t e d  t o  u  ED: a s  u b e l o n g s  o n l y  t o  one  t- t 
t e r m ,  it is  enough t o  o p t i m i z e :  

A 

Ht  = XtXt , 

a t  e a c h  s t e p ,  i n  f u n c t i o n  of  ut ;  

b )  optimum r e l a t e d  t o  x  a s  t h e r e  a r e  no c o n s t r a i n t s  o n  t: 
x  it i s  p o s s i b l e  t o  d e r i v e  L a t  each  s t e p .  t 

For  t h e  l a s t  s t e p ,  

For  each  o t h e r  s t e p  ( a s  xt b e l o n g s  o n l y  t o  X t t l ) ,  
h 

6L = - A t  + Ht+l H t + l  
=7 A t =  - .  

t bxt 
Summary: o p t i m i z i n g  cxT i s  e q u i v a l e n t  t o  d e t e r m i n i n g  a  set 

o f  A t  which v e r i f i e d :  

( A t  a r e  c a l c u l a t e d  s t e p  a f t e r  s t e p ) .  

1 . 3 . b . 2 .  Under t h e  Cont inued Form (or Maximum P r i n c i p l e  

o f  P o n t r y a g i n )  

The problem is  e x a c t l y  t h e  same as above. To see rough ly  

how t h e  method g o e s ,  l e t  u s  suppose  t h a t  t h e  t i m e  i s  d i v i d e d  



i n t o  v e r y  s m a l l  i n t e r v a l s :  6 

where x' i s  g i v e n  a s :  

The s t a t e  v a r i a b l e  xn6 c o u l d  t h e n  b e  w r i t t e n  a s  b e f o r e  

i n  t h e  d i s c r e t e  c a s e :  

Then t h e  problem i s  c l o s e  t o  t h e  d i s c r e t e  c a s e ,  and it i s  

e a s y  though l e n g t h y  t o  show t h a t  t h e  s o l u t i o n  o f  t h e  problem 

is  t o  f i n d  t h e  v e c t o r  ( t)  where 

Opt fi = Opt X ( t )  h ( x , u )  
u ( t )  

- h ( t ) = -  6h 
d t  rn h ( t )  

Economic I n t e r p r e t a t i o n  

h ( t )  c o u l d  b e  i n t e r p r e t e d  a s  t h e  maximum p r i c e  f o r  t h e  

s t a t e  v a r i a b l e  t h a t  t h e  owner o f  t h e  system would a c c e p t  

m a r g i n a l l y  t o  pay f o r  g e t t i n g  it on a n  e x t e r n a l  marke t ,  if 

t h i s  would e x i s t .  

1 . 4 .  S i m u l a t i o n  

I n  t h i s  c a s e  it i s  i m p o s s i b l e  t o  g i v e  a  g e n e r a l  overview 

of t h e  mathemat ica l  t e c h n i q u e .  There  i s  no f u n c t i o n  t o  o p t i -  

mize.  Each a u t h o r  m a t h e m a t i c a l l y  d e s c r i b e s  t h e  sys tem h e  wants  

t o  s t u d y ,  and h e  d o e s  s o  a f t e r  s e n s i t i v i t y  s t u d i e s  of  t h e  

d i f f e r e n t  p a r a m e t e r s .  



I 

I t  is  n e v e r t h e l e s s  i n t e r e s t i n g  t o  n o t e  one  k ind  of  s imula-  

t i o n  which c o n s i s t s  i n  s i m u l a t i n g  a  system a t  t h e  supposed 

optimum l e v e l  and f o r  do ing  s o  t o  u s e  t h e  e q u a t i o n s  o f  t h e  

optimum c o n d i t i o n .  L e t  u s  b r i e f l y  r e c a l l  what t h e s e  condi-  

t i o n s  ( c a l l e d  Kuhn and Tucker c o n d i t i o n s )  a r e .  When t h e  

sys tem 

Max Y(x) 
a ( x )  - > 0 

i s  optimum, t h e n  a  v e c t o r  u  - > 0 e x i s t s ,  w i t h  

where 

Y = t h e  o b j e c t i v e  f u n c t i o n ,  

a ( x )  = t h e  m a t r i x  of  c o n d i t i o n s ,  

u  = v e c t o r  o f  d u a l  v a r i a b l e s  t h a t  c o u l d  o f t e n  be  

i n t e r p r e t e d  a s  marg ina l  c o s t s .  

For  example, P r o f .  Hendrick Houthakker and Michael  Kennedy 

a t  Harvard [ll] used t h i s  t e c h n i q u e  t o  s i m u l a t e  wor ld  u s e s  of  

pe t ro leum where each  of  t h e  e q u a t i o n s  used h a s  a n  economic 

i n t e r p r e t a t i o n :  

- one p o s t u l a t e s  t h a t  t h e  supp ly  of c r u d e  o i l  and t h e  

demand f o r  p r o d u c t s  i n  each  r e g i o n  depends l i n e a r l y  

on a l l  p r i c e s  i n  t h e  wor ld  marke t ;  

- a n o t h e r  t r a n s l a t e s  t h e  f a c t  t h a t  t h e  c o s t  f o r  o p e r a t i n g  

any a c t i v i t y  must b e  less t h a n  o r  e q u a l  t o  t h e  revenue 

o f  o p e r a t i n g  t h i s  a c t i v i t y ,  and s o  on .  

1 . 5 .  Other  D i f f e r e n t  Techniques 

1 . 5 . a .  Input-Output  A n a l y s i s  

Rober t  Herendeen [8] h a s  been one  o f  t h e  f i r s t  t o  d e v e l o p  

t h e  r e l a t i o n s h i p  between energy  consumption and t h e  money 



va lue  of t h e  o u t p u t  of  d i f f e r e n t  s e c t o r s  of t h e  i n d u s t r y .  

This  t echnique  is based on 1/0 mat r i ce s  t h a t  w e  can d e s c r i b e  

i n  t h e  fo l lowing  l i n e a r  form: 

where 

X = t h e  t o t a l  o u t p u t  ( d o l l a r s )  of  s e c t o r  i i 
Y i  = t h e  o u t p u t  ( d o l l a r s )  of  i s o l d  t o  f i n a l  demand 

A i j  = t h e  c o n s t a n t  c o e f f i c i e n t  r e p r e s e n t i n g  what 

t h e  s e c t o r  i sells  t o  t h e  s e c t o r  j f o r  producing 

one u n i t  o f  i t s  ou tpu t .  

Equation ( 4 )  can be p u t  i n  t h e  ma t r ix  form 

Herendeen in t roduces  t h e  energy i n  t h e  fo l lowing  way: L e t  

where 

Ei = t o t a l  energy o u t p u t  (Kcal)  of  energy s e c t o r  i f  

Eik = energy s a l e s  (Kcal)  from s e c t o r  i t o  k ,  

E = energy s a l e s  (Kcal)  from s e c t o r  i t o  f i n a l  
i y  

u s e r s ,  

s i n c e  



Def ine  

a )  Rik = Eik/Xk , 

Then 

where 1 i s  t h e  t o t a l  energy  m a t r i x .  I i j  g i v e s  t h e  t o t a l  o u t p u t  

(Kca l )  o f  energy  s e c t o r  i r e q u i r e d  f o r  t h e  economy t o  d e l i v e r  

a  d o l l a r ' s  wor th  o f  p r o j e c t  j t o  f i n a l  demand. For a n  
4 example from t h e  g l a s s  s e c t o r ,  see F i g u r e  1. 

1.5 .b .  S c e n a r i o s  3 

Each model, i n  f a c t ,  r e p r e s e n t s  a  f i x e d  s c e n a r i o ,  and 

t h e r e f o r e  it i s  neces sa ry  t o  e x p l a i n  what w e  h e r e  c a l l  a  

" s c e n a r i o " .  T h i s  t e r m  i n d i c a t e s  t h e  d e s c r i p t i o n  of  d i f f e r e n t  

s t a t e s  o f  t h e  wor ld  through t h e  a g g r e g a t i o n  o f  e lementa ry  

e v e n t s .  

I n  o r d e r  t o  b e  c l e a r e r  l e t  u s  t a k e  an  example: suppose  

t h a t  i n  o r d e r  t o  d e s c r i b e  t h e  energy  s i t u a t i o n  r e l a t e d  t o  

t h e  for thcoming p e r i o d  1975-1990 w e  c o n s i d e r  t h e  d i f f e r e n t  

s i t u a t i o n s  o b t a i n e d  by combinat ion of  t h e  fo l l owing  t h r e e  

s imple  e v e n t s :  

1) t h e  f i r s t  e v e n t  w i l l  be long  t o  t h e  t e c h n i c a l  a r e a  

a s  el: 75% o f  e l e c t r i c i t y  i s  supp l i ed  by n u c l e a r  

p l a n t s ;  

2)  t h e  second e v e n t  w i l l  be long t o  t h e  environmenta l  

a r e a  a s  e2: on t h e  average ,  a l l  t h e  r i v e r s  o f  t h e  

c o u n t r y  w i l l  be a t  3 0 ' ~ .  

'unpublished s t u d y  made a t  IIASA w i t h  t h e  French 1/0 
t a b l e  f o r  1969.  

5For more d e t a i l s  see J . C .  Duper r in  and M .  Godet,  [5] and [6] . 
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3)  t h e  l a s t  e v e n t  w i l l  belong t o  t h e  s o c i o l o g i c a l  

a r e a  a s  e3: each  yea r  t h e r e  a r e  s t ong  p r o t e s t  marches 

a g a i n s t  n u c l e a r  power p l a n t s .  

A s c e n a r i o  on a s t a t e  of  t h e  world cou ld  be  supp l i ed  by 

t h e  combinat ion of t h e  t h r e e  e lementary  e v e n t s ,  e . g .  

' ~ u c l e a r  power s u p p l i e s  75% of  t h e  
- - e l e c t r i c i t y ,  b u t  t e c h n i c a l  p r o g r e s s  - Si - i e l , e 2 , e 3 )  h a s  been made i n  t h e  c o o l i n g  system 

and t h e r e  i s  no r i s k  o f  s t r o n g  o p p o s i t i o n  
t o  nuc l ea r  energy;  

Nuclear  power does  n o t  supp ly  75% of t h e  
e l e c t r i c i t y  b u t  n e v e r t h e l e s s ,  f o r  

s = { ~ , , e 2 , e 3 ~  o t h e r  r e a s o n s ,  t h e  t empera tu re  of  t h e  
j  r i v e r s  i s  a t  3 0 ' ~  and t h e r e  i s  no 

o p p o s i t i o n  t o  n u c l e a r  energy;  

and s o  on.  On t h e  whole it i s  p o s s i b l e  i n  t h i s  c a s e  t o  b u i l d  

23 = 8 s c e n a r i o s .  I f  t h e  number of  e lementary  e v e n t s  was 

f i f t y ,  it would be  p o s s i b l e  t o  b u i l d  2 5 0  s c e n a r i o s .  A s  it i s  

imposs ible  t o  s t udy  a g r e a t  number of s c e n a r i o s ,  it i s  b e s t  

t o  s t udy  o n l y  t h e  most r e l e v a n t  ones .  To do s o ,  t h e  i dea  i s  

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

I t  i s  roughly  p o s s i b l e  t o  do t h e  fo l l owing .  Ask a pane l  of  

e x p e r t s  t o  r e a c h  a consensus  i n  r ega rd  t o  t h e  fo l l owing  

p r o b a b i l i t i e s  : 

p ( i )  = p r o b a b i l i t y  t h a t  t h e  e v e n t  ei w i l l  occur  du r ing  

t h e  cons idered  t i m e  pe r iod  1975-1990, 

p ( i / j )  = p r o b a b i l i t y  t h a t  e w i l l  o c c u r ,  g iven  t h a t  e 
i j  

h a s  occu r r ed  i n  t h i s  p e r i o d ,  

p(i/j) = p r o b a b i l i t y  t h a t  ei w i l l  o ccu r ,  g iven  t h a t  e 
j  

ha s  n o t  occu r r ed  d u r i n g  t h i s  t i m e  p e r i o d .  

These p r o b a b i l i t i e s  o n l y  concern  e i t h e r  s e p a r a t e  e v e n t s  

o r  p a i r s  o f  e v e n t s  b u t ,  n e v e r t h e l e s s ,  it would be  v e r y  

s u p r i s i n g  i f  t h e  e x p e r t s '  o p i n i o n s  would s a t i s f y  t h e  c l a s s i c a l  



relationship 

Furthermore, the information is not sufficient to calcu- 

late the probability of each state of the world: 

Probability 
of each 
state of 

+ the world 

Let us call Ilk the unknown probability of the state of the 
k world ~ ~ ( 1  q = 1) . Then the probability of a simple event 

k e can be written in the following form: i 

2N 

where 

Oik = 0 , when ei does not belong to Ek, 

Oik = 1 , when ei belongs to Ek. 

In the same way 
k 
1 t(ijk) IIk 

p*(i/j) = P 



where 

t(ijk) = 1 , when ei and e belongs to E 
j kt 

t(ijk) = 0 , when ei or e does not belong to Ek. 
j 

And 

- 
p*(i/j) = 1 S(ijk) Ilk 

where 

S(ijk) = 1 , when e and e belongs to Ek, 
i j 

S(ijk) = 0 , when ei or e does not belong to Ek. 
j 

The p* stars are theoretical probabilities which satisfied 

the relations (5). The probabilities of each state of the 

world TIk will be found in minimizing the difference between 

p(i) p(i/j) factors resulting from the experts' opinions 

and the theoretical probability p*(i) - p*(i/j) expressed in 
terms of TIk. 

The objective function is:, 

The output of the program (9) gives the probability Ilk 

of each state of the world and an a posteriori probability 

p* of the experts' opinions in using the relations (6) , (7), 
and (8). 

nin 1 [p(i/j) p(j) - 1 t(iIjI*) 
iIj k 

+ I [  p(i/j) p(j) - s t  nk 
iIj k 

with 

I' 
l n k = l  , 
k 

nk,o . 

( 9 )  



I t  i s  t h e n  p o s s i b l e  t o  c l a s s i f y  t h e  s t a t e s  o f  t h e  wor ld  

and t o  s t u d y  o n l y  t h e  most  r e l e v a n t  o n e s .  T h i s  approach c o u l d  

b e  summarized i n  t h e  f o l l o w i n g  way: 

E x p e r t s '  o p i n i o n s  g i v e  
incomple te  and 

i n c o n s i s t e n t  i n f o r m a t i o n  1 
a  p r i o r i  s e p a r a t e  

i n £  ormat  i o n  

Convers ion  o f  t h i s  
i n f o r m a t i o n  by 

t h e  program 

Complete and c o n s i s t e n t  
i n f o r m a t i o n  

11. Overview on t h e  Developed Models i n  t h e  World 

2.1. Overview and C l a s s i f i c a t i o n  o f  Energy Models 

L a s t  summer IIASA ( I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied  

Systems A n a l y s i s )  o r g a n i z e d  a  mee t ing  on t h i s  theme [16] 

and a l s o  p u b l i s h e d  t h e  f i r s t  i s s u e  [3] o f  a n  a n n u a l  r e v i e w  

devo ted  t o  t h e  energy  models c u r r e n t l y  b e i n g  deve loped  a l l  

o v e r  t h e  w o r l d .  

To b r i n g  t o g e t h e r  what was d i s c u s s e d  d u r i n g  t h i s  mee t ing  

w i t h  a n  a n a l y s i s  o f  t h i s  overv iew,  two major  p o i n t s  must  

b e  made: 

1) i f  w e  p u t  away t h e  v e r y  s p e c i f i c  models  deve loped  by 

p r i v a t e  u t i l i t i e s ,  t h e r e  a r e  few models  which p e r m i t  

s t u d y  o f  t h e  g l o b a l  ene rgy  problems e i t h e r  a t  a  

n a t i o n a l  o r  i n t e r n a t i o n a l  l e v e l ;  and 

a  p o s t e r i o r i  a g g r e g a t e  
i n f o r m a t i o n  

p * ( i / j )  

b nk 

p* (1) 



2) t h e  i n s t i t u t i o n s  and t h e  l i n k s  between u n i v e r s i t i e s  

and energy  a g e n c i e s  have a  fundamenta l  r o l e  t o  p l a y  

f o r  t h e  q u a l i t y  and t h e  r e a l i s t i c  a s p e c t s  o f  t h e  

models .  

L e t  u s  have a  q u i c k  look a t  t h e  rev iew and t h e  c l a s s i f i -  

c a t i o n  adopted  a t  IIASA. 

2 .1 .a .  S t a n d a r d  Summarv o f  t h e  Model 

Each s t u d i e d  model h a s  been summarized i n  t h e  s t a n d a r d  

form i n  F i g u r e  2. I t e m  1 c o n t a i n s  t h e  b i b l i o g r a p h i c a l  i n f o r -  

mat ion:  name of  a u t h o r ,  d a t e ,  l o c a l i z a t i o n ,  e tc .  I t e m  2  

d e s c r i b e s  t h e  s u b j e c t  s t u d i e d  and t h e  g o a l s  o f  t h e  model. 

I t e m  3 g i v e s  a  g e n e r a l  i d e a  of  t h e  complex i n t e r a c t i o n s  

w i t h i n  t h e  sys tem d e s c r i b e d .  

A f t e r  t h i s  g e n e r a l  d e s c r i p t i o n  o f  t h e  sys tem s t u d i e d  and 

t h e  g o a l s  aimed a t  by t h e  a u t h o r ,  t h e  f o l l o w i n g  two i t e m s  

"Modell ing t e c h n i q u e s "  and " I n p u t  d a t a "  t r y  t o  make a  c l e a r  

d i s t i n c t i o n  between what i s  endogenous and what is exogeneous.  

The i t e m  "Model l ing  t e c h n i q u e s "  endeavors  t o  g i v e  a  d e s c r i p -  

t i o n  o f  a l l  l o g i c a l  a s p e c t s  o f  t h e  model. The mathemat ica l  

a s p e c t s  a r e  n o t  d e t a i l e d ;  o n l y  t h e  main c o n c e p t s  which e x p l a i n  

t h e  i n t e r n a l  s t r u c t u r e  o f  t h e  mathemat ica l  r e p r e s e n t a t i o n  

a r e  drawn up. 

The i t e m  "Output  d a t a "  o n l y  i n d i c a t e s  t h e  k i n d  o f  r e s u l t s  

g i v e n  by t h e  model. The q u a n t i t a t i v e  v a l u e s  s u p p l i e d  by each  

model a r e  o f t e n  t o o  l a r g e  t o  b e  i n c o r p o r a t e d  i n  such  a  summary. 

F i n a l l y ,  t h e  i t e m  "Observa t ions"  i s  mainly  devo ted  t o  p o s s i b l e  

f u t u r e  developments  of  t h e  models .  

2.2.  C l a s s i f i c a t i o n  o f  t h e  Models 

The c l a s s i f i c a t i o n  o f  t h e  models adop ted  d i v i d e s  t h e  

models  i n t o  s i x  c l a s s e s  ( A , B ,  ..., F ) .  The f i r s t  d i s t r i b u t i o n  

i s  made between models which s t u d y  energy  problems e i t h e r  a t  

a  n a t i o n a l  o r  a t  a n  i n t e r n a t i o n a l  l e v e l .  Then a  second 

c l a s s i f i c a t i o n  i s  made f o r  d i s t i n g u i s h i n g  t h e  models  which 
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U.S.A. 

The Model 

and Goal  

D e s c r i b e d  

Area 1- 
- 
Model l ing  
Techniques  

I n p u t  D a t a  
P h y s i c a l  

E c o l o g i c a l  

Economic 

- 
Output  Dat.1 

P h y s i c a l  

Economic 

Kenneth Hoffman, 1972 Brookhaven N a t i o n a l  [ .ahoratory , Upton,  L .  I .  , N.Y.  I 
P l a n n i n g  Framework f o r  Energy System P l a n n ~ n g .  

Opt imal  t e c h n i c a l  s t r u c t u r e  of t h e  US e n e r g y  sys tem.  The  model r e f l e c t s  a  wide 
r a n g e  of e n e r g y  t e c h n o l o g i e s  and i n t e r f u e l  s u b s t i t u t a b i l i t y .  I t  t r a c e s  paLhs from 
p r i m a r y  consumption t o  f i n a l  demand f o r  each  t y p e  of t u e l .  

T h i s  model i s  concerned  w i t h  t h e  s u b s t i t u t i o n - u l  d i f f e r e n t  f u e l s  a t  t h e  l e v e l  of  
d i s a g g r e g a t e d  demand and s u p p l y .  I n  a d d i t i o n ,  i t  e s t ~ m a t e s  t h e  volume of  e a ~  h [YPe 
of  p o l l u t a n t  produced by t h e  e n e r g y  sys tem.  

S t a t i c  model f o r  a   articular ~ o i n t  i n  t ime  ( h a s  been a p p l i e d  t o  t h e  y e a r s  1985 and 1 
- -- -- 

USA a s  a  whole.  1 
O p t i m i z a t i o n  model u s i n g  l i n e a r  programming. The model p r o v i d e s  a  f e a s i b l e  p a t h  
between n=13 exogenous s ~ l p p l y  c a t e g o r i e s  dnd m=15 exogenous demand c a t e g o r i e s .  Thr 
o b j e c t i v e  f u n c t i o n  i s  t h e  minimized s o l u t i o n  o f  t h e  p r e s e n t  c o s t  o f  t h e  
p n l h s .  Three  c o n s t r a i n t s  must be s a t i s f i e d :  t h e  l e v e l  of e a c h  k ind  ol demand, t h e  

I 
p o s s i b i l i t y  of e a c h  k i n d  of s u p p l y  s y s t e m ,  and t h e  l e v e l s  of t h e  d i F F r r e n t  p o l l u -  
t i o n s .  An expanded model i s  under  development w i t h  2 7  s u p p l y  c a t e g o r i e s  and 22  
demand c a t e g o r i e s .  i 
n=13 s u p p l y  c a t e g o r i e s  a r e  c o n s i d e r e d  a s  f o l l o w s :  
- 8 k i n d s  of c e n t r a l  s t a t i o n s  t h a t  p roduce  e l e c t r i c i t y  a s  an i n t e r m e d i a t e  e n e r g y  

form: hydropower,  g e o t h e r m a l ,  coa l - s team e l e c t r i c ,  LWR e l e c t r i c ,  LMFBR e l e c t r i c ,  
g a s  t u r b i n e '  e l e c t r i c ,  pumped s t o r a g e  e l e c t r i c  and s o l a r  e n e r g y .  

- 4 g e n e r a l  purpose  f u e l s  t h a t  a r e  d i r e c t l y  d e l i v e r e d  t o  consumers:  o i l  p r c d u c t s ,  
n a t u r a l  g a s ,  s y n t h e t i c  f u e l  (hydrogen) and c o a l  g a s  and c o a l .  

- 1  d e c e n t r a l i z e d  e l e c t r i c  s u p p l y  sys tem known a s :  t o t a l  e n e r g y  (up  t o  5 M W  o u t p u t )  
( d i e s e l  g e n e r a t o r s  o r  g a s  t u r b i n e  o r  f u e l  c e l l s . )  

For  e a c h  s u p p l y  c a t e g o r y ,  t h e  model needs  t h e  knowledge o f :  
- t h e  s u p p l y  c o n s t r a i n t  g i v e n  i n  u n i t s  of 1015 Btu. 
- t h e  amounL of  e n e r g y  t h a t  c a n  be d e l i v e r e d  by a  p a r t i c u l a r  s u p p l y  c a t e g o r y ,  lim- 

i t e d  e i t h e r  by t h e  energy  c o n v e r s i o n  c a p a c i t y  o r  by t h e  q u a n t i t y  of a v a i l a b l e  
e n e r g y  r e s o u r c e s .  

m=15 demand c a t e g o r i e s  a r e  c o n s i d e r e d  a s  f o l l o w s :  
The demand i s  d i v i d e d  i n t o  2 s u b - c a t e g o r i e s :  

- exogenous demand, i . e .  d i f f e r e n t  c a t e g o r i e s  of  energy  demand: s p a c e  h e a t ,  a i r  
c o n d i t i o n i n g ,  e I e c t r i c i t y  a t  3  d i f f e r e n t  load  f a c t o r s ,  w a t e r  d e s a l i n a t i o n ,  pumped 
s t o r a g e ,  p r o d u c t i o n  of s y n t h e t i c  f u e l s ,  w a t e r  h e a t i n g ,  n l i sce l lanrc lus  thermal  h e a l -  
i n g ,  a i r  t r a n s p o r t ,  ground t r a n s p o r t  ( p u b l i c  and p r i v a t e ) ,  i r o n  p r o d u c t i o n ,  cement 
p r o d u c t i o n ,  and petrochemy and s y n t h e t i c  m a t e r i a l s .  

- endogenous demand: f o r  t h e  e l e c t r i c i t y  mentioned above t h e  model t a k e s  i n t o  
account  t h e  load  d u r a t i o n  c u r c e  of t h e  sys tem.  For c e r t a l n  demand c a t e g o r i e s .  

I t h e  d i f F e r e n t  p l a n t s  c a n  be mixed i n  o r d e r  t o  o p t i m i z e  t h e  g l o b a l  Load f a c t o r  
c u r v e .  The load  s t r u c t u r e s  on a  s e a s o n a l  and weekly b a s i s  a r e  t a k e n  i n l o  a c c ~ l u n t .  

--- -- 

The model i n c o r p o r a t e s  a i r  p o l l u t a n t s  and o t h e r  w a s t e s  g e n e r a t e d  by energy  c o w e r -  
s i o n  a c t i v i t i e s  t h a t  a r e  p r o p o r t i o n a l  t o  t h e  amount of e n e r g y  d e l i v e r e d :  C02, CO, 
S02,  NO, p a r t i c u l a t e s ,  hydrocarbon ,  r a d i o a c t i v e  w a s t e s  and thermal  was t t , s .  O t h e r  
p ~ ~ l l u t a n t s  and land  u s e  w i l l  b e  i n c o r p o r a t e d  i n  Lhe expanded model. 

The c o e f f i c i e n t s  of c o s t  i n  t h e  o b j e c t i v e  f u n c t i o n  r e f l e c t  t h e  n e c e s s a r y  ' ~ s t  o f  
t h e  f a c i l i t i e s  used  i n  t h e  energy  s u p p l y  sys tem 3 s  wel l  a s  f u e l  and o t h e r  o p e r a t i n g  
c t ~ s t s .  'The n e c e s s a r y  c o s t  of c a p i t a l  f o r  t h e  e l e c t r i c  s u p p l y  c a t e g < l r y  i s  a f u n t . t i o n  
o f  t h e  p l a n t  11,ad f a c t o r  which i s  a l s o  a  f u n c t i c ~ n  of e a c h  s p e c i f i c  demand 1,ategorY. 
- - - - - . --- -- i 

The mcldel g i v e s  f o r  a  s p e c i f i e d  l e v e l  of  each  demand t h e  o p t i m a l  u t i l i z a t i o n  of t h e  
d i f f e r e n t  a v a i l a b l e  s u p p l y  sys tems .  

--- 
The model g i v r s  t h e  t o t a l  c o s t  of  t h e  e n e r g y  s y s t e m  b u t  t h e  r e s u l t i n g  o p t i m a l  p a t h  
i s  g r e a t l y  dependent  on t h e  d i f f e r e n t  i n p u t  c o s t s .  

The model g i v e s  t h e  volume of  t h e  d i f f e r e n t  p o l l u t i n g  emiss io r i s .  
-- - 

- T h i s  model i s  s t a t i c ;  i t  c a n  be used o n l y  f o r  one y c a r .  For t h a t  y e a r  i t  i s  n r c e s -  
s a r y  t ~ )  know t h e  demand and t h e  s u p p l y  c a t e g o r i e s .  The l e v e l  of t h e  d i f f e r e n t  k i n d s  
ot  demands c a n  be  o b t a i n e d  by u s i n g  an i n p u t - o u t p u t  [nodel. 

- The p r i c e  e l e c t i c i t y  of demand i s  n o t  t a k e n  i n t o  a c c o u n t  i n  t h e  c u r r e n t  model b u t  
i s  b e i n g  added t o  t h e  expanded model. 

I - Dynamiza t ion  of t h e  model i s  b e i n g  s t u d i e d .  

Summary rev iewed  by t h e  auLhor of t h e  model. 

F i g u r e  2 .  



o n l y  look a t  t h e  energy  problems and t h e  models  which l i n k  

t h e  energy  a r e a  w i t h  g l o b a l  economics. I n  t h e  f i r s t  group 

a n o t h e r  s u b d i v i s i o n  i s  used f o r  s e p a r a t i n g  models  which t a k e  

i n t o  a c c o u n t  one energy  f i e l d  from models  which i n v e s t i g a t e  

d i f f e r e n t  ene rgy  s o u r c e s .  

Model C l a s s i f i c a t i o n  

I n  t h e  g roup  A (one  energy  form a t  t h e  l e v e l  o f  a  c o u n t r y )  

w e  found a  t remendous number of models ( approx imate ly  one-hal f  

o f  t h e  s e v e n t y  models  ana lyzed  i n  t h e  r e v i e w ) .  I t  i s  p r a c t i c a l l y  
i m p o s s i b l e  t o  g i v e  a  g e n e r a l  overview o f  them because  one  f i n d s  

t h a t  i n  a l l  t h e  i n d u s t r i a l  f i r m  models each  a u t h o r  aims a t  a  

s p e c i f i c  g o a l .  I t  would n o t  b e  p r o d u c t i v e  t o  r ev iew t h e s e  

models ,  s i n c e  each  h a s  i t s  own s p e c i a l  t a r g e t .  

I n  t h e  g roup  B (one energy  form a t  t h e  i n t e r n a t i o n a l  
I .  

l e v e l )  one f inds- -and it was e a s y  t o  f o r e c a s t  because  of  t h e  

p r e s e n t  f u e l - o i l  problem--a l a r g e  number o f  models  s t u d y i n g  

t h e  market  o f  t h i s  f u e l .  

The models developed by R.J. Deam [4] of  Queen Mary C o l l e g e ,  

UK,and by H .  Houthakker and M. Kennedy [ll] o f  ~ a r v a r d  u n i v e r s i t y ,  

USA, seem t o  b e  t h e  most e f f i c i e n t .  I n  b o t h  models ,  t h e  wor ld  

'percent  of  models  i n  t h i s  c l a s s  among t h e  s e v e n t y  ana lyzed  
models.  

Areas  o f  A p p l i c a t i o n  N a t i o n a l  

A 

( 4 6 % )  ti 

C 

(23%)  

E 

(17%)  

Energy System 
(energy  is  t h e  
main problem) 

I n t e r n a t i o n a l  

B 

(6%16 

D 

(1%) 

F 

( 6 % )  

one  k ind  
of  f u e l  

s e v e r a l  
k i n d s  o f  
f u e l  

Linkage between energy  and 
g e n e r a l  economy 



market  of  f u e l  o i l  i s  d i v i d e d  i n t o  a  c e r t a i n  number of  r e g i o n s  

where p r o d u c t i o n ,  t r a n s p o r t ,  and r e f i n i n g  a r e  t a k e n  i n t o  

a c c o u n t .  The Deam model used  l i n e a r  programming i n  o r d e r  t o  

minimize t h e  t o t a l  e x p e n d i t u r e  f o r  a  g i v e n  l e v e l  of  t h e  demand. 

The Houthakker and Kennedy model s i m u l a t e d  a  market  t h a t  t h e  

a u t h o r s  supposed o p t i m a l  and it i s  d e s c r i b e d  by u s i n g  e q u a t i o n s  

which c a n  b e  i n t e r p r e t e d  a s  f i r s t  o r d e r  c o n d i t i o n s  o f  a  quadra-  

t i c  programming problem d e s c r i b i n g  a  c o m p e t i t i v e  marke t .  These 

t w o  models a r e  s t i l l  b e i n g  developed b u t  c o u l d  n e v e r t h e l e s s  

b e  used now f o r  s t u d y i n g  d i f f e r e n t  p o l i c i e s .  

Group C ( d i f f e r e n t  forms o f  ene rgy  f o r  a  g i v e n  c o u n t r y )  

is  a s  i m p o r t a n t  i n  number (23% o f  t h e  ana lyzed  models)  a s  it 

i s  i n  theme. The g roup  e s s e n t i a l l y  s t u d i e s  t h e  p o s s i b i l i t i e s  

o f  s u b s t i t u t i o n  between d i f f e r e n t  forms o f  ene rgy  e i t h e r  a t  

t h e  pr imary  s u p p l y  s i d e  o r  a t  t h e  f i n a l  u s e  s i d e .  One of  t h e  

most r e l e v a n t  models i n  t h i s  c a t e g o r y  i s  t h a t  o f  D r .  K .  Hoffman 

(see F i g u r e  2  and [9]) o f  t h e  Brookhaven N a t i o n a l  L a b o r a t o r y ,  

USA, u s i n g  l i n e a r  programming. For a  g i v e n  y e a r  it s t u d i e s  

t h e  b e s t  l i n k a g e  between t h i r t e e n  g i v e n  s u p p l y  s e c t o r s  and 

f i f t e e n  g i v e n  demand s e c t o r s .  The c r i t e r i o n  i s  t h e  minimiza- 

t i o n  o f  t h e  t o t a l  e x p e n d i t u r e .  The c o n s t r a i n t s  a r e  e s s e n t i a l l y  

r e l a t e d  t o  t h e  demand l e v e l  t o  b e  s a t i s f i e d ,  t o  t h e  l e v e l  of  

s u p p l y  and t o  t h e  l e v e l  o f  p o l l u t i o n  (SO,, COX, NOx p a r t i c u -  

l a t e s ,  r a d i o a c t i v e  w a s t e s ,  and the rmal  w a s t e s ) .  D r .  Hoffman 

is  a c t u a l l y  working on a  dynamizat ion  o f  h i s  model. 

Linked t o  t h i s  group i s  t h e  work b e i n g  c a r r i e d  o n  by 

P r o f .  W .  H a f e l e  and h i s  team a t  IIASA f o r  t h e  s t u d y  o f  t h e  

t r a n s i t i o n  from f o s s i l  t o  o t h e r  f u e l s  i n  a  g i v e n  economy. 

The f i r s t  p u b l i c a t i o n  from t h i s  work came o u t  i n  June  1974 

and i s  e n t i t l e d  " S t r a t e g i e s  f o r  a  T r a n s i t i o n  from F o s s i l  t o  . 

Nuclear  F u e l s "  by  W. H a f e l e  and A.S. Manne [7]. The o b j e c t i v e  

is  t o  minimize (by  l i n e a r  programming) t h e  p r e s e n t  v a l u e  o f  

c o s t s  i n c u r r e d  a n n u a l l y  d u r i n g  each p e r i o d  ( t h r e e  y e a r s )  

o v e r  a  s e v e n t y - f i v e  y e a r  hor izon .  I t  i s  i n t e r e s t i n g  t o  n o t e  

t h a t  two k i n d s  o f  models have been developed where e i t h e r  



t h e  f i n a l  demands f o r  ene rgy  a r e  t a k e n  t o  b e  exogenous, o r  

t h e s e  demands a r e  endogenous s i n c e  t h e y  depend upon t h e  c o s t s  

o f  supp ly .  I n  t h e  model where t h e  demands a r e  r e s p o n s i v e  

t o  p r i c e ,  t h e  o b j e c t i v e  f u n c t i o n  i s  t h e  maximizat ion  o f  t h e  

money v a l u e  o f  consumers '  u t i l i t y  less t h e  c o s t s  o f  meet ing  

t h e  f i n a l  demand. ( I f  q  i s  t h e  q u a n t i t y  o f  ene rgy ,  t h e n  t h e  

u t i l i t y  f u n c t i o n  o f  t h e  consumer i s  u  ( q )  = aqb + c ,  where 

a , b , c ,  a r e  e s t i m a t e d  th rough  a  series o f  a s sumpt ions  con- 

c e r n i n g  t h e  demand c u r v e s .  ) 

I t  i s  n o t  u s e f u l  t o  speak i n  d e t a i l  o f  t h e  models o f  

group D ( d i f f e r e n t  f u e l s  a t  i n t e r n a t i o n a l  l e v e l )  and g roup  F 

(energy  i n s i d e  g l o b a l  and i n t e r n a t i o n a l  models)  because  

v e r y  few models have been developed i n  t h e s e  a r e a s  a t  t h i s  

t i m e .  Even i f  ene rgy  i s  a  major  problem, it i s  o n l y  one  

problem w i t h i n  a  complex system t h a t  humanity h a s  t o  f o r e c a s t  

and t o  s o l v e .  For t h i s  r e a s o n ,  it is l o g i c a l  t h a t  t h e  energy  

problem is  o n l y  p a r t  o f  t h e  g l o b a l  and world s t u d i e s .  The 

Club o f  Rome i n i t i a t e d  such s t u d i e s ,  and now f i v e  o r  s i x  

such works a r e  i n  p r o g r e s s  around t h e  wor ld .  U n f o r t u n a t e l y ,  

even i n  t h e  most e l a b o r a t e d  way, t h e  energy  a r e a  i s  o f t e n  

o n l y  q u i c k l y  s t u d i e d .  

N e v e r t h e l e s s ,  t h r e e  of  t h e s e  s t u d i e s  a r e  i n t e r e s t i n g  t o  

n o t e .  The f i r s t  i s  t h e  well-known "World Model" of  

Mesarovic (USA) and P e s t e l  (FRG) [14] , t h e  second,  t h e  so-  

c a l l e d  " L a t i n  American Model" (Fundaci6n ~ a r i l o c h e ,  Argen t ina  

[I]. The Mesarov ic -Pes te l  model mainly  tries t o  i n v e s t i g a t e  

t h e  r e s u l t s  of  v a r i o u s  a l t e r n a t i v e  p o l i c i e s ,  w h i l e ,  on t h e  

o t h e r  hand,  t h e  B a r i l o c h e  model h a s  a n  e x p l i c i t ,  normat ive  

g o a l ,  namely t o  narrow t h e  gap  between r i c h  and poor c o u n t r i e s .  

The t h i r d  s t u d y  t o  b e  mentioned is  t h a t  o f  P r o f .  L . R .  K le in  

(USA) [13] . P r o f .  K l e i n  is c u r r e n t l y  d e v e l o p i n g  a  model 

which l i n k s  d i f f e r e n t  n a t i o n a l  models u s i n g  e x t e r n a l  t r a d e  

r e l a t i o n s .  

Now l e t  u s  look a t  g roup  E where energy  is s t u d i e d  by 

l i n k a g e  t o  o t h e r  n a t i o n a l  economic problems.  Without  any 

d o u b t ,  t h i s  g roup  o f  models is  t h e  most i m p o r t a n t  even w i t h  



most o f  t h e  models s t i l l  b e i n g  deve loped .  The energy  a r e a  

h a s  such  a  g r e a t  impact  on  a l l  o t h e r  economic problems t h a t  

t h e  l i n k a g e  between energy and economics seems e s s e n t i a l .  

R i g h t  now, a  number o f  models i n  t h i s  f i e l d  a r e  b e i n g  worked 

on from e i t h e r  t h e  q u a l i t a t i v e  o r  t h e  q u a n t i t a t i v e  p o i n t  of  

view. Even though t h e  q u a l i t a t i v e  approaches  seem v e r y  

f r u i t f u l  f o r  long- term i n v e s t i g a t i o n s ,  I s h a l l  n o t  ment ion  

them now. 

I n  t h e  q u a n t i t a t i v e  a s p e c t  o f  t h i s  problem, I shou ld  

e s p e c i a l l y  l i k e  t o  ment ion  t h e  work done by 

P r o f .  Dale  Jo rgenson ,  Harvard U n i v e r s i t y ,  USA [12], who 

dynamized t h e  i n p u t - o u t p u t  m a t r i x  i n  u s i n g  p r o d u c t i o n  f u n c t i o n s  

which i n c l u d e  b o t h  t e c h n i c a l  p r o g r e s s  and p r i c e  e f f e c t s .  

T h i s  s t u d y  is  a  good one  t o  narrow t h e  energy  demand a s p e c t  

which, i n  most o f  t h e  o t h e r  models ,  i s  e i t h e r  exogenously  

t r e a t e d  o r  endogenously  i n t e g r a t e d  i n  u s i n g  s i m p l e  e l a s t i c i t y  

c o e f f i c i e n t s  t h a t  many a u t h o r s  a r e  beg inn ing  t o  c o n s i d e r  n o t  

v e r y  e f f i c i e n t  f o r  f o r e c a s t i n g  problems.  

The Jo rgenson  model is  fo rmula ted  f o r  t h e  a n a l y s i s  of  

i n t e r r e l a t i o n s h i p s  between energy  u t i l i z a t i o n  and economic 

a c t i v i t y .  The most  d i s t i n c t i v e  f e a t u r e  of  t h e  model i s  t h e  

i n c o r p o r a t i o n  o f  demand and s u p p l y  f o r  ene rgy  i n t o  a  s i n g l e  

a n a l y t i c a l  framework. A second i m p o r t a n t  i n n o v a t i o n  i s  t h e  

a n a l y s i s  o f  t h e  r e l a t i o n s h i p  between energy  demand and supp ly  

and US economic growth.  

The f i r s t  component o f  t h e  Jo rgenson  Energy Model i s  t h e  

Long-Term Growth Model which p r o v i d e s  p r o j e c t i o n s  o f  a g g r e g a t e  

US consumption,  i n v e s t m e n t ,  government f i n a l  demand, and t h e  

p r i c e s  of pr imary  i n p u t :  l a b o r  and c a p i t a l .  The model i n c l u d e s  

p r o d u c t i o n  and household  s e c t o r s  of  t h e  US economy a s  endogenous 

components,  and t h e  government and f o r e i g n  s e c t o r s  a s  exogenous.  

The model d e t e r m i n e s  demand and s u p p l y  f o r  consumption goods ,  

inves tment  goods ,  c a p i t a l  s e r v i c e s ,  and l a b o r  s e r v i c e s  by  means 

o f  s i m u l a t e d  market  p r o c e s s e s .  Both p r i c e s  and q u a n t i t i e s  o f  

f i n a l  o u t p u t  and f a c t o r  i n p u t  a r e  endogenous t o  t h e  model. 



The Long-Term Growth Model i s  made dynamic by l i n k s  between 

i n v e s t m e n t ,  c a p i t a l  s t o c k ,  and p r o d u c t i v e  c a p a c i t y ,  and by 

t h e  r e a c t i o n  o f  t h e  household  s e c t o r  t o  p a s t  a s  w e l l  a s  p r e s e n t  

incomes and p r i c e s .  

The second component of  t h e  Jo rgenson  Energy Model is 

based upon a n  i n t e r - i n d u s t r y  s t r u c t u r e  i n c o r p o r a t i n g  t r a n s -  

a c t i o n s  n o t  o n l y  between p r o d u c e r s  and f i n a l  u s e r s ,  b u t  a l s o  

between p roducer  p u r c h a s e s  of  p r imary  i n p u t s  and t r a n s a c t i o n s  

between d i f f e r e n t  p r o d u c t i o n  s e c t o r s  themse lves .  The b a s i c  

e l ement  of  t h e  model is  a model o f  p roducer  b e h a v i o r ,  one  f o r  

each  of  t h e  p roduc ing  s e c t o r s ,  t h a t  d e t e r m i n e s  t h e  s e c t o r  

i n p u t  r e q u i r e m e n t s  and o u t p u t  p r i c e  on  t h e  b a s i s  o f  o t h e r  

p r i c e s ,  l e v e l s  o f  t e c h n o l o g i c a l  e f f i c i e n c y ,  and p r o d u c t i o n  

c o e f f i c i e n t s .  T h i s  s e c t o r a l  i n f o r m a t i o n  i s  t h e n  i n t e g r a t e d ,  

and t h e  s e c t o r a l  i n t e r d e p e n d e n c i e s  a n a l y z e d  by means o f  t h e  

i n p u t - o u t p u t  t e c h n i q u e .  

B r i e f l y ,  i n p u t - o u t p u t  a n a l y s i s  sets  up r e q u i r e m e n t s  

f o r  i n p u t  p u r c h a s e s  p e r  u n i t  o f  o u t p u t  f o r  e a c h  s e c t o r ,  

and t h e n  b r i n g s  t h e  t r a n s a c t i o n s  p a t t e r n  i n t o  c o n s i s t e n c y  

by r e q u i r i n g  t h a t  p r o d u c t i o n  l e v e l s  be  such  t h a t  a  s p e c i f i e d  

mix o f  f i n a l  o u t p u t  c a n  be  s a t i s f i e d  w i t h  t h e  t o t a l  s u p p l y  

and demand o f  e a c h  s e c t o r ' s  o u t p u t  b e i n g  e q u a l .  The novel  

f e a t u r e  o f  t h e  energy  model i s  t h a t  t h e  i n p u t - o u t p u t  c o e f f i -  

c i e n t s ,  which s p e c i f y  t h e  i n p u t  r e q u i r e m e n t s  p e r  u n i t  o f  

s e c t o r a l  o u t p u t ,  c a n  v a r y  i n  r e s p o n s e  t o  changes  i n  r e l a t i v e  

p r i c e  and t e c h n o l o g i c a l  e f f i c i e n c i e s .  T h i s  v a r i a t i o n  a l l o w s  

s u b s t i t u t i o n  between i n p u t s ,  w i t h i n  t h e  l i m i t s  of p r o d u c t i o n  

t echno logy ,  i n  r e s p o n s e  t o  changes  i n  p r i c e s  and a v a i l a b i l i -  

t i e s ,  and it a l s o  a l l o w s  each  s e c t o r ' s  e f f i c i e n c y  l e v e l  t o  

b e  r e f l e c t e d  i n  t h e  amount o f  i n p u t s  r e q u i r e d  p e r  u n i t  of  

o u t p u t .  

The a c t u a l  s o l u t i o n  of  t h e  model p r o c e e d s  a l o n g  t h e  

f o l l o w i n g  s t e p s :  

a )  t h e  Long-Term Growth Model p r o v i d e s  p r i c e s  of t h e  

p r imary  i n p u t s  and t h e  t o t a l  f i n a l  demands f o r  con- 

sumpt ion ,  inves tment  and government spend ing ;  



b )  t h e  e n e r g y  model d i s a g g r e g a t e s  t h e  f i n a l  demand 

t o t a l s  i n t o  f i n a l  demand f o r  each  of  t h e  p roduc ing  

s e c t o r s  ; 

c )  p r i c e s  a r e  e s t i m a t e d  on t h e  b a s i s  o f  pr imary  i n p u t  

p r i c e s ,  t echno logy  l e v e l s ,  p r o d u c t i o n  c o e f f i c i e n t s  

and t h e  models  o f  p roducer  b e h a v i o r ;  

d )  t h e  models  o f  p roducer  b e h a v i o r  a r e  a l s o  used t o  

c a l c u l a t e ,  u s i n g  t h e s e  p r i c e s ,  t e c h n o l o g y  l e v e l s ,  and 

p r o d u c t i o n  c o e f f i c i e n t s ,  t h e  i n p u t - o u t p u t  c o e f f i c i e n t s  

s p e c i f y i n g  t h e  i n p u t  p a t t e r n s  from t h e  t w e l v e  supply-  

i n g  s e c t o r s  i n t o  each  o f  t h e  n i n e  p roduc ing  s e c t o r s ;  

el t h e  f i n a l  demand r e q u i r e m e n t s  f o r  e a c h  s e c t o r  are  

combined w i t h  t h e  i n p u t - o u t p u t  c o e f f i c i e n t s  t o  d e r i v e  

t h e  t o t a l  r e q u i r e d  o u t p u t  from e a c h  s e c t o r  as  w e l l  

a s  t h e  i n t e r - i n d u s t r y  s a l e s ,  t h e  p u r c h a s e s  o f  

p r imary  i n p u t s  and t h e  sales t o  f i n a l  u s e r s .  

I n t e r - i n d u s t r y  o r  p roduc ing  s e c t o r s  are:  

1) a g r i c u l t u r e ,  non-fuel  mining,  c o n s t r u c t i o n ;  

2 )  m a n u f a c t u r i n g ,  e x c l u d i n g  pe t ro leum p r o d u c t s ;  

3 )  t r a n s p o r t a t i o n ;  

4 )  communicat ions,  t r a d e ,  s e r v i c e s ;  

5 )  c o a l  mining;  

6)  c r u d e  pe t ro leum and n a t u r a l  g a s ;  

7 )  pe t ro leum r e f i n i n g  and r e l a t e d  i n d u s t r i e s ;  

8) e l e c t r i c  u t i l i t i e s ;  

9 )  g a s  u t i l i t i e s .  

Primary i n p u t  s e c t o r s  are: 

1 0 )  i m p o r t s ;  

11) c a p i t a l ;  

1 2 )  l a b o r .  

F i n a l  demand s e c t o r s  are: 

1 3 )  consumption;  

1 4 )  i nves tment ;  

1 5 )  government; 

1 6 )  e x p o r t s .  



Conclus ion  

A s  a  c o n c l u s i o n  I shou ld  l i k e  t o  b r i e f l y  h i g h l i g h t  

ma jo r ,  d i f f i c u l t  problems r e l a t e d  t o  t h e  f o r m u l a t i o n  of  ene rgy  

demand and i t s  l i n k a g e  t o  t h e  g l o b a l  economy. 

A.  The f i r s t  problem d e a l s  w i t h  exogenous v e r s u s  

endogenous r e p r e s e n t a t i o n  o f  t h e  demand o f  ene rgy  

mode l l ing .  

I f  t h e  exogenous c o n c e p t  o f  demand i s  used a  g r e a t  d e a l ,  it 

shou ld  n e v e r t h e l e s s  b e  looked a t  a s  some k i n d  o f  f i r s t  approx- 

i m a t i o n  t h a t  you may f i n d  u s e f u l .  Only i f  you c o n c e n t r a t e  on 

something o t h e r  t h a n  demand may exogenous n o t i o n s  of  demand 

be  u s e f u l  a s  f o r  example i n  inves tment  models  o f  p r i v a t e  

u t i l i t i e s .  

B.  The purpose  of  t h e  second remark d e a l s  w i t h  t h e  

s t r u c t u r a l  r e l a t i o n  between GNP and energy  consumption.  

Up t o  now a  l o t  o f  g l o b a l  ene rgy  f o r e c a s t s  have been made i n  

u s i n g  t h e  "good" mathemat ica l  c o r r e l a t i o n  between GNP and 

energy  consumption.  Two remarks c a n  b e  made: 

1) you s h i f t  t h e  problem o f  ene rgy  demand t o  t h e  f o r e -  

c a s t  of  GNP which is  n o t  e a s y  t o  s o l v e ;  

2 )  t h e  s t r u c t u r a l  r e l a t i o n  between GNP and energy  h a s  

never  been r e a l l y  proved,  and f u r t h e r m o r e ,  i f  you 

d i s a g g r e g a t e ,  f o r  example, t h e  i n d u s t r i a l  s e c t o r  

i n t o  p r o d u c t i o n  s u b s e c t o r s  such a s  g l a s s ,  s tee l ,  and 

s o  on ,  t h e  c o r r e l a t i o n  between energy  consumption 

and v a l u e  added i n  each  s e c t o r  i s  never  more e v i d e n t .  

Three  q u e s t i o n s  now come t o  mind: 

a )  Is t h e  "good" c o r r e l a t i o n  between GNP and energy  n o t  

o n l y  a  ma themat ica l  r e s u l t  due  t o  two q u a n t i t i e s  

which had growth a t  a  c o n s t a n t  r a t e  up t o  now? A r e  

w e  a u t h o r i z e d  t o  u s e  t h e  r e s u l t  i n  new f o r e c a s t i n g  

i n  s o c i e t i e s  where a  l o t  o f  t h i n g s  change i n  t h e  

economic r e l a t i o n s ?  



b )  Could w e  c o n s i d e r  t h a t  GNP i s  a  good approx imat ion  

o f  income which i s  a  major  v a r i a b l e  i n  t h e  consurnp- 

t i o n  f u n c t i o n ?  Many a u t h o r s  have a l r e a d y  drawn 

a t t e n t i o n  t o  t h i s  p o i n t ;  a  famous example l i k e n s  

t h e  i n c r e a s e  i n  GNP t o  b e i n g  b locked  i n  a  t r a f f i c  

jam w i t h  your c a r :  t h e  motor i s  r u n n i n g  b u t  t h e  c a r  

i s  n o t  moving. 

c )  Could w e  c o n t i n u e  t o  u s e  t r e n d  p r o j e c t i o n s  where 

t h e s e  a p p e a r  t o  b e  comple te  changes  i n  d i f f e r e n t  

economic r e l a t i o n s h i p s ?  

C .  The t h i r d  remark d e a l s  w i t h  t h e  n e x t  v a r i a b l e  t h a t  

one  would i n t r o d u c e  a f t e r  income. The p r i c e  of  

ene rgy  o r  o f  i t s  components. 

There a r e  g e n e r a l  agreements  on t h e  f a c t  t h a t  r e s p o n s e s  t o  

p r i c e  a r e  n o t  i n s t a n t a n e o u s .  But  how t o  measure t h e  f a c t  

t h a t  t h e  m o d i f i c a t i o n s  of  h a b i t  t a k e  some t i m e  i s  a  problem. 

A s  l o n g  a s  t h e  consumer t h i n k s  t h a t  he  s t i l l  wan t s  t h e  same 

amount of  ene rgy  when it h a s  become more e x p e n s i v e ,  he  w i l l  

f i n d  t h a t  he c a n  o n l y  have less of  something else.  When he  

becomes aware o f  t h i s ,  he w i l l  change h i s  h a b i t s .  But i n  

a d d i t i o n ,  t h e r e  is  h i s  ene rgy-us ing  equipment:  e . g .  t h e  b i g  

c a r .  I t  t a k e s  a  few y e a r s  b e f o r e  t h e  b i g  c a r  i s  worn o u t ,  

t h a t  is  t o  s a y ,  b e f o r e  he  is  r e a d y  t o  s u b s t i t u t e  a  s m a l l e r  

c a r  f o r  t h e  b i g g e r  one .  T h e r e f o r e  w e  must r e g a r d  t h i s  demand 

r e l a t i o n s h i p  a s  hav ing  a  t ime- lag  s t r u c t u r e  t o  it, b u t  t h e  

d a t a  i n  t h i s  f i e l d  a r e  v e r y  poor a t  t h i s  t i m e .  

I s h a l l  s t o p  t h e  l i s t  o f  t h e  n o t  well-known q u e s t i o n s  

r e l a t e d  t o  t h e  problem of  ene rgy  demand h e r e .  I n  t h i s  f i e l d  

such a  g r e a t  number o f  q u e s t i o n s  have t o  be s t u d i e d ,  and a  

f u l l  seminar  c o u l d  be  devo ted  t o  it. 

A s  a  l a s t  c o n s i d e r a t i o n  I s h a l l  b r i e f l y  r e p o r t  on  t h e  

work b e i n g  done a t  IIASA on t h i s  s u b j e c t .  The energy  demand 

r e s e a r c h  program t r ies  t o  h i g h l i g h t  t h e  problem from two 

approaches :  

1) The f i r s t  approach  [16] c o n s i s t s  o f  a n  economet r i c  

model o f  t h e  wor ld  energy  sys tem where t h e  e f f i c i e n c y  of  t h e  

marke t  f o r c e s  t o  d e t e r m i n e  t h e  p r i c e s  o f  ene rgy  r e s o u r c e s  a r e  



c a r e f u l l y  s t u d i e d  a l o n g  w i t h  t h e  e f f i c i e n t  a l l o c a t i o n  of  ene rgy  

r e s o u r c e s  o v e r  t i m e .  For  t h e  t i m e  b e i n g ,  t h e  wor ld  i s  broken 

i n t o  f i v e  r e g i o n s ;  t h e  r e s o u r c e  v a r i a b l e s  a r e :  pe t ro leum,  

o i l  s h a l e ,  c o a l ,  n u c l e a r  f u e l ,  and n a t u r a l  g a s .  Demand i s  

broken i n t o  t h e  f o l l o w i n g  c a t e g o r i e s :  e l e c t r i c i t y ,  p r o c e s s  

h e a t ,  r e s i d e n t i a l  h e a t ,  s u b s t i t u t a b l e  and n o n s u b s t i t u t a b l e  

t r a n s p o r t .  Many new t e c h n o l o g i c a l  p r o c e s s e s  a r e  i n c l u d e d ,  

f o r  example: g a s i f i c a t i o n  and l i q u e f a c t i o n  o f  c o a l ,  b r e e d e r  

r e a c t o r s ,  hydrogen and e lec t r ic  au tomobi le ,  and s o  on.  

I n  o r d e r  t o  a v o i d  t h e  f i x i n g  of  a  h o r i z o n  o n  t h e  model, 

t h e  c o n c e p t  o f  b a c k s t o p  t echno logy  is  i n t r o d u c e d ,  t h a t  i s  

a  se t  o f  p r o c e s s e s  which: 

a )  a r e  c a p a b l e  o f  meet ing  t h e  demand r e q u i r e m e n t ,  and 

b )  have v i r t u a l l y  a n  i n f i n i t e  r e s o u r c e .  

The mode l l ing  t e c h n i q u e  used is  l i n e a r  programming. 

2 )  The g o a l  o f  t h e  second approach c o n s i s t s  of  b u i l d i n g  

normat ive  s c e n a r i o s  which l i n k  t h e  l e v e l  o f  ene rgy  consumption 

w i t h  t h e  g l o b a l  economic development o f  d i f f e r e n t  "model 

s o c i e t i e s . "  For  t h a t  purpose  t h e  work p r e s e n t l y  d e v e l o p i n g  

i s  be ing  pursued a l o n g  two l i n e s :  

a )  The f i r s t  d e a l s  w i t h  t h e  q u a l i t a t i v e  (and when 

p o s s i b l e  q u a n t i t a t i v e )  r e s e a r c h  on t h e  most  r e l e v a n t  

pa ramete r s  t h a t  have t o  b e  t a k e n  i n t o  a c c o u n t  f o r  

l i n k i n g  t h e  energy  a r e a  w i t h  t h e  o t h e r  p a r t s  o f  a n  

economy. Two methods a r e  s t u d i e d :  one  i s  a  f a c t o r  

a n a l y s i s  whose g o a l  is  t o  b r i n g  t o g e t h e r  a  g roup  

of c o u n t r i e s  v e r s u s  t h e i r  main economic v a r i a b l e s ;  

t h e  o t h e r  is  t o  d e v e l o p  a  method [6] t o  t r y  by means 

of a  c r o s s - i m p a c t  m a t r i x 7  t o  f i x  a n  o r d e r  o f  e f f e c -  

t i v e n e s s  on  t h e  d i f f e r e n t  p a r a m e t e r s .  The r e s e a r c h  

on t h e  main pa ramete r s  w i l l  b e  used  l a t e r  t o  b u i l d  

s c e n a r i o s  i n  t h e  same way a s  b r i e f l y  d e s c r i b e d  

above. 



b )  The second l i n e  o f  r e s e a r c h  i s  a n  e n g i n e e r i n g  approach 

v e r y  c l o s e  t o  t h e  problem o f  ene rgy  budge t  and energy  

c o n t e n t  i n  d i f f e r e n t  goods:  how much energy  i s  

needed f o r  producing a  c a r ,  a  house ,  o r  a  meal of  

3000 Kca l ,  e t c ?  T h i s  b a s i c  i n f o r m a t i o n  w i l l  be  used  

l a t e r  on  t o  f e e d  t h e  q u a l i t a t i v e  s c e n a r i o s .  

7 
With t h e  h e l p  of  e x p e r t s  one  h a s  f i r s t  t o  d e f i n e  t h e  

most  p o s s i b l e  e x h a u s t i v e  l i s t  of  p a r a m e t e r s  hav ing  a n  impac t  
on energy  demand. L e t  u s  say :  a , b , c ,  ..., k .  Most o f  them 
have mutual  i n f l u e n c e  which c o u l d  b e  r e p r e s e n t e d  by a  m a t r i x  
a s :  

where: 

0 means. f o r  example, t h a t  @ h a s  no i n f l u e n c e  on 
@; and 

i 
1 means, f o r  example, t h a t  @ h a s  a n  i n f l u e n c e  on @ i 

T h i s  m a t r i x  c a n  b e  r e p r e s e n t e d  by a  g r a p h  where t h e  
r e l a t i o n s  between two p a r a m e t e r s  a r e  drawn by o r i e n t e d  l i n e s .  
The i d e a  is  t h e n  t o  c l a s s i f y  t h e  p a r a m e t e r s  e i t h e r  i n  c o u n t i n g  
t h e  number o f  l i n e s  t h a t  a r e  g o i n g  t h r o u g h  t h e r e  o r  t h e  number 
o f  l o o p s  i n  which t h e y  a r e  i n c o r p o r a t e d .  For  example,  i f  ( a )  
b e l o n g s  t o  s i x  l o o p s  when ( d )  b e l o n g s  o n l y  t o  one ;  i t  i s  q u i t e  
o b v i o u s  t h a t  t h e  pa ramete r  ( a )  i s  more i m p o r t a n t  t h a n  ( d l  and 
SO on.  

\ ' 
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