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Overview on Techniques and Models 

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

J.-P. Charpen 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 use .  I n  my view t h e  meaning o f  t h e  word "model" must be 

ve ry  broad and no t  con f i ned  t o  econometr ic  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  unders tand ing  o f  complex 

phenomena cou ld  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  canno t  t a k e  i t s   lace. 

The so -ca l l ed  "energy c r i s i s "  has  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 procedures 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  an  energy  problem w e  are 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  can  be s t u d i e d  by means of ex ten-  

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  be ing  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 use  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,  

wh 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 ,  is  i n  t h e  beg inn ing s t a g e s .  

By way o f  i n t r oduc t i ' on  t o  models i n  energy,  I s h a l l  f i r s t  

b r i e f l y  rev iew t h e  main techn iques  used i n  energy  model 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 ranges  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 rev iew o f  t h e  most impor tan t  models 

developed and be ing  developed t hen  f o l l ows ;  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 pe r  c a p i t a ,  i s  r e l a t e d  t o  

a  g iven  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 iven  v a r i a b l e  such a s  income, p r i c e ,  etc.  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  energy  a t  t i m e  t ,  

k = c o n s t a n t ,  

Yt = exp lana to ry  v a r i a b l e  (e .g .  GNP, income. . . ) ,  

Tt = average  tempera tu re  a t  t i m e  t ,  

pt = p r i c e  o f  t h e  cons idered  energy,  

PC = p r i c e  o f  t h e  concu r ren t  energy ,  

- 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  energy  consumption 

6 109 Qt t o  t h e  exp lana to ry  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 hen  Qt 

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

The purpose o f  t h e  method t hen  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 iven  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  square  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 

V) 
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, is  n o t  

n e c e s s a r i l y  equa 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 acco rd ing  t o  a l i n e a r  

equa t i on  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 ina 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 inear  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 techn ique  which 

Sho r t  r u n  

a ( l  - A )  

b ( l  - A )  

c o n s i s t s  o f  op t im i z i ng  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 run  

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 ion  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 ,  

- environmental  norms, 

- f u e l  ba lances ,  

and s o  on. 

Th is  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 idered  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  opt 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  

op t im iza t i on  of t h e  func t i on  

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 isc re te  Form 

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

l i n e a r  f unc t i on  of  t h e  l a s t  s t a t e  vec to r :  

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



wi th  

2) - S t a t e  equa t i on  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 op t im i ze  1) under 2) i s  t h e  same a s  t o  op t im i ze  
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 be longs  o n l y  t o  one t- t 
t e r m ,  it is enough t o  op t im ize :  

A 

Ht = XtXt , 

a t  each  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  on  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 be longs  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: op t im i z i ng  cxT i s  e q u i v a l e n t  t o  de te rm in ing  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  Pon t ryag in )  

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 goes ,  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  ve ry  sma l l  i n t e r v a l s :  6 

where x' i s  g iven  a s :  

The s t a t e  v a r i a b l e  xn6 cou ld  t h e n  be  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 eng thy  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 )  cou ld  be  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  

ma rg ina 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  market ,  if 

t h i s  would e x i s t .  

1 . 4 .  S imu la t i on  

I n  t h i s  c a s e  it i s  imposs ib le  t o  g i v e  a g e n e r a l  overv iew 

of t h e  mathemat ica l  techn ique .  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  mathemat i ca l l y  d e s c r i b e s  t h e  system he  wants 

t o  s tudy ,  and he  does  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  pa ramete rs .  



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 imu la t i ng  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  equa t i ons  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  

system 

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

i s  optimum, t hen  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  ma 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  cou ld  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 ro f .  Hendrick Houthakker and Michael Kennedy 

a t  Harvard [ll] used t h i s  techn ique  t o  s i m u l a t e  wor ld u s e s  of  

pet ro leum where each of  t h e  equa t i ons  used has  an  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 rude  o i l  and t h e  

demand f o r  p roduc 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 market ;  

- 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 be  less t h a n  o r  equa 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 Ana lys is  

Rober t  Herendeen [8] has  been one o f  t h e  f i r s t  t o  deve lop  

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  ou tpu t  of d i f f e r e n t  s e c t o r s  of t h e  i ndus t r y .  

Th is  technique is based on 1/0 matr ices  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  ou tpu t  ( d o l l a r s )  of s e c t o r  i i 
Y i  = t h e  ou tpu t  ( d o l l a r s )  of i so ld  t o  f i n a l  demand 

A i j  = t h e  cons tan t  c o e f f i c i e n t  rep resen t i ng  what 

t h e  s e c t o r  i sel ls t o  t h e  s e c t o r  j f o r  producing 

one u n i t  o f  i ts  outpu t .  

Equation ( 4 )  can be p u t  i n  t h e  mat r i x  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 ou tpu 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 ma 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 equ i red  f o r  t h e  economy t o  d e l i v e r  

a d o l l a r ' s  worth o f  p r o j e c t  j t o  f i n a l  demand. For an  
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.  Scena r i os  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  necessary  t o  e x p l a i n  what w e  h e r e  c a l l  a 

" scena r i o " .  Th 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  agg rega t i on  o f  e lementary  

even ts .  

I n  o r d e r  t o  be  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 pe r i od  1975-1990 w e  cons ide r  t h e  d i f f e r e n t  

s i t u a t i o n s  ob ta ined  by combinat ion of t h e  fo l low ing  t h r e e  

s imple  even ts :  

1) t h e  f i r s t  e v e n t  w i l l  belong 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 ied  by nuc lea r  

p l a n t s ;  

2) t h e  second e v e n t  w i l l  belong t o  t h e  envi ronmental  

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 ' ~ .  

'unpubl ished s tudy  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 .  Duperr in  and M.  Godet, [5] and [6] . 



1 I\! INDIRECT USE 
SECTOR 

GAS 

E l e c t r i c i t y  .63 
B u i l d i n g  I n d u s t r y  .03 
S t e e l  I n d u s t r y  .02 
Chemis t ry  .06 
Paper  I n d u s t r y  .02 

b SECTOR : 

DIRECT USE I N  SECTOR 
G l a s s  
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3)  t h e  l a s t  even 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 year  t h e r e  a r e  s tong  p r o t e s t  marches 

a g a i n s t  nuc lea 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 ied  by 

t h e  combinat ion of t h e  t h r e e  e lementary even ts ,  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 rog ress  - Si - i e l , e2 ,e3 )  has  been made i n  t h e  coo l i ng  system 

and t h e r e  i s  no r i s k  o f  s t r o n g  oppos i t i on  
t o  nuc lear  energy;  

Nuclear power does  no 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  reasons ,  t h e  temperature  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 

oppos i t i on  t o  nuc lea 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 scena r i os .  I f  t h e  number of  e lementary even ts  was 

f i f t y ,  it would be p o s s i b l e  t o  b u i l d  250  s c e n a r i o s .  A s  it i s  

impossib le t o  s tudy  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 tudy  o n l y  t h e  most r e l e v a n t  ones.  To do so ,  t h e  idea  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 low ing .  Ask a panel  of 

e x p e r t s  t o  reach  a consensus i n  regard  t o  t h e  fo l low ing  

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  even t  ei w i l l  occur  dur ing  

t h e  cons idered t i m e  per 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  occu r ,  g iven  t h a t  e 
i j  

has  occur red  i n  t h i s  pe r i od ,  

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

has  n o t  occur red  du r i ng  t h i s  t i m e  per iod .  

These p r o b a b i l i t i e s  on l y  concern e i t h e r  s e p a r a t e  even ts  

o r  p a i r s  o f  even ts  b u t ,  n e v e r t h e l e s s ,  it would be ve ry  

s u p r i s i n g  i f  t h e  e x p e r t s '  op in ions  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 k t  

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*) 
i I j  k 

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

with 

I' 
l n k = l  , 
k 

nk,o . 

( 9 )  



I t  i s  t hen  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 tudy  o n l y  t h e  most r e l e v a n t  ones .  T h i s  approach cou ld  

be  summarized i n  t h e  fo l l ow ing  way: 

Expe 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 rma t i on  1 
a p r i o r i  s e p a r a t e  

in£  ormat i o n  

Convers ion o f  t h i s  
i n fo rmat ion  by 

t h e  program 

Complete and c o n s i s t e n t  
i n f o rma t i on  

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 Ana l ys i s )  o rgan i zed  a  meet ing  on t h i s  theme [16] 

and a l s o  pub l i shed  t h e  f i r s t  i s s u e  [3] o f  a n  annua l  rev iew 

devoted t o  t h e  energy  models c u r r e n t l y  be ing  deve loped a l l  

ove r  t h e  wor ld .  

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  meet ing  

w i t h  an  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 

be  made: 

1) i f  w e  p u t  away t h e  ve ry  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 pe rm i t  

s t u d y  o f  t h e  g l o b a l  energy  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  
in fo rmat ion  

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  agenc ies  have a  fundamental  r o l e  t o  p l ay  

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  qu ick  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 tandard  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 tanda rd  

form i n  F igu re  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 ,  etc.  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  system desc r i bed .  

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  system 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 ow ing  two i t e m s  

"Model l ing techn iques"  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 techn iques"  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 ;  on l y  t h e  main concep ts  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 "  on l y  i n d i c a t e s  t h e  k ind  o f  r e s u l t s  

g i ven  by t h e  model. The q u a n t i t a t i v e  v a l u e s  supp l i ed  by each 

model a r e  o f t e n  t o o  l a r g e  t o  b e  i nco rpo ra ted  i n  such a  summary. 

F i n a l l y ,  t h e  i t e m  "Observat ions"  i s  main ly  devoted 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 adopted 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 tudy  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 

Desc r ibed  

Area 1- 
- 
Model l ing 
Techniques 

Inpu t  Da ta  
P h y s i c a l  

Eco log ica l  

Economic 

- 
Output  Dat.1 

Phys ica l  

Economic 

Kenneth Hoffman, 1972 Brookhaven Na t iona l  [ .ahoratory , Upton, L .  I .  , N.Y.  I 
Plann ing  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 energy  system.  The model r e f l e c t s  a  wide 
range  of energy  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 imary  consumption t o  f i n a l  demand f o r  each t ype  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 supp ly .  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 the  energy  system.  

S t a t i c  model f o r  a   articular ~ o i n t  i n  t ime (has  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 he  p r e s e n t  c o s t  o f  t h e  
pn lhs .  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 each  k ind ol demand, t h e  

I 
p o s s i b i l i t y  of each  k ind  of supp ly  sys tem,  and t h e  l e v e l s  of t h e  d i F F r r e n t  po 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  produce 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  energy  

form: hydropower, geo the rma 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  tu rb ine '  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  energy .  

- 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  gas  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  supp ly  system known a s :  t o t a l  ene rgy  (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  supp ly  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 energy  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 convers ion  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  
energy  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 sub-ca tegor ies :  

- 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: space  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 isce l lanrc lus  thermal  hea 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  ment ioned 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  system.  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  op t im ize  t h e  g l o b a l  Load f a c t o r  
cu rve .  The load s t r u c t u r e s  on a  seasona l  and weekly b a s i s  a r e  taken  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  genera ted  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 ene rgy  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  was tes  and thermal  wast t ,s .  O the r  
p ~ ~ l l u t a n t s  and land use  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 he  n e c e s s a r y  ' ~ s t  o f  
t he  f a c i l i t i e s  used i n  t h e  energy s u p p l y  system 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  supp ly  ca teg< l r y  i s  a f u n t . t i o n  
o f  t he  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 each  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  op t ima 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  supp ly  systems.  

--- 
The model g i v r s  t h e  t o t a l  c o s t  of  t h e  energy  sys tem bu t  t h e  r e s u l t i n g  op t ima l  pa th  
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 the  d i f f e r e n t  p o l l u t i n g  emiss ior is .  
-- - 

- T h i s  model i s  s t a t i c ;  i t  can  be used on ly  f o r  one yca r .  For t h a t  yea 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 can  be o b t a i n e d  by us ing  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  accoun t  i n  t h e  c u r r e n t  model b u t  
i s  be ing  added t o  t h e  expanded model. 

I - Dynamizat 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 igu re  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 

ano the 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  accoun 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  energy  sources .  

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

I n  t h e  group A (one energy  form a t  t h e  l e v e l  o f  a coun t r y )  

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

o f  t h e  seven ty  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  
imposs ib le  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  be  p roduc t i ve  t o  rev iew t h e s e  

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

I n  t h e  group 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 tudy ing  

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 Co l lege ,  

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  be  t h e  most e f f i c i e n t .  I n  bo th  models,  t h e  wor ld 

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

Areas o f  App l i ca t i on  Na t iona l  

A 

(46%)  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 nds  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 ded  i n t o  a  c e r t a i n  number of  r e g i o n s  

where p roduc t i on ,  t r a n s p o r t ,  and r e f i n i n g  a r e  t aken  i n t o  

accoun 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  expend i t u re  f o r  a  g i ven  l e v e l  of  t h e  demand. 

The Houthakker and Kennedy model s imu la ted  a  market  t h a t  t h e  

a u t h o r s  supposed op t ima l  and it i s  d e s c r i b e d  by us ing  e q u a t i o n s  

which can  be  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  compe t i t i ve  market .  These 

t w o  models a r e  s t i l l  be ing  developed b u t  cou ld  n e v e r t h e l e s s  

be  used now f o r  s t udy ing  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  energy  f o r  a  g i ven  coun t r y )  

is a s  impor tan t  i n  number (23% o f  t h e  ana lyzed models) a s  it 

i s  i n  theme. The group 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  energy  e i t h e r  a t  

t h e  pr imary supp ly  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  ca tego ry  i s  t h a t  o f  D r .  K .  Hoffman 

(see F igu re  2  and [9]) o f  t h e  Brookhaven Na t iona l  Labora to ry ,  

USA, us ing  l i n e a r  programming. For a  g i ven  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  supp ly  s e c t o r s  and 

f i f t e e n  g i ven  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  expend i t u re .  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  

supp ly  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  was tes ,  and thermal  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 is  t h e  work be ing  c a r r i e d  on  by 

P ro f .  W .  Hafe le  and h i s  team a t  IIASA f o r  t h e  s tudy  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 iven  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 is  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  Fue l s "  by W. Hafe le  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  annua 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 )  

ove r  a  seven ty - f i ve  yea 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  energy  a r e  taken  t o  be  exogenous, o r  

t h e s e  demands a r e  endogenous s i n c e  t hey  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  respons i ve  

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  energy ,  then  t h e  

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

a , b , c ,  a r e  e s t i m a t e d  through a series o f  assumpt ions con- 

ce rn ing  t h e  demand cu rves .  ) 

I t  is  no 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 group 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  energy  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 has  t o  f o r e c a s t  

and t o  so l ve .  For t h i s  reason ,  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.  Un fo r t una te 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 .  

Neve r the less ,  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  

no te .  The f i r s t  is  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  "La t i n  American Model" (Fundaci6n ~ a r i l o c h e ,  Argent ina  

[I]. The Mesarov ic -Peste l  model main ly  tr ies 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 ,  wh i l e ,  on t h e  

o t h e r  hand, t h e  Ba r i l oche  model has  an  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 tudy  t o  be  mentioned is t h a t  o f  P ro f .  L .R .  Kle in  

(USA) [13] . Pro f .  K le in  is c u r r e n t l y  deve lop ing  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 us ing  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  us  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 

doub t ,  t h i s  group o f  models is t h e  most impor tan t  even w i t h  



most o f  t h e  models s t i l l  be ing  deve loped.  The energy  a r e a  

has  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 igh t  now, a number o f  models i n  t h i s  f i e l d  a r e  be ing  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 ve ry  

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 ro f .  Dale Jorgenson,  Harvard U n i v e r s i t y ,  USA [12], who 

dynamized t h e  inpu t -ou tpu t  ma t r i x  i n  u s i n g  p roduc t i on  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 .  

Th i s  s tudy  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 imp le  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  

ve ry  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 Jorgenson 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 supp ly  f o r  energy  i n t o  a s i n g l e  

a n a l y t i c a l  framework. A second impor tan t  i nnova t i on  is  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  Jorgenson Energy Model i s  t h e  

Long-Term Growth Model which p rov ides  p r o j e c t i o n s  o f  agg rega te  

US consumption, i nves tment ,  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 nc l udes  

p roduc t i on  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 de te rm ines  demand and supp ly  f o r  consumption goods,  

investment  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 imu la ted  market  p rocesses .  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 

inves tment ,  c a p i t a l  s t o c k ,  and p roduc t i ve  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  as 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  Jorgenson Energy Model is 

based upon an  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 roducers  and f i n a l  u s e r s ,  b u t  a l s o  

between producer  pu rchases  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 roduc t ion  s e c t o r s  themselves.  The b a s i c  

e lement  of  t h e  model is a model o f  p roducer  behav io r ,  one f o r  

each of t h e  produc ing s e c t o r s ,  t h a t  de te rm ines  t h e  s e c t o r  

i n p u t  requ i rements  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 roduc t i on  

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 rma t i on  is  t hen  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 rdependenc ies  ana lyzed  by means o f  t h e  

inpu t -ou tpu t  techn ique .  

B r i e f l y ,  i npu t -ou tpu t  a n a l y s i s  sets up requ i rements  

f o r  i n p u t  pu rchases  p e r  u n i t  o f  o u t p u t  f o r  each  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 roduc t ion  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  can  be s a t i s f i e d  w i t h  t h e  t o t a l  supp ly  

and demand o f  each  s e c t o r ' s  o u t p u t  be ing  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 npu t -ou tpu 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  requ i rements  p e r  u n i t  o f  

s e c t o r a l  o u t p u t ,  can  va ry  i n  response  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 ows  

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 roduc t ion  

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

t ies ,  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  

be  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 roceeds  a long  t h e  

f o l l ow ing  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  

pr 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,  investment  and government spend ing;  



b )  t h e  energy  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  produc ing 

s e c t o r s  ; 

c )  p r i c e s  a r e  es t ima ted  on t h e  b a s i s  o f  pr imary i n p u t  

p r i c e s ,  techno logy l e v e l s ,  p roduc t i on  c o e f f i c i e n t s  

and t h e  models o f  p roducer  behav io r ;  

d )  t h e  models o f  p roducer  behav io 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 ,  techno logy  l e v e l s ,  and 

p roduc t i on  c o e f f i c i e n t s ,  t h e  inpu t -ou tpu 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  twe lve  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  produc ing s e c t o r s ;  

el t h e  f i n a l  demand requ i rements  f o r  e a c h  s e c t o r  are 

combined w i t h  t h e  inpu t -ou tpu 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 each  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  purchases  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  produc ing s e c t o r s  are: 

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

2 )  manufac tu r ing ,  exc lud ing  pet ro leum p roduc 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  min ing;  

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

7 )  pet 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 .  

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

1 0 )  impor ts ;  

11) c a p i t a l ;  

12 )  l a b o r .  

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

13 )  consumption; 

1 4 )  investment ;  

1 5 )  government; 

16 )  e x p o r t s .  



Conclus ion 

A s  a conc lus ion  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  

major ,  d i f f i c u l t  problems r e l a t e d  t o  t h e  f o rmu la t i on  of  energy  

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  energy  

model l ing .  

I f  t h e  exogenous concep 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  be  looked a t  a s  some k ind  o f  f i r s t  approx- 

ima t ion  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 han  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  investment  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  energy  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 can  be  made: 

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

c a s t  of  GNP which is n o t  easy  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 fu r the rmore ,  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 roduc t ion  s u b s e c t o r s  such a s  g l a s s ,  steel ,  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 mathemat 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  be ing  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  runn ing  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  appear  t o  be  complete 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  nex t  v a r i a b l e  t h a t  

one would i n t r oduce  a f t e r  income. The p r i c e  of  

energy  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 esponses  t o  

p r i c e  a r e  n o t  i ns tan taneous .  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 ong  a s  t h e  consumer t h i n k s  t h a t  he s t i l l  wants  t h e  same 

amount of  energy  when it h a s  become more expens ive ,  he w i l l  

f i n d  t h a t  he can  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  energy-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 ready  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 gge r  one.  There fo re  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  energy  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  cou ld  be devoted 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 be ing  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  econometr ic  

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

market  f o r c e s  t o  de te rm ine  t h e  p r i c e s  o f  energy  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 long  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  energy  

r e s o u r c e s  ove r  t i m e .  For t h e  t ime  be ing ,  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 :  pet 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  gas .  Demand i s  

broken i n t o  t h e  fo l l ow ing  c a t e g o r i e s :  e l e c t r i c i t y ,  p rocess  

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 rocesses  a r e  inc luded ,  

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 reede r  

r e a c t o r s ,  hydrogen and electr ic  automobi le ,  and s o  on. 

I n  o r d e r  t o  avo id  t h e  f i x i n g  of  a  ho r i zon  on  t h e  model, 

t h e  concep t  o f  backs top  techno logy is i n t roduced ,  t h a t  i s  

a set  o f  p rocesses  which: 

a )  a r e  capab le  o f  meet ing t h e  demand requ i rement ,  and 

b )  have v i r t u a l l y  a n  i n f i n i t e  r esou rce .  

The model l ing  t echn ique  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  energy  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  deve lop ing  

i s  being pursued a long  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  

parameters  t h a t  have t o  be  taken  i n t o  accoun 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 goa l  is t o  b r i n g  t o g e t h e r  a  group 

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  deve lop  a  method [6] t o  t r y  by means 

of a  c ross - impac t  ma t r i x7  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  pa ramete rs .  The r e s e a r c h  

on t h e  main parameters  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  an  eng inee r i ng  approach 

ve ry  c l o s e  t o  t h e  problem o f  energy  budget  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 Kcal ,  e t c ?  Th i s  b a s i c  i n fo rma t i on  w i l l  be used 

l a t e r  on t o  f eed  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  pa ramete rs  hav ing a n  impact  
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 cou ld  be  r e p r e s e n t e d  by a ma 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  @ has  an  i n f l u e n c e  on @ i 

Th i s  m a t r i x  can  be  r e p r e s e n t e d  by a g raph  where t h e  
r e l a t i o n s  between two paramete rs  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 hen  t o  c l a s s i f y  t h e  paramete rs  e i t h e r  i n  coun t i ng  
t h e  number o f  l i n e s  t h a t  a r e  go ing  th rough  t h e r e  o r  t h e  number 
o f  l oops  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 )  
be longs  t o  s i x  l o o p s  when ( d )  be longs  o n l y  t o  one;  i t i s  q u i t e  
obv ious  t h a t  t h e  parameter  ( a )  i s  more impo r tan t  t han  (d l  and 
SO on. 

\ ' 
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