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INTRODUCTION 

This  paper  i s  an at tempt  t o  extend methodological research  

of complex systems development a t  IIASA. The m o s t  t y p i c a l  and 

probably m o s t  urgent  example i s  a n a l y s i s  and p lanning of  long- 

range development o f  energy systems. During t h e  l a s t  decade 

i n t e r e s t  i n  energy problems has cons iderab ly  inc reased a l l  over  

t h e  world and we a r e  now w i tnesses  of s i g n i f i c a n t  p rogress  i n  t h e  

f i e l d  [ I  - 1 2 1 .  Th is  concerns however mostly t h e    articular i m -  
plementat ion of  d i f f e r e n t  energy models. A s  f o r  methodological 

mathematical a n a l y s i s  of  t h e  problem we d e a l  h e r e ,  a t  i n i t i a l  

s t a g e s ,  wi th  i n e v i t a b l e  l a g s ,  though f i r s t  a t tempts  have a l ready 

been made i n  t h i s  d i r e c t i o n  ( s e e ,  f o r  example, [13 ,14 ] .  

Meanwhile, i n  analyz ing ou tpu ts  of  energy models implemented 

i n  d i f f e r e n t  ways, many methodological problems a r e  a r i s i n g :  f o r  

example, how t o  l i n k  energy supply ,  resources and economy models 

i n t o  a whole system? what i s  t h e  world ( "g loba l " )  energy model: 

i s  t h a t  game-theoretica1,optimization o r  s imu la t ion?  how does 

our  unce r ta in t y  i n  t h e  " fu tu re "  i npu t  d a t a  i n f l uence  our  "cer -  

t a i n t y "  of  p resen t  dec is ions?  e t c .  These ques t i ons  do n o t  on ly  

r e l a t e  t o  energy models bu t  a r e  a l s o  of  concern f o r  any problems 

of long range development of  a complex system [15,16] ( f o r  example, 

a n a l y s i s  of  i n t e r a c t i o n  of  manpower-economy development i n  t h e  

long run [ 171 ) . 
I I A S A  seems t o  be an unique p lace  f o r  s t imu la t i ng  such kind 

of methodological work. D i f f e r e n t  approaches, d i f f e r e n t  op in ions ,  

d i f f e r e n t  models, which a r e  under permanent d iscuss ion  o r  i n -  

v e s t i g a t i o n  a t  IIASA-- a l l  of t h i s  eventua l l y  and i n e v i t a b l y  

becomes a po in t  of view, a s t a r t i n g  po in t  of any methodology. 

Th is  paper ,  a s  mentioned above, should  be cons idered a s  an 

i n i t i a l  a t tempt  i n  t h i s  d i r e c t i o n .  To s t a r t  wi th w e  desc r ibe  

t h r e e  b a s i c  dynamic op t im iza t ion  models: energy supply,  resources  

and economy development models. These models a r e  formal ized i n  

t h e  framework of  dynamic l i n e a r  programming [ 1 8 ,191  . 



I n  d e s c r i b i n g  t h e s e  models w e  t r y  t o  draw o u t  t h e  t y p i c a l  

f e a t u r e s  o f  d i f f e r e n t  models, omit t . ing t h e  d e t a i l s  of  p a r t i c u l a r  

implementat ion i n  o r d e r  t o  o b t a i n  t h r e e  b a s i c  fo rma l i zed  models 
-- energy - r esou rces  - economy which cou ld  be  u s e f u l  f o r  sub- 

sequen t  mathemat ica l  a n a l y s i s .  Therefore  t h e  s t r u c t u r e  o f  t h e  

paper  d i r e c t l y  f o l l ows  t h e  g o a l s  o f  t h e  paper .  I n  each o f ' t h r e e  

s e c t i o n s  w e  f i r s t  cons ide r  a b a s i c  model and t hen  some rea l  

models, which r e l a t e  t o  t h e  b a s i c  model viewed a s  mod i f i ca t i ons  

' o f .  t h i s .  b a s i c  model. 

The models a r e  cons idered  independent ly  on a n a t i o n a l  

( r e g i o n a l )  l e v e l .  The l i n k a g e  o f  models (e  .g. energy-economy) 

i s  d i scussed  i n  t h e  f o u r t h  s e c t i o n .  



1.  Energy Supply Models 

W e  star t  w i t h  Energy Supply Systems (ESS) f o r  t h e  reason  

t h a t  it p l a y s  a c e n t r a l  r o l e  i n  any energy  r e s o u r c e s  s t u d i e s .  

The main pu rpose  o f  t h e  ESS model i s  t o  s t udy  ma jo r  energy  

o p t i o n s  o v e r  t h e  n e x t  25-50 y e a r s  and l o n g e r  t h u s  de te rm in ing  

t h e  o p t i m a l - f e a s i b l e  t r a n s i t i o n  from t h e  mix of  t e c h n o l o g i e s  f o r  

energy  p r o d u c t i o n  c u r r e n t l y  used  ( f o s s i l ) ,  t o  a more p r o g r e s s i v e  

and,  i n  some s e n s e ,  o p t i m a l ,  f u t u r e  m i x tu re  o f  t e c h n o l o g i e s  

( n u c l e a r ,  c o a l ,  s o l a r ,  etc. ) f o r  a g i ven  reg ion  ( coun t r y )  . 
Cons ide r ing  ESS models w e  w i l l  b a s i c a l l y  f o l l o w  t h e  Hafe le-  

Manne model [31. Then d i f f e r e n t  v e r s i o n s  and m o d i f i c a t i o n s  o f  

t h e  ESS models w i l l  be d i s c u s s e d .  

I n  f o rmu la t i ng  DLP problems,  it i s  u s e f u l  t o  s i n g l e  o u t  [ 1 9 ] :  

(i) s t a t e  e q u a t i o n s  of  t h e  systems w i t h  t h e  d i s t i n c t  

s e p a r a t i o n  o f  s t a t e  and c o n t r o l  v a r i a b l e s ;  

(ii) c o n s t r a i n t s  imposed on t h e s e  v a r i a b l e s ;  

(iii) p lann ing  pe r i od  T - t h e  number o f  t i m e  p e r i o d s  d u r i n g  

which t h e  sys tem i s  cons ide red  and t h e  l e n g t h  o f  each  

t ime  p e r i o d ;  

( i y )  per formance i n d e x  ( o b j e c t i v e  f u n c t i o n )  which q u a n t i f i e s  

t h e  q u a l i t y  o f  a program. 

W e  w i l l  c o n s i d e r  t h e s e  f o u r  s t a g e s  s e p a r a t e l y  a s  a p p l i e d  t o  t h e  

ESS model. 

1 . 1 .  Bas i c  Model 

a .  S t a t e  Equa t i ons  

The ESS model i s  broken down i n t o  two subsystems:  energy  

p roduc t i on  and r e s o u r c e  consumption subsystems.  Hence twd sets 

o f  s ta te  e q u a t i o n s  are needed. 



Energy Product ion  and Convers ion Subsystem. The subsystem 

c o n s i s t s  o f  a c e r t a i n  number o f  t echno log ies  f o r  energy  p roduc t ion  

( f o s s i l ,  n u c l e a r ,  s o l a r ,  e t c . ) .  The s t a t e  o f  t h e  subsystem a t  

each t i m e  pe r i od  t i s  d e s c r i b e d  by t h e  v a l u e s  o f  c a p a c i t i e s  i n  

t h a t  p e r i o d  t f o r  a l l  energy  p roduc t ion  t e c h n o l o g i e s .  

Le t  

y i ( t )  be  t h e  va lue  of  t h e  i t h  energy  p roduc t ion  

c a p a c i t y  (i = 1 ,  ..., n) i n  t i m e  p e r i o d  t; 

n be t h e  t o t a l  number of  d i f f e r e n t  t echno log ies  

f o r  energy  p roduc t ion  t o  b e  cons ide red  i n  

t h e  model; ' 

v i ( t )  be  t h e  i n c r e a s e  of  t h e  i t h  c a p a c i t y  i n  t i m e  

p e r i o d  t (i = 1 , .  . . , ) . 

I t  is assumed t h a t  a  l i f e - t i m e  o f  each c a p a c i t y  i s  l i m i t e d  and 

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

Thus t h e  s t a t e  e q u a t i o n s ,  which d e s c r i b e  t h e  development 

o f  t h e  energy  p roduc t ion  and convers ion  subsystem w i l l  b e  t h e  

fo l l ow ing :  

w i t h  t h e  g iven i n i t i a l  c o n d i t i o n s  

The i n c r e a s e  of t h e  new c a p a c i t i e s  v i ( t )  i n  p rep lann ing  pe r i od  

( t  < 0)  i s  a l s o  assumed t o  b e  known: 

0 0 v . ( < . )  1 1  = v i ( - ~ . ) , . . . , v ~ ( - l )  1 = v i ( - 1 )  ( i = l , . . . , n )  (1 .3 )  

0  0  where v i i  , . . . v i -  a r e  g i ven  numbers. 



Equat ions (1 .1 )  can b e  r e w r i t t e n  i n  a  v e c t o r  form 

y ( t + l )  = y ( t )  + v ( t )  - v ( t -  T )  ( 1 .  l a )  

Here 

y ( t )  = ki(t) 1 (i = 1 , .  . . , n )  i s  a s t a t e  v e c t o r  o f  t h e  

subsystem i n  t i m e  p e r i o d  t; it d e s c r i b e s  t h e  s t a t e  o f  

t h e  energy p roduc t ion  and convers ion subsystem i n  t h i s  

p e r i q d ,  and 

v ( t )  = { v i ( t ) )  i = 1 , . . . n i s  a c o n t r o l  v e c t o r ;  it 

d e s c r i b e s  c o n t r o l  a c t i o n s  i n  t i m e  p e r i o d  t ;  T = { T ~ ) .  

Resources Consumption Subsystem. S t a t e  e q u a t i o n s  o f  t h i s  

subsystem d e s c r i b e  t h e  dynamics o f  cumula t ive  amounts o f  ex- 

t r a c t e d  pr imary energy  r e s o u r c e s .  

L e t  

z .  (t)  be  t h e  cumula t ive  amount o f  t h e  j t h  r e s o u r c e  ex- 
3 

t r a c t e d  by t h e  beg inn ing o f  t i m e  p e r i o d  ( y e a r )  t r  

( j  = l , . . . , m ) ;  

m be  t h e  t o t a l  number o f  d i f f e r e n t  pr imary  r e s o u r c e s  

under c o n s i d e r a t i o n .  

(t)  b e  t h e  r a t i o  o f  t h e  amount o f  t h e  j t h  r e s o u r c e  
q j i  
(pr imary energy i n p u t )  r e q u i r e d  f o r  l oad ing  t h e  i t h  energy 

p roduc t ion  c a p a c i t y  (secondary  energy o u t p u t )  i n  t i m e  

p e r i o d  t (i = l , . . . , n ;  j = l , . . . , m ) ;  q j i  (t) i s  t h e  con- 

v e r s i o n  p rocess  i-+ j .  

Genera l l y ,  some c a p a c i t i e s  may n o t  b e  completrely loaded;  

t h e r e f o r e  w e  i n t r o d u c e  a  new v a r i a b l e  u i ( t )  which i s  t h e  i n t e n s i t y  

o f  p roduc t i on  f o r  t h e  i t h  c a p a c i t y  (i = 1 ,. . . , n )  i n  t i m e  p e r i o d  t; 

Ev iden t l y ,  



Supposing t h e  pr imary energy r e s o u r c e  e x t r a c t i o n  i n  t i m e  

p e r i o d  t i s  p r o p o r t i o n a l  t o  t h e  va lue  o f  i n t e n s i t i e s  o f  energy 

p roduc t i on  i n  t h i s  p e r i o d  w e  can w r i t e  t h e  s t a t e  e q u a t i o n s  i n  

t h e  form 

n 
2 .  ( t + l )  = 2 .  (t) + q j i  (t,) ui ( t )  
I I i= 1 

w i t h  i n t i a l  c o n d i t i o n s  

o r  i n  ma t r i x  form 

Here z ( t)  i s  a s t a t e  v e c t o r ,  u ( t )  i s  a c o n t r o l  v e c t o r .  

The l i n k a g e  of t h e  subsystems (1 .1 )  and (1 .5 )  i s  c a r r i e d  o u t  by 

means of  i n e q u a l i t i e s  (1.4)  . 

I n  some c a s e s  it i s  necessa ry  t o  i n t r o d u c e  s t o c k s  o f  t h e  

e x t r a c t e d  pr imary r e s o u r c e s  ( i nven to ry  r e s o u r c e s ) .  L e t  Z . ( t )  
I 

be  such a v a r i a b l e  f o r  t h e  j t h  r e s o u r c e  and w . ( t )  i s  t h e  annua l  
3 

e x t r a c t i o n  o f  t h i s  r esou rce ;  t hen  t h e  s t - a t e  equa t i on  f o r  t h e  

i nven to ry  subsystem w i l l  b e  t h e  fo l lowing:  

I n  t h e  above case  2 ( t )  = 0 f o r  a l l  t a n d w ( t )  = Q ( t ) u ( t ) .  T h i s  

i s  a reasonab le  assumpt ion because one can n e g l e c t  t h e  accumula- 

t i o n  of  s t o c k s  o f  r esou rces  f o r  long-range c o n s i d e r a t i o n s .  

I t  shou ld  b e  no ted  t h a t  t h e  r e a l  e q u a t i o n s  o f  r e s o u r c e  

consumption subsystem a r e  more complex (see r e f e r e n c e s  and d i s -  

cuss ion  a t  t h e  end o f  t h i s  s e c t i o n ) .  



b .  C o n s t r a i n t s  

The s t a t e  e q u a t i o n s  (1 . l )  and (1 .5 )  de te rm ine  dynamic con- 

s t r a i n t s  on v a r i a b l e s .  W e  a l s o  have s ta t i c  c o n s t r a i n t s  on var-  

i a b l e s  f o r  each t i m e  p e r i o d  t. 

Nonnega t i v i t y  C o n s t r a i n t s .  Ev iden t l y ,  a l l  v a r i a b l e s  i n t r o -  

duced i n t o  t h e  s t a t e  equa t i ons  (1 .1 )  and . (1 .5 )  canno t  be nega t i ve :  

A v a i l a b i l i t y  C o n s t r a i n t s .  F i r s t ,  t h e  upper bounds shou ld  be  

imposed on t h e  annua l  c o n s t r u c t i o n  r a t e s  

v .  (t) - < V i ( t ) .  (i = 1 ,  ..., n) , 
1 

(1  -8) 

where vi ( t )  a r e  t h e  g iven  numbers. 

I n  a more g e n e r a l  form t h e s e  c o n s t r a i n t s  can be  w r i t t e n  a s  

where f ( t )  i s  t h e  v e c t o r  of  non-energy i n p u t s  which a r e  

needed f o r  t h e  energy  p roduc t ion  subsystem.. The m a t r i x  F ( t )  

deno tes  t h e  amounts o f  t h e s e  resou rces  r e q u i r e d  f o r  t h e  con- 

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

Bounds on new techno logy i n t r o d u c t i o n  rates can a l s o  be  w r i t t e n  

i n  t h e  form ( 1 . 9 ) .  More g e n e r a l  c a s e s  where t h e  t i m e  l a g s  be- 

tween investment  d e c i s i o n s  and a c t u a l  c a p a c i t i e s  i n c r e a s e s  a r e  

taken  i n t o  account  a r e  cons idered  i n  S e c t i o n  3.1.  I n  t h i s  c a s e  

w e  can d i r e c t l y  l i n k  t h e  ESS model w i t h  t h e  economic model de- 

s c r i b e d  i n  S e c t i o n  3. 

The c o n s t r a i n t s  on t h e  a v a i l a b i l i t y  of  t h e  pr imary energy  

resou rces  can be g iven  i n  t h e  form: 



where ?(t) i s  t h e  v e c t o r  o f  a l l  a v a i l a b l e  e n e r g y  r e s o u r c e s  

( r e s o u r c e s  i n  t h e  g round)  i n  t i m e  p e r i o d  t. 

The c o n s t r a i n t s  on t h e  a v a i l a b i l i t y  o f  t h e  secondary  e n e r g y  

p r o d u c t i o n  c a p a c i t i e s  a r e  g i v e n  by ( 1 . 4 ) .  

Demand C o n s t r a i n t s .  The i n t e r m e d i a t e  and f i n a l  demands o f  

e n e r g y  a r e  supposed t o  b e  g i v e n  f o r  a l l  p l a n n i n g  p e r i o d s .  Hence 

t h e  demand c o n s t r a i n t s  c a n  b e  w r i t t e n  a s  

d ( t )  = { d k ( t ) )  i s  t h e  g i v e n  v e c t o r  f o r  a l l  t = 0 , 1 ,  ..., T-1 

o f  ene rgy  demand,both i n t e r m e d i a t e  and  f i n a l  ( e . g . ,  elec- 

t r i c i t y  and n o n e l e c t r i c  ene rgy  f o r  f i n a l  demand) ;  

D ( t )  = { d k i ( t ) )  i s  t h e  m a t r i x  w i t h  t h e  components d k i ( t ) ,  

d e f i n i n g  e l t h e r  i n t e r m e d i a t e  consumpt ion o f  t h e  secondary  

e n e r g y  k p e r  u n i t  o f  t h e  secondary  ene rgy  p r o d u c t i o n  o r  

c o n v e r s i o n  e f f i c i e n c y  o f  c a p a c i t y  i t o  produce a  u n i t e o f  

t h e  secondary  e n e r g y  k .  

c .  Planning Per iod  

The p l a n n i n g  p e r i o d  i s  broken down i n t o  T  s t e p s  where T  i s  

g i v e n  exogeneous l y .  Each s t e p  c o n t a i n s  a  c e r t a i n  number o f  y e a r s  

( e . g .  one,  t h r e e ,  f i v e ) .  I n  [31 t h e  p l a n n i n g  p e r i o d  e q u a l s  75 

y e a r s  and each  s t e p  c o r r e s p o n d s  t o  t h r e e  y e a r s ,  t h u s  T =  25 .  S i n c e  

i n f o r m a t i o n  on t h e  c o e f f i c i e n t s  o f  t h e  model becomes more i n -  

a c c u r a t e  w i t h  t h e  i n c r e a s i n g  number o f  s t e p s  it i s  u s e f u l  t o  con- 

s i d e r  s t e p s  which have d i f f e r e n t  l eng th . .  F o r  example,  i n  [20]  

t h e  p l a n n i n g  p e r i o d  i s  100 y e a r s  and  T  i s  e q u a l  t o  10 p e r i o d s  

( f i v e  p e r i o d s  s i x  y e a r s  e a c h ,  t h e  n e x t  t h r e e  p e r i o d s ' t e n  y e a r s  

each  and t h e  l a s t  two p e r i o d s  twenty  y e a r s  e a c h . )  



d .  O b j e c t i v e  F u n c t i o n  

The cho i ce  of t h e  o b j e c t i v e  f unc t i on  i s  one o f  t h e  impor tant  

s t a g e s  i n  model b u i l d i n g .  D iscuss ion o f  economic a s p e c t s  o f  ESS 

model l ing  o b j e c t i v e s  comes o u t  of t h e  framework o f  t h i s  paper .  

Here w e  would l i k e  s p e c i f i c a l l y  t o  u n d e r l i n e  on l y  two p o i n t s :  1 )  

i n  many c a s e s  t h e  o b j e c t i v e  f u n c t i o n s  can b e  expressed  a s  l i n e a r  

f u n c t i o n s  of  s t a t e  and c o n t r o l  v a r i a b l e s ,  t h u s  making it p o s s i b l e  

t o  use  LP techn iques .  2) The op t im i za t i on  procedure shou ld  n o t  

be  viewed a s  a f i n a l  one i n  t h e  p lann ing p rocess  ( y i e l d i n g  an 

"uniquel1 op t ima l  s o l u t i o n ) ,  b u t  on ly  a s  a t o o l  f o r  ana lyz ing  t h e  

connec t ion  between p o l i c y  a l t e r n a t i v e s  and system performance. 

Thus i n  p r a c t i c a l  a p p l i c a t i o n s  the p o l i c y  a n a l y s i s  w i th  d i f f e r e n t  

o b j e c t i v e  f u n c t i o n s  i s  r equ i red .  F o r o u r  purpose it is  s u f f i c i e n t  

however t o  l i m i t  ou rse l ves  by some t y p i c a l  examples o f  o b j e c t i v e s .  

Below w e  cons ide r  t h e  o b j e c t i v e  f unc t i on  which exp resses  t h e  

t o t a l  c a p i t a l  c o s t s  bo th  f o r  o p e r a t i o n  and c o n s t r u c t i o n ,  d i s -  

counted over  t i m e :  

where 

c y ( t )  a r e  t h e  o p e r a t i n g  and maintenance c o s t s  f o r t h e  i t h  

capac i t y  i n  t i m e  p e r i o d  t ;  

c y ( t )  a r e  t h e  investment  c o s t s  f o r  t h e  i t h  c a p a c i t y  i n  

t i m e  p e r i o d  t; 

B ( t )  is  t h e  d i scoun t  r a t e .  

I n  v e c t o r  form, 

I t  shou ld  be  noted t h a t  t h e  term ( c u ( t )  , u  (t) ) exp resses  

n o t  on ly  d i r e c t  ope ra t i ng  and maintenance c o s t s  a t  s t e p  t b u t  



a l s o  may i n d i r e c t l y  inc lude t h e  c o s t  f o r  p r imary  r e s o u r c e s  con- 

sumed a t  t h i s  s t e p .  I n  a  more e x p l i c i t  way t h i s  c o s t  can be  

w r i t t e n  a s  ( c U  ( t )  Q ( t)  u ( t)  1, where c U ( t )  shou ld  i n c r e a s e  w i t h  t h e  

cumu la t i ve  amount o f  r e s o u r c e s  be ing  consumed. T h i s  l e a d s  t o  a  

n o n l i n e a r  o b j e c t i v e  f u n c t i o n .  A r easonab le  approx imat ion  i n  
u  

t h i s  c a s e  is  a  s tep -w ise  f u n c t i o n  f o r  c ( t ) .  Thus,  c U ( t )  i n  

(1 .12)  can be a  s tep -w ise  f u n c t i o n  w i t h  v a l u e s  on  each  s t e p  

depending on t h e  v a l u e s  o f  cumu la t i ve  e x t r a c t i o n  r e s o u r c e s  z ( t )  

( o r  on t h e  d i f f e r e n c e  z ( t )  - z  ( t)  ) . 
e .  Sta tement  of t h e  Problem 

F i r s t  w e  i n t r o d u c e  d e f i n i t i o n s .  

A sequence o f  v e c t o r s  

are c o n t r o l s  o f  t h e  system. 

A sequence o f  v e c t o r s  

determined by 1  1 , 1 . 2  i s  a  ( c a p a c i t i e s )  t r a j e c t o r y  o f  t h e  

system; a  sequence of v e c t o r s  

de te rm ined  by ( 1 . 5 , 1 . 6 )  i s  a  (cumulat ive r e s o u r c e s )  t r a j e c t o r y  

o f  t h e  system. 

Sequences of  v e c t o r s  { v , u , y , z ) ,  which s a t i s f y  a l l  c o n s t r a i n t s  

of  t h e  problem (e .g .  (1.1 - 1.11)  i n  t h e  c a s e )  a r e  f e a s i b l e .  

Choosing a  f e a s i b l e  c o n t r o l s  v  and u  one can o b t a i n  by (1.1-1.3)  

and (1 .5 ,1 .6 )  f e a s i b l e  t r a j e c t o r i e s  y  and z  and compute t h e  v a l u e  

o f  o b j e c t i v e  f u n c t i o n  ( 1 . 1 2 ) .  ~ h u s ,  

A f e a s i b l e  c o n t r o l  { v * ,u * ) ,  which min imizes t h e  (1 .12)  o r  

(1 .13) ,  w e  w i l l  c a l l  an op t ima l  c o n t r o l .  



Now w e  can fo rmu la te  t h e  op t im i za t i on  problem f o r  t h e  energy  

supp ly  system. 

P r o b l e m  1.1. Given t h e  s t a t e  equa t i ons  

w i t h  i n i t i a l  c o n d i t i o n s  

y ( 0 )  = Y 
0  

( 1 .  l a )  

(1 .5a)  

and known paramete rs  

F ind c o n t r o l s  { v , u )  and co r respond ing  t r a j e c t o r i e s  { y , z ) ,  

which s a t i s f y  t h e  c o n s t r a i n t s  v ( t )  - > 0; u ( t )  0; y ( t )  - > 0; ' 

z  ( t)  > 0 - 

and minimize t h e  o b j e c t i v e  f u n c t i o n  

Ve rba l l y ,  t h e  p o l i c y  a n a l y s i s  i n  t h e  energy  supp ly  system 

model, which i s  f o rma l i zed  a s  Problem 1.1,  can be  s t a t e d  a s  

fo l l ows .  

A t  t h e  beg inn ing o f  t h e  p lann ing  p e r i o d  energy  p roduc t ion  

c a p a c i t i e s  (1 .2a)  a r e  known, t h e y  a r e  broken down t o  s e v e r a l  



"homogeneous" t e c h n o l o g i e s  ( f o s s i l ,  n u c l e a r ,  s o l a r ,  e t c . ) .  

There a r e  d i f f e r e n t  o p t i o n s  o f  deve lop ing t h e s e  i n i t i a l  energy 

p roduc t i on  c a p a c i t i e s  i n  t h e  system du r i ng  t h e  con.s idered 

pe r i od .  These o p t i o n s  a r e  s u b j e c t  t o  c o n s t r a i n t s  on pr imary  

energy  r e s o u r c e s  a v a i l a b i l i t y  (1 .5a ,1 .6a I1 .10)  and c o n s t r a i n t s  

on non-energy r e s o u r c e s  ( 1 . 9 ) ,  r e q u i r e d  f o r  t h e  c o n s t r u c t i o n  o f  

new energy  p roduc t ion  c a p a c i t i e s .  Each o f  t h e s e  o p t i o n s  has  i t s  

own advantages and d isadvan tages .  The problem i s  t o  f i n d  an 

op t ima l  mix of  t h e s e  o p t i o n s ,  which 

- i s  ba lanced  ove r  a l l  advantages and d isadvan tages  o f  

each i n d i v i d u a l  o p t i o n  and phased ove r  t ime ;  

- meets t h e  g iven  demand i n  secondary  energy ( 1 . 1 1 a ) ;  

- minimizes t h e  t o t a l  o p e r a t i o n a l  and . cons t ruc t i on  

e x p e n d i t u r e s  ( 1 .12a) . 

There a r e  two impor tan t  vec tor -parameters  i n  t h e  model, 

which a r e  g iven exogenously:  non-energy resou rces  f ( t ) ,  a v a i l -  

a b l e  w i t h i n  t h e  p l ann ing  p e r i o d  and t h e  demand f o r  secondary  en- 

ergy  d ( t ) .  These v a l u e s  determine mainly t h e  i n t e r a c t i o n  o f  t h e  

energy supp ly  sys tem w i t h  t h e  economy development sys tem (see 

S e c t i o n  4 ) .  

1.2 .  D iscuss ion  

Above a  s i m p l i f i e d  v e r s i o n  o f  t h e  energy supp ly  sys tem 

(ESS) model was cons ide red ,  which r e v e a l s  however t h e  major  

f e a t u r e s  o f  r e a l  systems.  The p a r t i c u l a r  implementat ion o f  t h e  

ESS models i s  n a t u r a l l y  more d e t a i l e d  and compl ica ted,  and 

depends t o  a  g r e a t  e x t e n t  on t h e  g e n e r a l  approach s e l e c t e d  f o r  

t h e  whole ESS model and on energy  and economic assumpt ions used 

f o r  b u i l d i n g  i t s  s e p a r a t e  submodels. W e  w i l l  n o t ,  however, 

concern t h e  p h y s i c a l  p e c u l i a r i t i e s  of  p a r t i c u l a r  ESS models b u t  

t r y  t o  u n d e r l i n e  below t h e  methodo log ica l  s p e c i f i c s  o f  t h e  ESS 

models and t h e i r  r e l a t i o n s  t o  Problem 1 . 1 .  I t  shou ld  b e  no ted  

t h a t  n o t a t i o n s  a r e  changed below compared t o  t h e  o r i g i n a l  ver -  

s i o n s  o f  t h e  models i n  o r d e r  t o  f a c i l i t a t e  a n a l y s i s  and compar- 

i s o n  of  t h e  models. 



a. Hdfe le-Manne Mode l  [3 ,21] .  F i r s t  of  a l l ,  t h e r e  i s  no 

d i v i s i o n  between o l d  and new c a p a c i t i e s  i n  t h e  model desc r i bed  

above. A l l  c a p a c i t i e s  a r e  d i v i ded  i n t o  two groups:  new techno- 

l o g i e s  f o r  which a d d i t i o n a l  c a p a c i t i e s  a r e  be ing  c o n s t r u c t e d  

du r i ng  p lann ing  hor i zon  and "o ld "  ones.  W e  denote  by y ( t )  = 

I y i ( t )  1 i = 1 .  . n and y 0 ( t )  = {yo ( t)  1 (i = 1 , .  . . ,no)  t h e  

v e c t o r s  o f  new and o l d  c a p a c i t i e s .  &econdly ,  a t o t a l  l oad ing  

o f  c a p a c i t i e s  is assumed i n  [ 3 ] ;  t h a t  is 

Thus, i n  t h i s  c a s e ,  t h e  s t a t e  equa t i ons  f o r  t h e  energy re-  

sou rces  consumption subsystem have t h e  form 

f o r  c o a l  and p e t r o g a s ,  and 

f o r  n a t u r a l  uranium and plutonium. 

Demand c o n s t r a i n t s  i n  [3] a r e  w r i t t e n  i n  t h e  form 

f o r  f i n a l  demand and 

f o r  i n t e r m e d i a t e  demand. 

I n  [3]  t h e  o b j e c t i v e  f u n c t i o n  is cons idered  i n  a l i n e a r  

form, s i m i l a r  t o  ( 1 .12) (model s o c i e t i e s  1 and 2 ) and i n  non- 

l i n e a r  form: 



(model s o c i e t y  3 ) .  I n  t h e  l a t t e r  c a s e  i t i s  supposed t h a t  

demands ( d l  (t) f o r  e lec t r ic  and d2 ( t )  f o r  n o n e l e c t r i c  energy)  

a r e  respons i ve  t o  p r i c e  and hence endogenously determined i n  

t h e  model. 

b .  ETA Model [22,231. The ETA: a node l  f o r  energy  techno logy 

assessment  i s  c l o s e l y  r e l a t e d  t o  energy  supp ly  sys tem models 

cons ide red  above. The model was developed by A.  Manne and rep re -  

s e n t s  f u r t h e r  development o f  t h e  n o n l i n e a r  v e r s i o n  ( s o c i e t y  3 )  

o f  t h e  Hafele-Manne model [ 3 ] .  ETA i s  a  med im-s i ze  non l i nea r  

programming model ( w i t h  l i n e a r  c o n s t r a i n t s ) .  I t  c o n t a i n s  f o r  

15 s t a g e s  p lann ing ho r i zon  (each 5  y e a r s  l ong )  a l t o g e t h e r  300 

rows, 700columns and 2500 nonzero ma t r i x  e lements  and r e q u i r e s  

on IBM 370/168 70 seconds t o  s o l v e  one c a s e  and 30 seconds f o r  

each subsequent  c a s e .  The problems w e r e  so l ved  by a  reduced 

g r a d i e n t  a l go r i t hm by B.  Murtagh and M. Saunders.  

Formal ly ,  ETA model c o n s t r a i n t s  have t h e  form o f  (1.1-1.3)  , 
(1 .13  - 1 . 1 7 ) .  The o b j e c t i v e  f u n c t i o n  may be viewed i n  e i t h e r  

of two e q u i v a l e n t  ways: maximizing t h e  sum o f  consumers'  p l us  

p roducers '  s u r p l u s ,  o r  min imiz ing t h e  sum o f  t h e  c o s t s  o f  con- 

s e r v a t i o n s  p l u s  i n t e r f u e l  s u b s t i t u t i o n  p l u s  t h e  c o s t s  o f  energy  

supp ly .  I n  t h e  l a t t e r  c a s e  it i s  a  combinat ion o f  (1 .12)  and 

( 1 . 1 8 ) .  The r e s u l t  o f  t h i s  o b j e c t i v e  f u n c t i o n  i s  t h a t  ETA 

a u t o m a t i c a l l y  a l l ows  f o r  p r i ce - induced  conse rva t i on  and a l s o  

f o r  i n t e r f u e l  s u b s t i t u t i o n .  

c .  MESSAGE [24,251 . The models cons ide red  above (Problem 1.1  ) 

a r e  fo rma l i zed  a s  DLP models o f  g e n e r a l  t y p e  (one-index models) .  

By i n t r o d u c i n g  energy  f lows (from supp ly  p o i n t s  t o  demand p o i n t s )  

w e  come t o  a  dynamical  LP model o f  t h e  t r a n s p o r t a t i o n  t y p e  (two- 

i n d i c e s ) .  MESSAGE and DESOM energy models can b e  w r i t t e n  i n  

t h i s  form. 



MESSAGE was developed by A. Voss, M. Agnew and L. Schra t t en -  

h o l z e r  a t  IIASA a s  an ex tens ion  o f  t h e  W. Hafe le  - A. Manne 

model. The model d i f f e r s  from i t s  predecessors  [3,21]  by i nc lu -  

s i o n  o f  a l l  a l l o c a t e d  seconda ry .ene rgy l t o  end u s e r s ;  an i nc reased  

number o f  supp ly  t echno log ies ;  d i s t i n c t i o n  between d i f f e r e n t  

p r i c e  c a t e g o r i e s  o f  n a t u r a l  resources .  and by adding c o s t s  o f  re- 

sou rces  e x t r a c t e d  t o  t h e  o b j e c t i v e  f unc t i on .  

Below w e  c o n s i d e r  a s i m p l i f i e d  v e r s i o n  o f  t h e  MESSAGE model. 

Le t  

x (t)  be t h e  energy f lows i n  t i m e  pe r i od  t from supply j i 
ca tegory  j t o  demand ca tegory  i. 

Then, a s  usua l  i n  t h e  t r a n s p o r t a t i o n  problem, w e  can d e f i n e :  

t h e  supp ly  o f  energy o f  t y p e  i ,  t h a t  i s  t h e  i n t e n s i t y  u i ( t )  o f  

t h e  i t h  p roduc t ion  c a p a c i t y  i n  t i m e  p e r i o d  t 

ui (t) = 1 a j i  X j i  ( t )  
3 

where 

a s p e c i f i e s  t h e  p roduc t ion  o f  secondary energy t ype  i j i 
p e r  u n i t  o f  pr imary energy resou rce  j .  

The consumption w . ( t )  of  pr imary energy resou rce  j i n  t i m e  
3 

pe r i od  t i s  

where 

' j i  s p e c i f i e s  t h e  t e c h n i c a l  e f f i c i e n c y  o f  a convers ion , 

technology f o r  energy f low from pr imary resou rce  j t o  

secondary energy i. 

The dynamics o f  t h e  secondary  energy p roduc t ion  subsystem and 

pr imary energy ( resou rce )  consumption subsystem a r e  desc r i bed  

i n  a conven t iona l  way ( c f .  (1 .1)  and (1.5) ) : 



where w e  use  t h e  same n o t a t i o n s  a s  i n  (1 . I  ) and (1 .5)  , annua l  

consumption G .  ( t )  i s  d e f i n e d  from ( 1 . 2 0 ) ,  and 
3 

u i ( t )  ( y i ( t )  (1.23)  

where u i ( t )  i s  d e f i n e d  from (1 .19 ) .  

I n  a d d i t i o n  w e  have demand c o n s t r a i n t s  

where 

d i ( t )  i s  t h e  g iven  exogenously demand f o r  secondary  

energy i i n  t i m e  p e r i o d  t. 

Taking i n t o  account  some a d d i t i o n a l  c o n s t r a i n t s  on v a r i -  

a b l e s  which a r e  o f  t h e  same form a s  f o r  Problem 1.1 ,  w e  can 

f i n a l l y  f o rmu la te  t h e  fo l l ow ing  DLP problem. 

Problem 1 . 2 .  Given t h e  s t a t e  equa t i ons  

y i ( t + l )  = y i ( t )  + vi ( t)  - v .  ( t - q  
1 

(i = l , . . . , n )  

w i t h  i n i t i a l  c o n d i t i o n s  

~ i n d  c o n t r o l s  {x j i  ( t )  1,  {vi ( t )  1 and co r respond ing  s t a t e  

I y i ( t )  1,  { z . ( t ) }  v a r i a b l e s  which s a t i s f y  t h e  c o n d i t i o n s  3 



w i ( t )  = i B j i  ( t)  x j i  (t) ; z . ( t )  < Z 
3 3 - j 

and minimize t h e  o b j e c t i v e  f u n c t i o n  

I t  shou ld  be no ted  t h a t  Problem 1.2 i s  on l y  a  s i m p l i f i e d  v e r s i o n  

o f  MESSAGE. The r e a l  model i n c l u d e s  d i f f e r e n t  p r i c e  c a t e g o r i e s  

m f o r  pr imary energy  resou rces :  

d i s t i n c t i o n  between pr imary and secondary convers ion p rocesses :  

y l l )  ( t )  ; v l 1 )  ( t )  and y / 2 )  ( t )  , v l 2 )  ( t )  

and o t h e r  c o n d i t i o n s .  

The t y p i c a l  dimension o f  t h e  MESSAGE model i s  t h e  fo l l ow ing .  

P lann ing  pe r i od  T i s  e q u a l  t o  13 t i m e  p e r i o d s  (65 y e a r s  d i v i d e d  

by 5  y e a r s  t i m e  p e r i o d s ) .  The number o f  demand c o n s t r a i n t s  i s  

7 xT ,  t h e  number o f  r esou rces  c o n s t r a i n t s  i s  5 x T ,  t h e  number o f  

t o t a l  r esou rces  a v a i l a b i l i t y  c o n s t r a i n t s  1 7  x 1 ,  r e s o u r c e s  ex- 

t r a c t i o n  i n t e n s i t y  c o n s t r a i n t s  2  x T ,  c a p a c i t y  l oad ing  c o n s t r a i n t s  

3 5 x T ,  t h e  number of  equa t i ons  f o r  c a p i t a l  s t o c k s  35 xT  and t h e  

number of c a p a c i t y  l oad ing  c o n s t r a i n t s  5  xT.  A l l  t h i s  g i v e s  us  

i n  t e r m s  o f  conven t iona l  LP problems about  1097 rows and 1202 

columns, w i t h  some 90 c o n s t r a i n t s  f o r  each t i m e  p e r i o d .  



d.  D E S O M  [20 ] .  DESOM (Dynamic Energy System Opt imizat ion 

Model) was developed i n  t h e  Brookhaven Nat iona l  Laboratory and 

is  an ex tens ion  o f  t h e  Brookhaven Energy System Opt imizat ion 

Model (BESOM) which was a s t a t i c ,  s i n g l e  pe r i od  LP model. I n  

DESOM t h e  demand s e c t o r  has  been d isaggrega ted  i n t o  technology 

r e l a t e d  end uses ( 2 2  mutua l ly  e x c l u s i v e  end uses a s  d e f i n e d  by 

t h e i r  energy coi iversion p r o c e s s e s ) .  The g e n e r a l  s t r u c t u r e  o f  

DESOM i s  s i m i l a r  t o  Problem 1.2. 

L e t  us cons ide r  t h e  s t a t e  equa t i ons  f o r  c a p a c i t i e s  develop- 

ment i n  t h e  form 

where t h e  meaning o f  c o n t r o l  v i ( t )  and s t a t e  y i ( t )  v a r i a b l e s  i s  

t h e  same a s  i n  (1.1 ) ; vo (t) is  t h e  exogenously g iven  decrease  

o f  e x i s t i n g  ( o l d )  c a p a c i t i e s  i n  t i m e  per iod  t .  

I n  [20] a s c e n a r i o  v a r i a b l e  a ( t )  is  i n t roduced  which re- 

str ic ts  t h e  growth r a t e  o f  c a p a c i t i e s :  

Genera l ly  a ( t )  a r e  g r e a t e r  t han  1 ,  which imp l i es  t h a t  in -  

s t a l l e d  capac i t y  may expand i n  t i m e  p e r i o d  t ;  i f  a ( t )  < 1 t h e  

c a p a c i t y  w i l l  decrease  i n  t i m e  pe r i od  t. 

Using (1 .26) one can rewrite t h e  i n e q u a l i t y  ( 1.27) i n  t h e  

fo l low ing  form which i s  s i m i l a r  t o  t h e  i n e q u a l i t y  g iven  i n  [20 ] :  

where 

is t h e  i n h e r i t e d  capac i t y  ( c a p i t a l  s t o c k  o f  o l d  c a p a c i t i e s )  f o r  

convers ion p rocess  i i n  t i m e  per iod  t (given exogenous ly) .  



To l i n k  t h e  p roduc t ion  subsystem w i t h  t h e  r e s o u r c e s  con- 

sumption subsystem, demand and o t h e r  c o n s t r a i n t s  on i n t e r m e d i a t e  

energy  f lows a r e  i n t r oduced  i n  [ 201 .  L e t  

X k ~  (t)  be  t h e  amount o f  energy  f low i n  t i m e  p e r i o d  t 

from supp ly  ca tego ry  k t o  m e e t  energy demand R .  

Then w e  can d e f i n e  

where 

IkR i s  t h e  l o a d  f a c t o r  f o r  i n t e r m e d i a t e  energy  f low 

from supp l y  ca tegory  k t o  demand ca tego ry  R ;  

A i s  t h e  l e n g t h  o f  t i m e  p e r i o d ;  g e n e r a l l y ,  A = A ( t ) ;  

Q (i) i s  t h e  set  of  i n d i c e s  ( k t & )  , which d e f i n e s  t h e  

p a t h  of  i n t e r m e d i a t e  energy  f1ow:f rom supp ly  k  

t o  demand R ;  

u i ( t )  i s  t h e  amount o f  i n s t a l l e d  c a p a c i t y  f o r  convers ion  

p rocess  i r e q u i r e d  i n  t i m e  p e r i o d  t t o  d e l i v e r  

X k ~  (t) ; t h a t  i s ,  ui (t) be ing  t h e  i n t e n s i t y  o f  

convers ion  p rocess  i i n  t i m e  p e r i o d  t. 

Ev iden t l y ,  t h e  amount o f  i n s t a l l e d  c a p a c i t y  t o  b e  a v a i l a b l e  

i n  t i m e  p e r i o d  t must b e  s u f f i c i e n t  t o  produce i n t e r m e d i a t e  

energy  f lows u t i l i z i n g  c a p a c i t y  f o r  convers ion  p r o c e s s  i i n  t i m e  

p e r i o d  t: 

which i s  s i m i l a r  t o  ( 1 . 4 ) .  

Off-peak e l e c t r i c a l  i n t e r m e d i a t e  energy  f lows t h a t  u s e  

c a p a c i t y  i n s t a l l e d  f o r  peak requ i rements  a r e  n o t  i nc l uded  i n  

( 1 .29 ) .  I n  t h i s  c a s e  



where q i s  an o v e r a l l  l oad  f a c t o r  a p p l i e d  t o  a l l  e l e c t r i c a l  i 
c a p a c i t y ,  say ing  t h a t  a convers ion  f a c i l i t y  o f  t ype  i can on ly  

o p e r a t e  qi p ropo r t i on  o f  t h e  t i m e .  

I n t r oduc ing  i n t e r m e d i a t e  energy f lows v a r i a b l e s  a l lows  t o  

w r i t e  down demand and resou rce  c o n s t r a i n t s .  

The amount of  energy from i n te rmed ia te  energy f lows xkR (t) 

must be s u f f i c i e n t  t o  m e e t  demands d k ( t ) :  

f o r  each demand ca tego ry  R .  

On t h e  o t h e r  hand, i n t e r m e d i a t e  energy f lows x ( t )  i n  t i m e  kR 
p e r i o d  t d e f i n e  a demand f o r  pr imary energy resou rce  j :  

where 

'jkR a r e  supp ly  c o e f f i c i e n t s  r e p r e s e n t i n g  t h e  t e c h n i c a l  

e f f i c i e n c y  o f  convers ion technology f o r  i n t e r -  

media te  energy f low o f  r e s o u r c e  j from supp ly  k 

t o  demand R ;  

w .  ( t )  i s  t h e  amount o f  r esou rce  j  t o  be  used i n  t i m e  
I 

p e r i o d  t. 

I n t r oduc ing  t h e  cumula t ive  amount z . ( t )  o f  r esou rce  j  ex- 
I 

t r a c t e d  till t h e  end o f  t i m e  p e r i o d  t ,  one can w r i t e  t h e  s t a t e  

equa t ion  f o r  t h e  resou rce  consumption subsystem i n  t h e  form 

z .  ( t + l )  = z . ( t )  + w .  (t) ; Z j ( 0 )  = z 
0 

I I I j  

which i s  s i m i l a r  t o  (1 .5 ) .  

Ev iden t l y ,  

t 
z j ( t + l )  = z . ( O )  + w . ( g )  . 

3 g=o I 



I n  [ 2 0 ]  t h e r e  a r e  upper  and l ower  l i m i t s  on  c u m u l a t i v e  

r e s o u r c e s :  

- 
z i s  a s s o c i a t e d  w i t h  t h e  r e a l  wo r ld  r e s o u r c e  j a v a i l a b i l i t y ;  
j 

t h e  lower l i m i t  z .  a s s u r e s  some minimum consumpt ion.  
-3 

I n  a d d i t i o n  t o  (1 .33 )  i n  [ 2 0 ]  t h e r e  i s  a r e s t r i c t i o n  on t h e  

g rowth  rate o f  r e s o u r c e s  e x t r a c t i o n ,  t h a t  i s  t h e  amount o f  re- 

s o u r c e  j t o  b e  e x t r a c t e d  i n  t i m e  p e r i o d  t + l  i s  no g r e a t e r  t h a n  

B .  ( t)  t i m e s  t h e  amount o f  r e s o u r c e  j t o  be e x t r a c t e d  i n  t i m e  
3 

p e r i o d  t: 

w .  ( t + l )  < B j  ( t )  w j  ( t )  . 
3 - (1 .34 )  

G e n e r a l l y  B . ( t )  > 1 ;  t o  phase  o u t  a r e s o u r c e  o v e r  t i m e  o n e  
3 

can set B . ( t )  < 1 f o r  t i n  l a t e r  t i m e  p e r i o d s .  
3 - 

L i k e  i n  o t h e r  models t h e r e  are e n v i r o n m e n t a l  c o n s t r a i n t s  i n  

[ 2 0 ] .  They a r e  w r i t t e n  i n  t h e  f o r m  

where 

e kRm i s  t h e  amount o f  e m i s s i o n  o f  t y p e  m f o r  i n t e r -  

m e d i a t e  ene rgy  f l ow  f rom k t o  R ;  

E m ( t )  i s  t h e  maximum p e r m i s s i b l e  q u a n t i t y  o f  e m i s s i o n s  

o f  t y p e  m i n  t i m e  p e r i o d  t .  

The o b j e c t i v e  f u n c t i o n  o f  t h e  p rob lem 1s t o  min imize  t h e  

t o t a l  d i s c o u n t e d  c o s t ,  i . e .  

(1 .36 )  
where 



(t) i s  t h e  c o s t  f o r  i n t e r m e d i a t e  energy f lows 

(und iscounted)  ; 

2 
c i ( t )  i s  t h e  c o s t  p e r  yea r  f o r  c a p a c i t y  t o  be b u i l t  i n  

t i m e  p e r i o d  t f o r  convers ion p rocess  i; 

3 
c j ( t )  i s  t h e  c o s t  f o r  r esou rce  j i n  t i m e  p e r i o d  t. 

P r o v i s i o n  f o r  r e c a p t u r i n g  t h e  remaining l i f e  f o r  t h e  var -  

i a b l e s  v i ( t )  i n  t h e  l a s t  t i m e  p e r i o d  is i nco rpo ra ted  i n  t h e  model 

b u t  is  n o t  shown i n  (1 .36) .  

Thus t h e  o p t i m i z a t i o n  problem f o r  t h e  DESOM model can be 

fo rmu la ted  a s  fo l lows :  

Problem 1. 3 .  Given t h e  s t a t e  equa t i ons  

yi ( t + l )  = yi (t)  + vi (t)  - v .  ( t - q  - V (t) 
1 O i  

z . ( t + l )  = z . ( t )  + w .  ( t) 
3 3 3 

w i t h  i n i t i a l  s t a t e s  

and known parameters  

f i n d  c o n t r o l s  {vi  (t)  I ,  { w j  (t) 1 ,{xk2 (t) 1, and cor responding t r a -  

j e c t o r i e s  {yi (t) , {z  . (t)  1, which s a t i s f y  t h e  c o n s t r a i n t s  
3 



- 
z j  ( t )  < z j  ( t)  < z j  (t) - - - 

and minimize t h e  o b j e c t i v e  f u n c t i o n  

Cons ider ing  Problem 1.3 ,  one can see t h a t  it i s  ve ry  c l o s e  

t o  t h o s e  cons ide red  above (exc lud ing  t h e  s p e c i a l  way o f  i n t r o -  

duc ing t h e  i n t e r m e d i a t e  f lows x k R ( t ) ) .  

A s  r e p o r t e d  i n  [20] t h e  model w i thou t  env i ronmenta l  con- 

s t r a i n t s  had 130 rows c o n s t r a i n t s  and 750 v a r i a b l e s  p e r  t i m e  

pe r i od .  The f i r s t  v e r s i o n  of  t h e  model c o n t a i n s  f o u r  p e r i o d s  

o p t i m i z a t i o n  problem and i t t a k e s  about  30 minutes  on t h e  IBM 

370/155 t o  s o l v e  it. The s t a n d a r d  base  c a s e  i s  be ing  developed.  

Th is  c a s e  w i l l  cover  a  100-year pe r i od  from 1973 t o  2073. I t  

w i l l  c o n s i s t  of  s i x  f i ve - yea r  p e r i o d s  p rov id ing  c o n s i d e r a b l e  

d e t a i l s  t o  t h e  t u r n  of  t h e  cen tu ry ;  t h r e e  ten-year  p e r i o d s  t o  

pe rmi t  l a r g e - s c a l e  i n t r o d u c t i o n  o f  f u s i o n  and s o l a r  t e c h n o l o g i e s  

and two twenty-year  p e r i o d s . t o  reduce t r u n c a t i o n  e f f e c t s .  

e .  S P I  Mode l .  The model h a s  been developed i n  t h e  S i b e r i a n  

Power I n s t i t u t e  (SPI)  o f  t h e  S i b e r i a n  Department of t h e  USSR 

Academy o f  Sc iences  t o  a n a l y z e  p o s s i b l e  energy development s t r a -  

t e g i e s  and comparison o f  t e n d e n c i e s  i n  s c i e n c e  and techno logy.  

The model i s  p a r t  of  t h e  system o f  models f o r  long-term energy  



development f o r e c a s t i n g  ( f o r  30 t o  40 y e a r s ) .  AS t h i s  system o f  

models w a s  desc r i bed  i n  a f e w  r e f e r e n c e s  (see, f o r  example, 

[1 ,2 ,8  - 1 0 ] ) ,  w e  d i s c u s s  h e r e  o n l y  some s p e c i f i c  f e a t u r e s  o f  t h e  

SPI ESS model. 

The SPI model has  a s p e c i f i c  b lock  s t r u c t u r e  w i t h  d e t a i l e d  

d e s c r i p t i o n  f o r  each r e g i o n  k and yea r  t o f  p roduc t ion  connec t ions  

o f  energy convers ion  a t  a l l  s t a g e s  rang ing from e x t r a c t i o n  o f  

pr imary energy ( d i f f e r e n t  k i nds  o f  f u e l  and nuc lea r  f u e l ,  wa te r ,  

s o l a r  and geothermal  energy)  v i a  p roduc t ion  and d i s t r i b u t i o n  o f  

secondary  energy ( l i q u i d ,  s o l i d  and gaseous f u e l s ,  secondary 

n u c l e a r  f u e l ,  e lectr ic energy ,  steam, h o t  wa te r )  t o  t h e  p roduc t ion  

o f  f i n a l  energy u t i l i z e d  i n  indust ry ,  t r a n s p o r t ,  a g r i c u l t u r e ,  

mun ic ipa l  and s e r v i c e  s e c t o r s .  For  each t i m e  p e r i o d  t t h e  model 

c o n s i s t s  o f  o i l ,  c o a l ,  gas ,  n u c l e a r  and e l e c t r o  energy b locks  

and f o r  each reg ion  k o f  f u e l  and e l e c t r o  energy supp ly  b locks .  

Each b lock  can b e  gene ra ted ,  i n t r oduced  t o  a computer and up- 

d a t e d  independent ly .  

The ba lance  e q u a t i o n s  f o r  each  reg ion  k and y e a r  t o f  pro- 

d u c t i o n  and d i s t r i b u t i o n  a r e  t h e  fo l lowing:  

o f  pr imary energy a 

of secondary ene rsv  6 



o f  f i n a l  energy  y 

Here 

k k 
xa j  (t) ; x i j  (t)  and x (t)  a r e  t h e  i n t e n s i t i e s  o f  p roduc t ion  

Y j 
o f  pr imary a ,  secondary f3 and f i n a l  y energy  w i t h  

techno logy +j f o r  r eg ion  k and y e a r  t ;  

xkk'  (t) and xkk '  (t) a r e  t h e  unknown s c a l e s  of  t r a n s p o r t a t i o n  a B 
o f  pr imary  a and secondary B energy between reg ions  

k and k '  a t  y e a r  t ;  

ak ( t ) ,  a k  ( t ) ,  ak  (t) a r e  t h e  t e c h n o l o g i c a l  c o e f f i c i e n t s  o f  
a j B j Y j 

o u t p u t  of  energy  i n  t h e  p rocess  o f  i t s  convers ion .  

k  
b i j  (t)  ; bB  (t) a r e  s i m i l a r  c o e f f i c i e n t s  o f  energy  consumption; 

kk' kk ' ba (t) , b B  (t) s p e c i f y  energy l o s s e s  dur ing  t r a n s p o r t a t i o n ;  

k  k  d i  (t) , d B  (t)  , d (t) a r e  demands f o r  pr imary  a ,  secondary B 
Y 

and f i n a l  energy  y i n  r eg ion  k and yea r  t. 

The nonenergy r e s o u r c e s  (WELMM f a c t o r s  [ 2 6 ] )  c o n s t r a i n t s  

which a r e  s i m i l a r  t o  (1 .9 )  a r e  w r i t t e n  i n  t h e  form 

For each non-renewable k i nd  of  pr imary energy a w e  have 

c o n s t r a i n t s  

which a r e  s i m i l a r  t o  (3.31)  - ( 3 .33 ) .  



One can s e e  t h a t  t h e s e  cond i t ions , though having a much more 

d e t a i l e d  form a r e  of t h e  same s t r u c t u r e  a s  t h e  c o n s t r a i n t s  o f  

t h e  models mentioned above. The d e s c r i p t i o n  of t h e  dynamics 

o f  system development d i f f e r s  however i n  some r e l a t i o n s  i n  t h e  

SPI model. 

The equa t i ons  l i n k i n g  b locks  t and t + l  have t h e  fo l low ing  

form i n  t h e  S P I  model [9] : 

where 

i is t h e  index of any energy u n i t  ( p l a n t ,  s t a t i o n ,  etc . )  ; 

j i s  t h e  index o f  t h e  t ype  o f  t h e  convers ion p rocess .  

The set  of  i n d i c e s  Jo i s  a s s o c i a t e d  w i th  convers ion ( o r  

p roduc t ion)  c a p a c i t i e s  which e x i s t  i n  t i m e  p e r i o d  t ( " o l d " )  

and t h e  set  of  i n d i c e s  J1 i s  a s s o c i a t e d  w i th  c a p a c i t i e s  which 

were b u i l t  till t h e  end of y e a r  t ( "new") ;  t h u s  q i ( t + l )  i s  

t h e  product ion capac i t y  o f  t ype  i a t  t h e  end o f  yea r  t ( o r  a t  

t h e  beginning o f  yea r  t + l ) ;  x i ( t + l )  is. t h e  c a p a c i t y  o f  t ype  i 

which is  dismant led i n  yea r  t + l  . 
The above equa t i ons  can be r e w r i t t e n  i n  a form c l o s e r  t o  

s t a t e  equa t i ons  ( 1.1 ) : 

Ev iden t l y ,  1 xi (t)  may be a s s o c i a t e d  wi th  yi (t) , whereas 
j€Jo 

1 x i j  (t) - Xi ( t + 1 )  w i th  vi (t) - vi ( t - r i ) .  
I=, 

The o t h e r  p e c u l i a r i t y  of t h e  model i s  t h e  o b j e c t i v e  f unc t i on .  

The min imizat ion o f  t h e  t o t a l  d iscoun ted  c o s t  was cons idered  n o t  

be ing q u i t e  adequate i n  view of  u n c e r t a i n t y  i n  p r i c e s .  There fo re ,  

t h e  o b j e c t i v e  f u n c t i o n  o f  t h e  model is  g iven  i n  t h e  form of  d i s -  



counted consumption of t o t a l  expendi . tures £or  d i f f e r e n t  m a t e r i a l  

resources and manpower (WELMM f a c t o r s )  : 

where c o e f f i c i e n t  E i ( t )  matches t h e  va lue of t h e  i t h  resource  

f i ( t )  w i th  t h e  remaining resources ,  B ( t)  is a d iscount ing  f a c t o r .  

The dimension of  t h e  model is 500-600 c o n s t r a i n t s  and 4000- 

5000 v a r i a b l e s  f o r  t h e  long-range planning v a r i a n t  and 1200-1300 

c o n s t r a i n t s  and 6000-7000 v a r i a b l e s  f o r  t h e  f ive-year  p lanning 

problem. To so lve  these  op t im iza t ion  problems a s ~ e c i a l  program 

package has been developed which g i ves  a 3-4 f o l d  reduc t ion  of 

t h e  computation t ime i n  comparison wi th  t h e  convent ional  approach. 



2. Resources Model 

The r e s o u r c e s  model i s  aimed a t  t h e  e v a l u a t i o n  o f  long-term 

resou rces  e x p l o r a t i o n  and e x t r a c t i o n  s t r a t e g i e s .  I t  a l s o  pro- 

v i d e s  i n p u t s  f o r  t h e  energy  supp ly  model (see S e c t i o n  I ) ,  essen-  

t i a l l y  by e s t a b l i s h i n g  r e l a t i o n s  between a v a i l a b l e  q u a n t i t i e s  o f  

g i ven  n a t u r a l  r e s o u r c e s  and t h e i r  p o s s i b l e  c o s t  o f  p roduc t ion  

( e x t r a c t i o n )  [26 - 391. 

M e  c o n s i d e r  p roduc t i on  o f  n a t u r a l  r esou rces  o v e r  a  g i ven  

p lann ing  hor i zon  a t  a  r e g i o n a l  ( n a t i o n a l )  l e v e l .  The l e n g t h s  o f  

a  t i m e  s t e p  and of  t h e  whole p lann ing  ho r i zon  cor respond t o  t h a t  

i n  t h e  energy  supp ly  model. A v a i l a b i l i t y  o f  r esou rces  a r e  ex- 

p r e s s e d  i n  p h y s i c a l  u n i t s  and c o s t s  a r e  measured i n  monetary 

u n i t s  . 

The model 's  s t r u c t u r e  i s  s i m i l a r  t o  t h e  energy  supp ly  model 

i n  t h e  s e n s e  t h a t  it i s  a  DLP model i n  which t h e  op t ima l  mix o f  

t echno log ies  f o r  e x p l o r a t i o n  and e x t r a c t i o n  o f  n a t u r a l  energy 

resou rces  i s  determined.  

2.1. Bas i c  Model 

a .  S t a t e  Equat ions  

The model c o n s i s t s  o f  two subsystems: r esou rces  accoun t ing  

subsystem and c a p i t a l  s t o c k s  subsystem. The f i r s t  subsystem de- 

s c r i b e s  a  s h i f t  o f  r e s o u r c e s  from s p e c u l a t i v e  t o  h y p o t h e t i c a l  

c a t e g o r i e s  and from h y p o t h e t i c a l  t o  i d e n t i f i e d  c a t e g o r i e s .  H e r e  

w e  use  d e f i n i t i o n s  g iven  i n  [32 - 361. Both renewable and non- 

renewable resou rces  a r e  cons idered .  The second subsystem de- 

s c r i b e s  t h e  accumula t ion  and d e p l e t i o n  o f  c a p a c i t i e s  ( c a p i t a l  

s t o c k s )  f o r  e x p l o r a t i o n  and e x t r a c t i o n  o f  b o t h  renewable and 

nonrenewable resou rces .  

I n  t h e  resou rces  e x t r a c t i o n  w e  c o n s i d e r  v a r i o u s  mixes of 

e x t r a c t i o n  t echno log ies .  

Before d e s c r i b i n g  t h e  r e s o u r c e  model, l e t  us  cons ide r  a  

s imp le  example, which i l l u s t r a t e s  how t h e  dynamic o f  t h e  p r o c e s s  

i s  t o  be  desc r i bed .  L e t  x ( t )  b e  t h e  t o t a l  amount o f  nonrenew- 



a b l e  r e s o u r c e  a t  t i m e  p e r i o d  t. Applying g i ven  e x t r a c t i o n  tech-  

n o l o g i e s  one  can e x t r a c t  on l y  a  c e r t a i n  p o r t i o n  o f  t h e  whole 

amount of  t h i s  r e s o u r c e  i n  t h e  ground. W e  deno te  t h e  e x t r a c t -  

a b l e  ( r ecove rab le )  r e s o u r c e  by x  ( t)  . I t  i s  conven ien t  t o  r e f e r  

t o  f t ( t )  a s  a  n e t  va lue  and t o  x ( t )  a s  a  g r o s s  va lue .  Between 

g r o s s  and n e t  v a l u e s  o f  t h e  r e s o u r c e  t h e  f o l l ow ing  r e l a t i o n  

ho lds  

where 6 ,  0  5 6  5 I i s  t h e  r e c o v e r a b i l i t y  f a c t o r  o f  t h e  r e s o u r c e  

( f o r  a f i x e d  techno logy)  a t  t i m e  t .  

Bear ing t h i s  i n  mind w e  can use  t h r e e  t y p e s  o f  d e s c r i p t i o n  

o f  t h e  p rocess  i n  g r o s s  v a l u e s ,  i n  n e t  v a l u e s  and mixed type .  

L e t  u ( t )  be  t h e  ( g r o s s )  amount o f  t h e  r e s o u r c e ,  e x t r a c t e d  i n  

t i m e  p e r i o d  t ,  and G ( t )  b e  t h e  (g ross )  amount o f  t h e  r e s o u r c e ,  

s h i f t e d  from t h e  h y p o t h e t i c a l  t o  t h e  i d e n t i f i e d  ca tego ry .  Then 

t h e  ba lance  equa t i on  is 

x ( t + l )  = x ( t )  - u ( t )  + ij (t) ( t  = O, l , . . . ,T -1 )  

Ev iden t l y ,  t h a t  

x ( t )  2 0  f o r  a l l  t ,  

which i s  e q u i v a l e n t  t o  

To o b t a i n  a  d e s c r i p t i o n  i n  ' n e t '  u n i t s  a l l  t h e  v a r i a b l e s  

must be  m u l t i p l i e d  by 6 .  Due t o  l i n e a r i t y  of  t h e  r e l a t i o n s :  

( W e  r e f e r  t o  t h e  v a r i a b l e  w i t h  a  roof  a s  t o  n e t  va lues . )  



I n  p r a c t i c e  a  mixed d e s c r i p t i o n  i s  g e n e r a l l y  used: 

I n  t h i s  c a s e  t h e  c o n d i t i o n  

x ( t )  > 0 - 

i s  e q u i v a l e n t  t o  

The v a l u e  

deno tes  t h e  ( g r o s s )  amount o f  t h e  resou rce  remain ing i n  t h e  

ground a f t e r  t p e r i o d s  o f  e x t r a c t i o n .  

F u r t h e r  w e  w i l l  use  t h e  mixed d e s c r i p t i o n ,  o m i t t i n g  t h e  

roof  f o r  v a r i a b l e  G ( t )  f o r  s i m p l i c i t y  [37,381 . 
N o n r e n e w a b l e  Resources .  Let  

1 
x,  (t) be  t h e  ( g r o s s )  amount ( s t o c k )  o f  a n  i d e n t i f i e d  non- 
I 

renewable r e s o u r c e  o f  ca tego ry  i a t  t i m e  p e r i o d  t ;  

I u ( t)  be  t h e  ( n e t )  amount of  r esou rce  of  ca tego ry  i m i  
e x t r a c t e d  by techno logy m i n  t i m e  p e r i o d  t (ex- 

t r a c t i o n  i n t e n s i t y ) ;  

1 
Mi be  t h e  t o t a l  number of  e x t r a c t i o n  t echno log ies  

which can be  a p p l i e d  t o  nonrenewable r e s o u r c e  i; 

u2 ( t)  be  t h e  ( g r o s s )  amount o f  r esou rces  o f  ca tego ry  i k i  
s h i f t e d  from t h e  h y p o t h e t i c a l  t o  t h e  i d e n t i f i e d  

ca tego ry  by t h e  e x p l o r a t i o n  techno logy k ;  

1 
Ki be  t h e  t o t a l  number o f  e x p l o r a t i o n  t echno log ies  

which can b e  a p p l i e d  t o  nonrenewable r e s o u r c e  i. 



Then t h e  dynamics i n  t o t a l  amounts of  i d e n t i f i e d  nonrenewable 

r e s o u r c e s  w i l l  be t h e  fo l l ow ing :  

1 1 X i ( t + l )  = x .  ( t )  - 1 
1 

( t ) / s m i ( t )  + 1 uZ i ( t ) .  (2 .1)  1 I u m i   EM^ ~ E K  

1 
Here 6 m i ( t )  i s  t h e  r e c o v e r a b i l i t y  o f  r esou rce  i by technology m 

a t  t i m e  t .  

For h y p o t h e t i c a l  r esou rces  w e . i n t r o d u c e ,  i n  a s i m i l a r  way, 

( a l l  v a r i a b l e s  a r e  "g ross "  v a l u e s ) :  

2 
x i ( t )  i s  t h e  t o t a l  amount of  h y p o t h e t i c a l  r e s o u r c e s  o f  

ca tego ry  i i n  t i m e  p e r i o d  t ;  

3 
u i ( t )  i s  t h e  t o t a l  amount o f  r esou rce  i s h i f t e d  from t h e  

s p e c u l a t i v e  t o  t h e  h y p o t h e t i c a l  ca tego ry  a s  a 

r e s u l t  o f  e x p l o r a t i o n  a c t i v i t y  i n  t i m e  p e r i o d  t; 

The s t a t e  e q u a t i o n s  f o r  t h i s  group o f  nonrenewable resou rces  

w i l l  b e  t h e  fo l lowing:  

2 2 2 3 
xi ( t + l )  = xi ( t )  - 1 , Uki ( t)  + u i ( t )  

kEK , 

S i m i l a r l y ,  f o r  t h e  s p e c u l a t i v e  ca tegory  of  nonrenewable resou rces  : 

where 
3 

x i ( t )  i s  t h e  t o t a l  e s t i m a t e  o f  s p e c u l a t i v e  r e s o u r c e s  of 

ca tegory  i a t  s t e p  t ;  

4 
u i ( t )  i s  t h e  change o f  e s t i m a t e  o f  h y p o t h e t i c a l  ca tegory  i 

a s  a r e s u l t  of improved s c i e n t i f i c  knowledge. 

I n  ( 2 .  l  ) - (2 .3)  i = l  , . . . , N 1 ,  where N 1  is t h e  t o t a l  number o f  con- 

s i d e r e d  c a t e g o r i e s  o f  nonrenewable resources .  

I n  t h e  s t a t e  equa t i ons  (2 .1)  - (2 .3)  



a r e  s t a t e  v a r i a b l e s  f o r  t h e  nonrenewable resou rces  subsystem; 

a r e  c o n t r o l  v a r i a b l e s .  

Renewable Resources. I n  a similar way w e  can  w r i t e  t h e  

sta te  e q u a t i o n s  f o r  renewable resou rces :  

where 
1 

1 
y i ( t )  i s  t h e  t o t a l  f low of t h e  a v a i l a b l e  resou rce  

o f  ca tegory  i i n  t i m e  pe r i od  t; 

2 
y i ( t )  is t h e  t o t a l  f low o f  t h e  h y p o t h e t i c a l  r esou rce  i i n  

t i m e  p e r i o d  t ;  

3 
y i ( t )  i s  t h e  t o t a l  f low o f  t h e  s p e c u l a t i v e  resou rce  i i n  

t i m e  pe r i od  t; 

2 
v k i ( t )  i s  t h e  i n t e n s i t y  o f  e x p l o r a t i o n  techno logy k 

a p p l i e d  t o  resou rce  i i n  t i m e  p e r i o d  t ;  

2 
'i is t h e  t o t a l  number of e x p l o r a t i o n  t echno log ies  

f o r  r esou rce  i; 

N2 i s  t h e  t o t a l  number o f  cons idered  c a t e g o r i e s  o f  

renewable resou rces .  

I n  t h e  renewable resou rces  subsystem (2 .4)  - (2 .6)  

a r e  t h e  s t a t e  v a r i a b l e s ;  

2 3 4 2 
{vki ( t )  , vi (t) , vi ( t ) }  ( k  = I , .  . . ,K i  ; i = I , .  . . , N 2 )  

a r e  t h e  c o n t r o l  v a r i a b l e s .  



Initial conditions are supposed to be given for all re- 

source categories 

C a p a c i t i e s '  D y n a m i c s .  Alongside with subsystems which 

describe resources extraction and explorationl it is necessary 

to introduce a subsystem of resource extraction and exploration 

capacities development. It is described by equations which are 

similar to (1.1). Let for extraction subsystem: 

zm(t) be the extraction capacities of type m in time 

period t; 

wm(t) be the increase of the mth extraction capacities 

in time period t; 

' m be the service time of the mth capacity. 

Then the state equations for this submodel will be the following: 

where in the general case m E M 1 U M 2  - the union of two sets: 

Ml(the total set of technologies for extracting nonrenew- 

able resources) and 

M2(the total set of technologies for extracting renewable 

resources. ) 



Initial conditions are given: 

The dynamics of exploration capacities can be described 

in a similar way. For simplicity, these equations are omitted 

here. 

b. C o n s t r a i n t s  - 

Exploration and extraction of natural resources are subject 

to a number of constraints. 

Phus icaZ  Cons t ra in ts .  All variables in the model are non- 

negative by their physical sense: 



k = 1 ,  ..., K2 . 

zm(t) 0 t wm(t) 2 0 , m € M 1  UM2 . 

Recoverab i l i ty  Const ra in ts .  The recoverability of resources 

is assumed to be associated with the type of resources and tech- 

nology used for their extraction. 

As mentioned in the introduction of this section they can 

be written for nonrenewable resources as 

which is equivalent (.due to (2.1) and (2.7) ) to: 

For renewable resources such constraints can be written as: 

1 Here vmi (t) is the amount of the renewable resource i ex- 

tracted by technology m €  M: in time period t (extraction 

intensity). Opposite to (2.1) this variable does not enter the 

equation (2.4) for renewable resources. 

Due to (2.4) and (2.7) the condition (2.13). is equivalent 

to: 



Avai lab i l i ty  Const ra in ts .  The s i m p l e s t  form o f  t h e s e  con- 

s t r a i n t s  can be  expressed  a s  upper bounds on c o n t r o l  v a r i a b l e s :  

and 
- 1 

(~t) < V m i ( . t )  V m i  - 

-2 
( t )  < v (t) Vk i  - k i  

3 

4 -4 
vi (t) 5 v i ( t )  

These c o n s t r a i n t s  a r e  s i m i l a r  t o  (1.8)  and may exp ress  ve ry  

roughly t h e  a v a i l a b i l i t y  o f  v a r i o u s  t echno log ies  f o r  e x p l o r a t i o n  

and e x t r a c t i o n  ove r  t i m e .  

The development o f  a resou rce  system can r e q u i r e  some o t h e r  

resou rces  (such a s  land ,  manpower, etc.)  which are e x t e r n a l  i n  

r e s p e c t  t o  t h e  system (WELMM f a c t o r s ,  see [261) .  These c o n s t r a i n t s  

can be w r i t t e n  i n  t h e  form s i m i l a r  t o  ( 1 . 9 ) :  

where 
vRv and R (t) a r e  t h e  amounts o f  e x t e r n a l  r esou rce  R 

(WELMM f a c t o r  R ) ,  a v a i l a b l e  i n  t i m e  p e r i o d  t f o r  

nonrenewable and renewable resou rces  subsystems 

( R  = 1 , .  . . , L) and ,  f o r  each group of e x p l o r a t i o n  

a c t i v i t i e s  v .  



L is the total number of LELMM factors considered 

as external to the model; 

vRu r (t) , rVRv are the (normative) consumptions of WELMM si qi 
factor R per unit of the production output; 

and 

the first subindices should be dropped on the left sides 

(2.17), (2.18), if v = 3,4. 

vRv Practically, coefficients rYRu(+) and r (t) are negli- si qi 
gibly small for v = 2,3,4. 

The other important type of availability constraints is 

connected with the linkage of resource extraction and production 

capacities. In fact, extraction of resources is limited at each 

time period by available production capacities: 

where zm (t) , m E MI , m E  M2 are defined from equation (2.7) . 

In its turn, the development of extracting capacities sub- 

system (2.7) may be limited by resources, available for con- 

strpction of new capacities. In this case, control variables 

wm(t) in (2.7) are subject to constraints, which are similar to 

(2.17) and (2.18). 

Demand C o n s t r a i n t s .  Demands are exogeneous for the resource 

model. These constraints can be written in the form: 



for nonrenewable resources, and 

u v 
for renewable resources, where di(t) and di(t) are the demands 

of resource of type i in time period t. 

It should be noted that accurate estimation of demands 
v {dr (t) , di (t)} is very important in the resource model, because 

of the strong influence of these parameters on the timing and 

corresponding costs to put into operation new extraction techno- 

logies and intensity of exploration activities, that is, on the 

optimal solution. 

c. Object ive Func t ion  

There can be different objective functions for the resource 

system development. Following the ESS model we determine the 

objective function as to minimize the total discounted costs 

required to implement a resource development strategy: 

T- 1 
lUU1 (t) + I Cki ki mi mi 2u u2 (t) + 

t=O m,i k,i 

2V v2 (t) + 1 c3v v: (t) + 1 c4V v4 (t) 
+ 1 'ki ki k,i 1 

i 
1 



Here 

c o s t s  f o r  non- and renewable r e s o u r c e s ,  

z 
C m are o p e r a t i o n a l  c o s t s ,  

W 

'm are c a p i t a l  i nves tmen t  c o s t s ,  

1Rq 1Rq 
'mi , cmi ,.... are c o s t s  o f  WELMM f a c t o r s  ( e x t e r n a l  

r e s o u r c e s )  . 
T r a n s p o r t a t i o n  c o s t s  can  a l s o  be i nc l uded  i n  t h e  model. 

d .  S t a t e m e n t  o f  t h e  Prob lem 

F i n a l l y  w e  can  f o rmu la te  t h e  problem o f  op t ima l  development 

o f  t h e  r e s o u r c e  sys tem as f o l l ows :  

Prob lem 2 . 1 .  Given t h e  sta te  e q u a t i o n s  f o r  nonrenewable 

r e s o u r c e s  subsystem (i = 1 , .  . . ,N1  ) : 

3 3 3 4 x: ( t + l )  = x; ( t )  - u, ( t)  + u, (t) ; 

f o r  renewable r e s o u r c e s  subsystem (i = l , . . . , N 2 ) :  



f o r  e x t r a c t i n g  c a p a c i t i e s  subsystem ( m E ( 1 ,  ..., MI) and 

m~ ( 3 , .  .. ,M2)) :  

1  2 3 4 1  Find c o n t r o l s  {Umi (t) r U k i  (t) I U i  (t)  I Ui (t)} 1 IVmi 't) 1 

2  
vki (t)  , v: (t) , vq (t)} .{wm (t)} and cor responding t r a j e c t o r i e s  

1  2  2  (t)} and {zm(t) }  , which 
{Xi (t)  i xi (t) t x: (t)} 1 {y i  (t)  ; yi ('1 t y i  

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

a )  nonnegat ive  c o n s t r a i n t s  

U1 (t)  2 0 1  
X i ( t )  > 0 VAi (t) ? 0 

1  
m i  - - y i ( t )  - > 0 

2  
U k i ( t )  > 0 

2  
X i ( t )  > 0 2 

V k i ( t )  2 0 
2  

- - y i ( t )  - > 0 

b )  r e c o v e r a b i l i t y  c o n s t r a i n t s  

1  2 3 1 vmi ( t ) / G m i  (t) 5 yi (t) (i = I , .  . . , N ~ )  
rn 



c) external resources availability constraints 

(R = I , .  . . r L  ; v = 3,. . . , 4 )  : 

d) production capacities availability constraints: 

e) demand constraints 

1 1 umi(.t) - > dy (t) (i = lr...rN1) 
m 

and minimize the objective function ( v  = 1,2,3,4): 



2.2. D iscuss ion  

Problem 2 .3  i s  g e n e r a l  enough and a l l ows  d i f f e r e n t  modi f i -  

c a t i o n s .  They g i v e  a p o s s i b i l i t y  t o  c a r r y  o u t  p o l i c y  a n a l y s i s  

of e x t r a c t i o n  and/or e x p l o r a t i o n  a c t i v i t i e s  f o r  one r e s o u r c e  o r  

f o r  a group o f  r e s o u r c e s ,  f o r  a r eg ion  o r  a  coun t ry ;  t o  d e t e r -  

mine op t ima l  ba lance  of  t h e s e  a c t i v i t i e s  f o r  nonrenewable and 

renewable resou rces .  Below w e  c o n s i d e r  some examples o f  t h e s e  
m o d i f i c a t i o n s  and p a r t i c u l a r  c a s e s  of Problem 2.1. 

a. ~ x t r a c t i o n  and Exploration Model 

F i r s t  w e  cons ide r  t h e  case f o r  ana lyz ing  i n t e r r e l a t i o n s  be- 

tween e x t r a c t i o n  and e x p l o r a t i o n  a c t i v i t i e s  f o r  a nonrenewable 

energy  resou rce  (e .g .  c o a l ,  o i l ,  etc.)  

The problem c o n s i s t s  of  t h e  fo l lowing.  For a g i ven  reg ion  

( coun t r y )  t h e r e  are known i n i t i a l  v a l u e s  o f  i d e n t i f i e d  and hypo- 

t h e t i c a l  s t o c k s  of  t h e  resou rce ,  c l a s s i f i e d  on n  d i f f e r e n t  cat- 

e g o r i e s  (e .g .  on-shore c r u d e . o i 1 ,  n a t u r a l  g a s  and o f f - sho re  
c rude  o i l .  ) 

There are a l s o  M d i f f e r e n t  e x t r a c t i o n  and K d i f f e r e n t  

e x p l o r a t i o n  t echno log ies .  The i n t e n s i t i e s  o f  t h e s e  t e c h n o l o g i e s  

depend a t  some t i m e  p e r i o d  on t h e  e x t r a c t i o n  and e x p l o r a t i o n  

c a p a c i t i e s  a v a i l a b l e  a t  t h i s  t i m e  pe r i od .  

The problem is t o  de te rm ine  t h e  op t ima l  mix o f  e x t r a c t i o n  

and e x p l o r a t i o n  a c t i v i t i e s  i n  a g i ven  p lann ing  hor i zon  ( e x t r a c t i o n  

and e x p l o r a t i o n  p l a n s ) ,  which is balanced w i t h  t h e  development 

of  t h e  c a p a c i t y  subsystem and y i e l d s  t h e  maximum o u t p u t  f o r  t h i s  

p lann ing  hor i zon .  

Using t h e  c o n d i t i o n s  o f  Problem 2.1, t h i s  problem can be 

f o rma l i zed  as f o l l ows :  

Problem 2.2. L e t  b e  g i ven  i n i t i a l  s t o c k s  o f  i d e n t i f i e d  

and hypo the t3ca l  r e s o u r c e s  



wi th  t h e  s t a t e  e q u a t i o n s  f o r  e x t r a c t i o n  a c t i v i t i e s :  

and e x p l o r a t i o n  a c t i v i t i e s :  

where ~ ! ( t )  i s  t h e  i n c r e a s e  o f  t h e  h y p o t h e t i c a l  r esou rce  o f  
I 

ca tegory  i a t  t i m e  t (d iscovery  r a t e ) .  

Let  a l s o  be g iven t h e  i n i t i a l v a l u e s  o f  e x t r a c t i o n  and ex- 

p l o r a t i o n  c a p a c i t i e s  

w i t h  t h e  s t a t e  equa t i ons  

The i n t e n s i t i e s  o f  e x t r a c t i o n  and e x p l o r a t i o n  a c t i v i t i e s  
3 2 

- 
umi (t) , u ( t)  , a s  w e l l  a s  i n t e n s i t i e s  o f  new e x t r a c t i o n  and k i  

1 2 e x p l o r a t i o n  c a p a c i t i e s  c o n s t r u c t i o n  w i ( t ) ,  w i ( t )  a r e  s u b j e c t  t o  

budget  and o t h e r  resou rces  c o n s t r a i n t s  



Find nonnegat ive  c o n t r o l  sequences 

and co r respond ing  n o n n e g a t i v e . s t a t e  v a r i a b l e s  

which y i e l d  a maximum t o t a l  o u t p u t  o f  t h e  resou rce  

where ri i s  t h e  energy  convers ion  f a c t o r  f o r  t h e  r e s o u r c e  o f  - 2 ca tego ry  i. Here ui (t) ( .discovery r a t e )  i s  cons ide red  a s  a 

s c e n a r i o  . va r i ab le .  

b. Extract ion Mode2 

I f  t h e  i n c r e a s e  { i i i ( t j )  o f  t h e  i d e n t i f i e d  r e s o u r c e  i s  con- 

s i d e r e d  a s  a s c e n a r i o  v a r i a b l e  ( b u t  n o t  a s  a r e s u l t  o f  c o n t r o l l a b l e  

e x p l o r a t i o n  a c t i v i t i e s ) ,  t h e n  t h e  s t a t e  equa t i ons  f o r  bhe e x t r a c -  

t i o n  sys tem w i l l  be s i m p l i f i e d :  

where G i ( t )  i s  t h e  v a l u e  o f  t h e  i d e n t i f i e d  r e s o u r c e  o f  ca tego ry  

i s h i f t e d  from t h e  h y p o t h e t i c a l  ca tegory  i a t  t i m e  p e r i o d  t ,  

u i ( t )  i s  t h e  t o t a l  e x t r a c t i o n  o f  r esou rce  i a t  t i m e  p e r i o d  t 

(we  do n o t  s i n g l e  o u t  d i f f e r e n t  e x t r a c t i o n  t e c h n o l o g i e s  i n  t h i s  

example) . 
The development o f  t h e  e x t r a c t i o n  c a p a c i t i e s  subsystem i s  

d e s c r i b e d  by t h e  s t a t e  equa t i on  s i m i l a r  t o  ( 2 .27 ) :  

0 zi ( t + l )  = z i ( t )  + wi (t) - wi (.t-q ; zi ( 0 )  = zi (2.34)  

w i t h  c o n s t r a i n t s :  

ui (t) - < zi (t) ; wi ( t) - > 0 ; zi (t) - > 0 ; (2.35) 



u  1 rT2 ( t )  wi ( t )  + 1 ri2 ( t )  ui ( t)  < R2 ( t )  i wi ( t)  > 0 (2 .36)  - - 
1 

The problem i s  t o  determine t h e  e x t r a c t i o n  p o l i c y  o f  t h e  

g iven  i d e n t i f i e d  r e s o u r c e ,  which i s  s u b j e c t  t o  c o n s t r a i n t s  i n  

t h e  e x t r a c t i o n  c a p a c i t y  ( 2 . 3 5 ) ,  a v a i l a b i l i t y  o f  e x t e r n a l  r esou rces  

(2 .36)  and r e c o v e r a S i l i t y  o f  t h i s  r esou rce  ( 2 . 3 6 a ) .  I t  g i v e s  t h e  

t o t a l  maximal o u t p u t  du r i ng  t h e  p lann ing  p e r i o d .  

The o b j e c t i v e  f u n c t i o n  can be w r i t t e n  aga in  a s  ( 2 . 3 2 ) ,  o r ,  

i f  w e  i n t r o d u c e  t h e  cumula t ive  amount o f  t h e  resou rce  e x t r a c t e d ,  

a s  maximizat ion o f  C(T) . 

Th is  model a l l ows  t o  determine e x p l o r a t i o n  p o l i c i e s  which 

y i e l d  a  maximum s h i f t  o f  t h e  h y p o t h e t i c a l  ca tegory  o f  r esou rces  

t o  t h e  i d e n t i f i e d  ca tegory .  Th is  system i s  a  c o u n t e r p a r t  o f  t h e  

e x t r a c t i o n  system and i s  desc r i bed  by t h e  equa t i ons :  



d .  C o s t  M i n i m i z a t i o n  

I n  t h e  above examples t h e  o b j e c t i v e  was t o  o b t a i n  a  maximum 

o u t p u t  from t h e  e x t r a c t i o n  and/or  e x p l o r a t i o n  systems.  For many 

p r a c t i c a l  purposes it i s  necessary  t o  o b t a i n  dependence between 

op t ima l  c o s t  J* and t h e  cumula t ive  a v a i l a b i l i t y  o f  a  resou rce  

Ce.g. f o r  c a l c u l a t i n g  c o s t  c o e f f i c i e n t s  i n  t h e  o b j e c t i v e  f u n c t i o n  

(3.12)  of t h e  energy supp ly  system model) .  ~t can be done by a 

s imple  op t im i za t i on  model 

J = 1 1[E~(t)  u i ( t )  + < ( t i  wi (t) + min . 
t i  I 

Th is  model d i f f e r s  from t h e  e x t r a c t i o n  model by t h e  o b j e c t i v e  

f u n c t i o n  ( 2.45) and by t h e  i n c l u s i o n  o f  demand c o n s t r a i n t s  ( 2-44) . 
Resources c o n s t r a i n t s  (2 .36)  are omi t t ed  he re  a s  t h e y  a r e  t aken  

W i n t o  account  by c o s t  c o e f f i c i e n t s  cy ( t )  and ci (t) i n  t h e  objec-  

t i v e  f u n c t i o n  (2.45)  . 
C l e a r l y ,  i n  t h i s  s imp le  model 

* 
f o r  op t ima l  ui (t)  . Hence 



and 

T-1 
( ( T I  = 1 d ( t )  

t = O  

The problem i s  t o  c a l c u l a t e  cost-supply curves 

J* = J ( u * ( z ( T ) )  = P ( z ( T ) )  . 

I t  should be noted t h a t  t h e  behav ior  o f  t hkse  curves s t rong-  

l y  depends on t h e  behav ior  o f  t h e  demand curve . d  ( t)  . 

e .  Dimension o f  t h e  Models 

F i n a l l y ,  we c a l c u l a t e  a t y p i c a l  dimension of t h e  resources  

model. Let 

M be t h e  t o t a l  nuniber of d i f f e r e n t  c o u n t r i e s  i n  a reg ion,  

L be t h e  number of  resource provinces w i th in  a count ry ,  

K be t h e  number of  bas ins  w i th in  a province,  

T be t h e  l eng th  of a p lanning hor izon,  

R be t h e  number of  d i f f e r e n t  resource c a t e g o r i e s  i n  a 

bas in ,  

m be t h e  number of d i f f e r e n t  technolog ies which can be 

used i n  exp lo ra t i on  and e x t r a c t i o n  

k be t h e  number of WELMM f a c t o r s  l i m i t i n g  e x t r a c t i o n .  

One can s e e  t h a t  t h e  model w i l l  have 

(3R+m) K * - L  M s t a t e  equat ions ,  

(2R+k+m) K L M c o n s t r a i n t s  (nonnegat iv i ty  con- 

s t r a i n t s  a r e  no t  coun ted ) ,  and 

3 - R g m - K - L - M  c o n t r o l  v a r i a b l e s  f o r  each t ime 

per iod.  

For example, cons ider  a reg ion c o n s i s t i n g  of  on ly  one 

country wi th  two resource  provinces.  Assuming t h a t  t h e  average 

number of bas ins  i n  a province i s  equal  t o  3 ,  t h e  average number 



of d i f f e r e n t  r e s o u r c e  c a t e g o r i e s  i s  2 ( f o r  i n s t a n c e ,  c rude  o i l  

and n a t u r a l  g a s ) ,  t h e  number o f  d i f f e r e n t  t echno log ies  is 2 

and t h e  l i m i t i n g  WELMM f a c t o r s  a r e  2, w e  c a l c u l a t e  t h a t  w e  would 

have f o r  each t i m e  pe r i od  48 s t a t e  equa t i ons ,  48 c o n s t r a i n t s  and 

t h e  number o f  c o n s t r a i n t s  equa l  t o  78. Thus, f o r  a q u i t e  realis- 

t i c  s i z e  t h e  resou rces  model i s  manageable and can b e  so l ved  

even by s tanda rd  LP codes.  

f. R e s o u r c ~  Models under Uncerta-i .nty Cond i t i ons  

One o f  t h e  i n t r i n s i c  f e a t u r e s  o f  t h e  r e s o u r c e s  model i s  

u n c e r t a i n t y  i n  paramete rs ,  e s p e c i a l l y  f o r  s p e c u l a t i v e  and hypo- 

t h e t i c a l  c a t e g o r i e s  o f  r esou rces .  The conven t i ona l  way i n  

hand l ing  t h i s  d i f f i c u l t y  i s  t o  cons ide r  t h e s e  parameters  a s  

s c e n a r i o  v a r i a b l e s  (e .g .  (t) i n  ( 2 .25 ) ,  o r  ai (t) i n  ( 2 .33 ) )  

c a r r y i n g  o u t  numerous computer r uns  f o r  d i f f e r e n t  hypotheses on 

t h e s e  v a r i a b l e s .  

A more s o p h i s t i c a t e d  approach i s  t o  c o n s i d e r  maxmin problems 

a s s o c i a t e d  w i t h  t h e  g iven  model. The maxmin appmoach a l lows  t o  

e v a l u a t e  upper and lower bounds of t h e  o b j e c t i v e  f u n c t i o n  f o r  . 

op t im iza t i on  problems w i t h  u n c e r t a i n t y  c o n d i t i o n s  and t o  e labo-  

r a t e  e x t r a c t i o n  and e x p l o r a t i o n  p o l i c i e s  which gua ran tee  t h e  re- 

q u i r e d  r e s u l t s  w i t h i n  a g iven  range o f  u n c e r t a i n  parameters .  

Methods f o r  s o l v i n g  maxmin DLP problems a r e  cons idered  i n  [40 ] .  

Another approach t o  t r e a t  u n c e r t a i n t y  c o n d i t i o n s  i n  resou rce  

models i s  t h e  s ta temen t  o f  t h e  problem i n  a m u l t i s t a g e  s t o c h a s t i c  

programming framework [411. 



3.  Economy Development Models 

I n  t h i s  s e c t i o n  w e  p r e s e n t  a  model s i m u l a t i n g  op t ima l  be- 

h a v i o r  of  t h e  e n t i r e  economy o f  a  r eg ion  f o r  d i f f e r e n t  o b j e c t i v e s .  

I n t e r e s t  i n  op t ima l  economy models has  been i n c r e a s i n g  i n  r e c e n t  

y e a r s .  The reason  i s  t h a t  t hey  a l l ow  one t o  t a k e  i n t o  account  

some "op t ima l "  mix o f  t h e  dynamics o f  such impor tan t  economic 

i n d i c a t o r s  a s  p roduc t i on  l e v e l s ,  c a p i t a l  i nves tment ,  i n t e r m e d i a t e  

and f i n a l  consumption of goods t o  be produced. D i f f e r e n t  opt imi -  

z a t i o n  models of  economy development a r e  cons ide red ,  f o r  example, 

i n  [15,16,42-451. However, w e  s h a l l  n o t  ana lyze  a l l  t h e s e  models 

h e r e ,  b u t  restr ict  o u r s e l v e s  by d e s c r i b i n g  a  mu l t i b ranch  indus- 

t r i a l  model I N T E R L I N K  [46-481, which i s  concep t i ona l l y  based on 

i t s  predecessor-n-model developed a t  t h e  Computer C e n t e r  o f  t h e  

USSR Academy of  Sc iences  [44-451. The model p resen ted  below can 

be seen  a s  a  s i m p l i f i e d  v e r s i o n  of  t h e  o r i g i n a l  IT-model. 

3.1.  Bas ic  Model 

a .  S t a t e  Equa t i ons  

The system under c o n s i d e r a t i o n  i s  broken down i n t o  two 

subsystems:  p roduc t ion  and c a p a c i t i e s  development ( o r  c a p i t a l  

s t o c k  accumula t ion)  

P r o d u c t i o n  s u b s y s t e m .  The o p e r a t i o n  o f  i n d u s t r y  i s  de- 
s c r i b e d  i n  terms o f  n  produc inq s e c t o r s .  L e t  

x i ( t )  be  t h e  s t o c k  of  p roduc t ion  i n  s e c t o r  i ( i = l , . . . , n )  

accumulated up t o  a  t i m e  pe r i od  t, 

u i ( t )  be t h e  g r o s s  o u t p u t  (p roduc t ion  l e v e l )  of  s e c t o r  i 

i n  t ime p e r i o d  t ,  

v i ( t )  be  t h e  a d d i t i o n a l  c a p i t a l  s t o c k  c o n s t r u c t e d  i n  

t i m e  p e r i o d  t ,  and 

ai j ( t)  be  t h e  i npu t -ou tpu t  c o e f f i c i e n t s .  

W e  assume a l s o ,  t h a t  

'I 
j 

i s  t h e  t ime (number o f  t i m e  p e r i o d s )  r e q u i r e d  t o  

c o n s t r u c t  and t o  p u t  i n t o  o p e r a t i o n  a d d i t i o n a l  

c a p a c i t y  i n  s e c t o r  j ;  



b i j  ( t)  a r e  c a p i t a l  c o e f f i c i e n t s ;  

w i ( t )  i s  t h e  f i n a l  consumption of s e c t o r  i produc ts ,  and 

si ( t)  i s  t h e  n e t  expor t .  

Then t h e  s t a t e  equat ions  desc r ib ing  t h e  product ion subsystem 

can be w r i t t e n  a s  fo l lows:  

I n i t i a l  i nven to r i es  and prep lanning c o n t r o l s  a r e  assumed 

t o  be g iven:  

- 
Assuming T = T f o r  a l l  s e c t o r s  j  = 1,. . . , n ,  equat ion (3.1)  

j 
can be r e w r i t t e n  i n  a matr ix  form: 

where 

x ( t )  = i x i ( t ) l  i s  a s t a t e  v e c t o r ,  u ( t )  = { u i ( t ) } ,  

v ( t )  = { v i ( t )  1 , w ( t )  = { w i ( t )  1 a r e  c o n t r o l  v e c t o r s ,  and 

s ( t )  = isi ( t )  l i s  cons idered he re  a s  exogenous vec to rs  

(i = l , . . . , n ) .  

For some problems export / import  must be  cons idered a s  

c o n t r o l  (dec is ion)  v a r i a b l e s .  I n  t hese  cases  t h e  n e t  expor t  

s C t )  i s  b e t t e r  represented  a s  fo l lows:  



where s + ( t )  i s  t h e  v e c t o r  o f  impor t ,  s - ( t )  i s  t h e  v e c t o r  of  

e x p o r t .  

C a p a c i t i e s  Development Subsys tem.  L e t  

y i ( t )  be  t h e  va lue  of  t h e  p roduc t ion  c a p a c i t i e s  of  t ype  i 

and d i ( t )  b e  t h e  d e p r e c i a t i o n  f a c t o r  i n  s e c t o r  i a t  t i m e  pe r i od  

t (i = 1 ,  ..., n ) .  

Then t h e  dynamics o f  p roduc t ion  c a p a c i t i e s  i s  w r i t t e n  a s  fo l l ows :  

Yi ( t + l )  = (1 - ( t ) )  yi t )  + v i ( t  - r i )  i = ,  n  . ( 3 . 4 )  
1 

The i n i t i a l  c a p i t a l  s t o c k s  a r e  g iven 

Assuming aga in  f o r  s i m p l i c i t y  t h a t  

- 
T 

- - T f o r  a l l  i = 1 ,  ..., n  , i 

w e  can rewrite (3 .4 )  i n  a  ma t r i x  form: 

where D ( t )  i s  a  diagonal '  ma t r i x  w i t h  d i ( t )  on t h e  main d i agona l ;  

y  ( t )  = i y i  ( t)  1 (i = 1 , .  . . , n )  i s  a  s t a t e  v e c t o r  f o r  t h e  p roduc t ion  

c a p a c i t i e s  subsystem. 

b .  C o n s t r a i n t s  

Ev iden t l y  any economic sys tem i s  o p e r a t i n g  w i t h i n  c e r t a i n  

c o n s t r a i n t s  which imply p h y s i c a l ,  economic, i n s t i t u t i o n a l  and 

o t h e r  l i m i t s  t o  t h e  cho i ce  of  c o n t r o l s .  

p h y s i c a l  C o n s t r a i n t s .  A l l  s t a t e  and c o n t r o l  v a r i a b l e s  a r e  

nonnegat ive :  



Resources  Ava i lab i l i t y  Cons t ra in ts .  The product ion system 

r e q u i r e s  c e r t a i n  e x t e r n a l  resource  i npu ts  f o r  i t s  opera t i on .  

F i r s t  of  a l l ,  t h e s e  a r e  l abo r  and primary r e s o u r c e s .  ~ o t h  con- 

s t r a i n t s  can be w r i t t e n  i n  a s i m i l a r  way: 

f o r  l abo r  resources  : 

where 

R k  (t) i s  t h e  t o t a l  l abo r  of  category k (k=1,.  . . , K )  

a v a i l a b l e  i n  t i m e  per iod  t ;  

R (t) a r e  t h e  l a b o r  ou tpu t  r a t i o s  f o r  s e c t o r  j ;  
k j 

and f o r  o t h e r  resources  (WELMM f a c t o r s )  : 

where 

rm( t )  i s  t h e  t o t a l  amount o f  resource  category m, 

(WELMM f a c t o r  m )  a v a i l a b l e  i n  t i m e  per iod  t ;  

r ( t)  a r e  s p e c i f i c  resource  requirements pe r  u n i t  o f  
n j  

s e c t o r  i product ion ( resource  - outpu t  r a t i o s )  

i n  t ime per iod  t. 

I n  t h e  ma t r i x  form equat ions (3 .7)  and (3.8) a r e  



~ r o d u c t i o n  C a p a c i t i e s  Cons t ra in t s .  The g ross  ou tpu t  of 

each s e c t o r  i s  l i m i t e d  by t h e  a v a i l a b l e  product ion capac i t y  

u i ( t )  - < y i ( t )  (i = l , . . . , n )  

o r ,  i n  vec to r  form 

u ( t )  z y ( t )  

I n v e n t o r y  c o n s t r a i n t s .  These c o n s t r a i n t s  r e l a t e  t o  t h e  

p o s s i b i l i t y  of accumulat ing l i m i t e d  amounts of  good 's  s tocks .  

For s t o r a b l e  goods: 

0  - ' xi (t)  - ' Z i ( t )  , 
where 

- 
x i ( t )  a r e  t h e  given s tock  c a p a c i t i e s ,  and 

xi (t) a r e  c a l c u l a t e d  from (3.1 ) . 

For nons to rab le  goods we have i n s t e a d  of (3.10) : 

which i s  s i m i l a r  t o  t h e  fo l lowing i nequa l i t y :  

(3.12) 
- wi (t) - S i ( t )  > 0 - 

I t  should be s t r e s s e d  t h a t  i n  many p r a c t i c a l  cases ,  t h e  accumu-' 

l a t i o n  of  goods s tocks  i n  l a r g e  amounts i s  unreasonable o r  t o o  

expensive.  Hence, { x i ( t ) }  a r e  smal l  i n  comparison t o  t h e  ou tpu ts  

of t h e  system. Therefore we can cons ider  t h e  balance equat ion  

( b i l l  of goods) i n  t h e  form of i n e q u a l i t y  (which i s  equ iva len t  

t o  (3.12a) ) : 



- 
T 

( I  - A ( t )  u ( t )  > 1 B ( t - T )  v ( t - T )  + w ( t )  + s (t) - -r=o 

o r  e q u a l i t y  

- 
T 

( I  - ~ ( t ) )  u (t) = 1 B (t-T) v ( t - T )  + w ( t )  + s (t) (3.13a) 
T = o  I 

both  f o r  s t o r a b l e  and nons to rab le  goods. 

Consumption C o n s t r a i n t s .  F i n a l  consumption i s  u s u a l l y  

bounded f o r  each s e c t o r  i. I n  many c a s e s  it can be  rep resen ted  

i n  t h e  form: 

where 

w ( t )  = t o t a l  f i n a l  consumption, 

g i ( t )  = s h a r e  o f  t o t a l  consumption prov ided by s e c t o r  i; 

Exogenously g iven v e c t o r  g (t)  = g t )  . . . g t )  ) p r e d e f i n e s  t h e  

p r o f i l e  o f  a f i n a l  consumption over  t i m e .  The i n t r o d u c t i o n  of a 

consumption p r o f i l e  a l l ows  one t o  use a s c a l a r  c o n t r o l  w ( t )  

i n s t e a d  o f  c o n t r o l  v e c t o r  w (t) : 

c .  O b j e c t i v e  Funct ion 

Above, {u,v,w} = {ui (t) , v .  (t) ,wi (t) 1 a r e  c o n t r o l  v a r i a b l e s ,  
3 

{ x , ~ }  = { x i ( t ) , y i ( t ) }  a r e  s t a t e  v a r i a b l e s .  The cho i ce  of  op t ima l  

c o n t r o l  depends on t h e  cho ice  of  t h e  o b j e c t i v e  f unc t i on  of  a 

problem. I n  t h e  fo l lowing w e  cons ide r  t y p i c a l  examples o f  t h e  

o b j e c t i v e  f u n c t i o n s .  

Maximizat ion o f  t h e  Cumulat ive Discounted Goods Supply - 
I n  t h i s  c a s e  t h e  o b j e c t i v e  f unc t i on  i s  

where B (t)  i s  t h e  d i s c o u n t i n g  f a c t o r .  



If we consider only the last step, then the objective 

function will be 

where hi(t) are weight coefficients for different products. 

Max im iza t i on  o f  t h e  F i n a l  S t o c k  o f  Goods 

hl (T) are weight coefficients ("costs" ) for xi (T) . 

Max im iza t i on  o f  t h e  T e r m i n a l  Va lues  o f  P r o d u c t i o n  C a p a c i t i e s  

hr (T) are weight coefficients for yi (T) . 

M i n i m i z a t i o n  o f  T o t a l  Expenses .  This criterion is similar 

to the objective functions, considered in Sections 1 and 2: 

where 

cU (t) , cY (t) are operating and maintenance costs, 

cV(t) is the investment cost, 

B (t) is the discounting factor. 

Other objective functions are also possible [42-471. 

It should be noted that goals of control can also be expressed 

by additional constraints, such as 



For example, one w ishes  t o  minimize t h e  t o t a l  expenses (3.19)  

under t h e  g iven  l e v e l  o f  f i n a l  consumption (3 .20) .  

d. Statement o f  the Problem 

For r e f e r e n c e  purposes w e  a r e  w r i t i n g  below a t y p i c a l  

o p t i m i z a t i o n  problem t h a t  occu rs  i n  economy models. 

Problem 3.1. Given t h e  s t a t e  equa t i ons  o f  t h e  p roduc t ion  

subsystem: 
- 
T 

x ( t + l )  = x ( t )  + ( I  - A ( . t ) ) u ( t )  - 1 ~ ( t - T )  v ( t - T )  - w ( t )  - s ( t )  
T=O 

(3.34) 

and o f  t h e  c a p i t a l  s t ock  subsystem: 

w i t h  i n i t i a l  c o n d i t i o n s  

F ind c o n t r o l s  u = {u (0 )  , . . . , u  (T-1) 1,  v = {v ( 0 )  , . . . , v  (T -Y -~  ) 1 ,  
w = {w (0 )  , . . . ,w (T-3 ) ) and cor responding t r a j e c t o r i e s  x = {x  (0) , 
. . . , x  (T) ), y = {y  ( 0 )  , . . . , y  (T)  1 ,  which s a t i s f y  t h e  c o n d i t i o n s :  

n o n n e g a t i v i t y  c o n s t r a i n t s :  



l abo r  a v a i l a b i l i t y  c o n s t r a i n t s :  

resources  a v a i l a b i l i t y  c o n s t r a i n t s :  

product ion capac i ty  c o n s t r a i n t s :  

inventory  c o n s t r a i n t s  f o r  s t o r a b l e  goods: 

f o r  nonstorab le  goods: 

consumption c o n s t r a i n t s  

and maximize t h e  o b j e c t i v e  funct ion 

3.2. Discussion 

Below we cons ider  some modi f icat ions and ex tens ions  of 

Problem 3.1. 

a .  Conve rs i on  Mode2 [ 4 4 - 4 5 1 .  I n  many p r a c t i c a l  cases it 

i s  necessary  t o  take  i n t o  account t h e  process of recons t ruc t i on  

(conversion) of product ion.  I n  t h i s  case  t h e  above cond i t ions  

should be replaced: 

s t a t e  equat ion (3.3)  by: 



X i ( t+ l )  = x i ( t )  + u i ( t )  - 1 a i j  (t) u j  (t) - 
j = 3  

Here 

vs (t) i s  t h e  a d d i t i o n a l  p roduc t ion  c a p a c i t y  i n  s e c t o r  j , 
I 

ob ta ined  from convers ion o f  s e c t o r  s i n t o  j ,  

s t a r t e d  a t  s t e p  t; 

S 

bi j ( t )  a r e  t h e  c a p i t a l  c o e f f i c i e n t s  o f  convers ion s +  j .  

S 
T 
j  

i s  t h e  number o f  s t e p s ,  r e q u i r e d  f o r  convers ion  

The s t a t e  equa t i on  (3 .4 )  i s  r ep laced  by: 

n 
i s 

yi ( t + l )  = ( I  - d i ( t ) )  yi (t) + vi (t  - T ~ : )  - 1 v (t- T ~ )  + 
s= 1 S 

where k: (t)  i s  t h e  convers ion c o e f f i c i e n t ,  which shows t h e  in -  

c r e a s e  o f  t h e  p roduc t ion  c a p a c i t y  i n  s e c t o r  i pe r  u n i t  o f  con- 

v e r s i o n  a c t i v i t y  s + i . 
The c a p a c i t y  c o n s t r a i n t s  (3.9)  i n  t h e  c a s e  o f  convers ion 

a r e  rep laced  by: 



b .  C a p i t a 2  S t o c k  S u b s y s t e m .  I n  some c a s e s  it i s  more con- 

ven ien t  t o  d e s c r i b e  t h e  development o f  t h e  p roduc t ion  subsystem 

i n  t e r m s  of  c a p i t a l  s t o c k  r a t h e r  than  i n  t e r m s  of product ion 

c a p a c i t i e s .  I n  t h e s e  c a s e s ,  i n s t e a d  o f  s t a t e  equa t ions  (3.4) o r  

(3.24) w e  have t o  i n t roduce  t h e  s t a t e  equa t ions :  

where 

z i ( t )  i s  t h e  c a p i t a l  s t o c k  i n  s e c t o r  i a t  t i m e  per iod  t ;  

2. (t) i s  t h e  d e p r e c i a t i o n  f a c t o r .  
1 

I f  t h e r e  is no convers ion i n  t h e  system, t hen  t h e  l a s t  

r i g h t  term i n  (3.26)  must be  omi t ted.  

Bes ides,  t h e  p roduc t ion  c a p a c i t y  c o n s t r a i n t s  (3.9)  a r e  

rep laced  by 

where B i ( t )  is  t h e  c a p i t a l - o u t p u t  r a t i o .  

c. S i m p l i f i e d  Mode l .  H e r e  w e  d e s c r i b e  a s i m p l i f i e d  ve rs ion  

o f  Problem 3 . 1 ,  which may be o f  i n t e r e s t  f o r  more long-range and 

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

energy-economy submodels . 
W e  assume t h a t  t h e  t i m e  per iod  is  such t h a t  t i m e  l a g s  can 

be excluded from c o n s i d e r a t i o n  and, f u r t h e r  w e  n e g l e c t  a pos- 

s i b i l i t y  t o  s tock  goods. The convers ion p rocesses  a r e  n o t  con- 

s i d e r e d  i n  t h e  model e i t h e r .  Thus t h e  problem can be  formula ted 

a s  fo l lows:  

P r o b l e m  3 .  l a .  Given t h e  s t a t e  equa t i ons  f o r  c a p i t a l  s tock  - 

subsystem i n  t h e  form 



y(t+l) = (I-D(t))y(t) + v(t) 

with initial state 

0 
y(0) ,= Y I 

subject to constraints 

bill of goods: 

resources availability constraints: 

production constraints: 

consumption constraints: 

find controls {v (t) , u (t) , w(t) ) and corresponding trajectory 

{y(t)), which maximize the objective function 

d .  I N T E R L I N K  Model .  The model was developed at IIASA by 

I. Zimin for modelling economy development of a region (country) 

in the IIASA system of energy development models. It represents 

a version of the dynamic multibranch n-model [44,45]; its struc- 

ture is close to Problem 3.1 and its description is given in 

[46-481. 



The t y p i c a l  d i m e n s i o n  of t h e  INTERLINK model i s  t h e  f o l l o w -  

i n g :  number of s ta te  e q u a t i o n s  (sectors of economy) e q u a l s  1 7 ,  

number of c o n s t r a i n t s  - 4 1  f o r  e a c h  t i m e  p e r i o d .  Each  t i m e  

p e r i o d  c o r r e s p o n d s  t o  5 y e a r s ;  t h e  p l a n n i n g  h o r i z o n  i s  e q u a l  t o  

50 y e a r s ,  h e n c e  t h e  t o t a l  number of t i m e  p e r i o d s  is  10 .  

T h e  t o t a l  d i m e n s i o n  of t h e  c o r r e s p o n d i n g  LP p rob lem:  

t h e  number of rows i s  a b o u t  600,  t h e  number of co lumns  i s  also 

a b o u t  600.  



4.  Linkage o f  t he '  Models 

Above t h r e e  models were cons ide red  - energy supp l y  sys tem,  

pr imary r e s o u r c e s  system and economy development sys tem which 

were p r e s e n t e d  by Problems 1-3, r e s p e c t i v e l y .  Each o f  t h e s e  

models can b e  used i n d i v i d u a l l y  f o r  energy  r e s o u r c e s  and tech-  

nology assessment .  

However, t h i s  approach o f  s e p a r a t e  a n a l y s i s  i s  l i m i t e d  i n  

i t s  p o s s i b i l i t i e s  because many impor tan t  f e a t u r e s  o f  t h e  systems 

a r e  m iss ing  due t o  t h e i r  i n t e r a c t i o n s .  Thus one shou ld  b u i l d  

models o f  t h e  whole sys tem o f  energy-resources-economy i n t e r -  

a c t i o n  and hence w e  ought  t o  i n v e s t i g a t e  ways o f  l i n k a g e s  o f  

i n d i v i d u a l  models i n t o  a whole system. Th i s  new s t a g e  o f  energy  

p o l i c y  model l ing  has  s t a r t e d  j u s t  r e c e n t l y ,  on l y  2-3 y e a r s  ago 

[1,2,8-32,23,49-511.  Two b a s i c  approaches can be  s i n g l e d  o u t  he re .  

F i r s t ,  t o  i n t e g r a t e  s e p a r a t e  models i n t o  a s i n g l e  o p t i m i z a t i o n  

problem w i t h  t h e  cor respond ing o b j e c t i v e  f u n c t i o n  [50 - 531 . The 

second approach i s  t o  i n v e s t i g a t e  l i nkage  o f  submodels,  cons ider -  

i n g  t h e s e  submodels on some independent  b a s i s  each w i t h  i t s  own 

o b j e c t i v e  f u n c t i o n  [1 ,9 ,11,12,23,45] .  * 

Both approaches n a t u r a l l y  have t h e i r  own advan tages  and 

drawbacks. The major  advantage o f  t h e  f i r s t t W m a c h i n e "  approach,  

i s  t h a t  i t a l lows  t o  t a k e  i n t o  accdunt  a l l  t h e  c o n s t r a i n t s  and 

i n t e r a c t i o n s  between many f a c t o r s  i n f l u e n c i n g  t h e  d e c i s i o n  and 

combine them i n  some op t ima l  way. However, b u i l d i n g  an  i n t e -  

g r a t e d  model e v i d e n t l y  l e a d s  t o  a ve ry  l a r g e  o p t i m i z a t i o n  problem 

which, a l though  sometimes p o s s i b l e  t o  s o l v e ,  i s  always ve ry  

d i f f i c u l t  t o  i n t e r p r e t .  

The "manual" approach -- i n fo rmat ion  ob ta i ned  from one sub- 

model is i n t e r p r e t e d  by an a n a l y s t  and p rov ided  a s  i n p u t  t o  

a n o t h e r  submode l - - i s  more a t t r a c t i v e  b u t  i s  much more t i m e  con- 

suming and sometimes may l e a d  t o  u n c e r t a i n t y  whether  t h e  " t r u e  

op t ima l "  s o l u t i o n  f o r  a whole system h a s  been ob ta ined .  

" w e  d o n ' t  c o n s i d e r  "non-opt imizat ion"  approaches which 
come o u t  from t h e  framework o f  t h i s  paper  (see [49] ) . 



Thus, w e  need t o  combine both  approaches and t h e r e f o r e  w e  

cons ide r  bo th  o f  them below s t a r t i n g  w i th  t h e  i n t e g r a t e d  model. 

4 . 1 .  I n t e g r a t e d  Model 

Cons ider ing t h e  ESS and economy models w e  can see t h a t  t h e r e  

a r e  two main l i nkages  between them: f i n a l  demand f o r  energy which 

i s  t h e  ou tpu t  o f  t h e  economy model and nonenergy resources  supply 

f o r  which t h e  requ i rements  a r e  ou tpu ts  o f  t h e  ESS model. W e  

s h a l l  combine t h e  ESS model (Problem 1 . l )  and t h e  economy model 

(Problem 3.1)  i n t o  a whole system, us ing  s u b s c r i p t  E f o r  t h e  

energy s e c t o r  and NE f o r  t h e  nonenergy s e c t o r s .  

For  a uniform r e p r e s e n t a t i o n  w e  assume t h a t  bo th  t h e  in-  

d u s t r i a l  p rocesses  o f  economy and energy s e c t o r s  a r e  desc r i bed  

i n  t e r m s  of  phys i ca l  f lows.  Besides,  i n  t h e  model below w e  omi t ,  

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

product ion c a p a c i t i e s ,  t h a t  i s ,  w e  w i l l  use  s i m p l i f i e d  v e r s i o n s  

o f  t h e  ESS and Economy models. 

a. - S t a t e  E q u a t i o n s  

P r o d u c t i o n  Subsys tem.  Th is  i s  a combinat ion o f  s t a t e  

equa t i ons  ( l . l a )  and (3 .4a)  f o r  energy and nonenergy s e c t o r s  

r e s p e c t i v e l y  i n  t h e i r  s i m p l i f i e d  form ( w e  d e s c r i b e  d e p r e c i a t i o n  

o f  t h e  c a p a c i t i e s  i n  t h e  same way f o r  both  e q u a t i o n s ) :  

yNE ( t + l )  = (1 - ( 1  y N E  + vNE (t) 

wi th  i n t i a l  s t a t e s  

Here y E ( t )  and y N E ( t )  a r e  v e c t o r s  of product ion c a p a c i t i e s  

f o r  energy and nonenergy s e c t o r s ,  vE (t) and vNE (t)  a r e  t h e  

i n c r e a s e s  o f  t h e s e  c a p a c i t i e s  i n  t i m e  per iod  t. 



Energy Resources Consumption Subsys tem.  To d e s c r i b e  t h e  

accumula t ion  consumption o f  p r imary  energy r e s o u r c e s  w e  w i l l  

f i r s t  u s e  t h e  equa t i on  (1 .5a)  ( i n s t e a d  o f  t h e  d e t a i l e d  v e r s i o n  

o f  Problem 2.1 : 

where 

z E ( t )  i s  t h e  v e c t o r  of cumula t ive  amounts of  pr imary 

energy  r e s o u r c e s  e x t r a c t e d  a t  t h e  beg inn ing  o f  

t i m e  p e r i o d  t; 

u E ( t )  i s  t h e  v e c t o r  of  a c t i v i t i e s  i n  khe energy  s e c t o r ,  

upper l i m i t s  zE(t) may be e s t i m a t e d  from t h e  resou rce  

model (Sec t i on  2 ) .  

b .  C o n s t r a i n t s  

The most impo r tan t  c o n s t r a i n t  i n  t h e  model i s  t h e  ba lance  

between t h e  p roduc t ion  o f  goods and t h e i r  consumption (B i l l - o f -  

Goods Ba lance ) .  L ike  i n  t h e  s i m p l i f i e d  v e r s i o n  of  t h e  economy 

model (Problem 3a)  w e  n e g l e c t  t h e  p o s s i b i l i t y  t o  s t o c k  goods,  

t h u s  c o n s i d e r i n g  t h e  s t a t i c  form o f  t h e s e  cond i t i ons :  

f o r  energy  o u t p u t  (upper i ndex  "En  f o r  m a t r i c e s ) :  

f o r  nonenergy p roduc ts  (upper  index  "NEW f o r  m a t r i c e s )  : 

NE NE 
= BNE ( t)  vNE ( t)  + BE (t) vE (t) + wNE (t) + sNE (t) (4 .9)  



W e  a l s o  have p roduc t ion  c a p a c i t y  c o n s t r a i n t s  

f o r  energy s e c t o r s :  

u E ( t )  - < Y ~ ( ~ )  

and f o r  nonenergy s e c t o r s  

( 1  5 y N E ( t )  (4.11)  

(see ( 1 . 4 )  and ( 3 . 9 ) ,  r e s p e c t i v e l y )  

Labor a v a i l a b i l i t y  c o n s t r a i n t s  (3 .7 )  a r e  w r i t t e n  i n  t h e  

form: 

and f o r  WELMM f a c t o r s  ( c f .  (3 .8)  ) : 

SE (t)  %E (t) + R E ( t )  uE (t) - < r ( t )  (4.13)  

F i n a l  consumption c o n s t r a i n t s  (3.14)  can be w r i t t e n  a s  

where t h e  g iven v e c t o r s  g N E ( t )  and g  (t)  s p e c i f y  p r o f i l e s  o f  E 
f i n a l  consumption f o r  nonenergy and energy p roduc ts ,  r e s p e c t i v e l y .  

Ev iden t l y ,  a l l  t h e  v a r i a b l e s  a r e  nonnegat ive :  

c. Sta tement  of t h e  P r o b l e m  

F i n a l l y ,  w e  o b t a i n  t h e  fo l low ing  o p t i m i z a t i o n  problem: 



P r o b l e m  4 . 1 .  Given t h e  sta te  e q u a t i o n s  

yNE ( t + l )  = (1 - ANE (t) yNE ( t)  + vNE ( t )  

w i t h  i n i t i a l  s t a t e s  

F ind  c o n t r o l s  {vE ( t )  }, {vNE( . t )  1 and { u E ( t )  1 , { u ~ ~ ( t )  1 and 

co r respond ing  t r a j e c t o r i e s  { y E ( . t ) , y N E ( t ) l ,  which s a t i s f y  con- 

s t r a i n t s :  

- b i l l -o f -goods  c o n s t r a i n t s :  

NE NE = BE ( t ) v E  (t)  + BNE( t )vNE (t) + w N E ( t )  + sNE(t )  

- p roduc t i on  c a p a c i t y  c o n s t r a i n t s :  

- pr imary energy  r e s o u r c e s  c o n s t r a i n t s :  

T z E ( t + l )  = z E ( t )  + Q E ( t ) u E ( t )  

ZE(0) = Z 
0 
E 

z, ( t )  5 at) 



- l a b o r  c o n s t r a i n t s :  

LE (t) uE (t) + LNE (t) %E ( t)  5 JI (t) 

- WELMM c o n s t r a i n t s  : 

R E ( t ) u E ( t )  + % E ( t ) % E ( t )  - < r ( t )  

- f i n a l  consumption c o n s t r a i n t s :  

w E ( t )  2 g E ( t )  w ( t )  (4.14) 

w NE ( t )  - > g N E ( t )  w ( t )  (4.15)  

- nonnega t i v i t y  c o n s t r a i n t s :  

uNE (t) - > 0 v E ( t )  , 0 vNE (t) - > 0 

which maximize t h e  o b j e c t i v e  f u n c t i o n  * )  

Problem 4.1 aga in  i s  a  DLP model. I ts  s o l u t i o n  g i v e s ,  i n  

p r i n c i p l e ,  p o s s i b i l i t i e s  t o  i n v e s t i g a t e  t h e  i n t e r a c t i o n s  between 

( a  d e t a i l e d )  energy and nonenergy s e c t o r s  o f  an economy. A s  

mentioned above, w e  can s o l v e  Problem 4.1 a s  a  whole DLP problem, 

o r  i n  an i t e r a t i v e  mode, g i v i n g  s p e c i a l  a t t e n t i o n  t o  t h e  l i n k s  

between ESS and economy p a r t s  o f  t h e  i n t e g r a t e d  model. 

 his o b j e c t i v e  f u n c t i o n  i s  chosen on ly  f o r  i l l u s t r a t i v e  pur- 
poses.  Many o t h e r  o b j e c t i v e s  a r e  o f  i n t e r e s t  f o r  t h i s  i n t e g r a t e d  
model. 



Clea r l y ,  i n  t h e  same way t h e  resources  model (Problem 2 . 1 )  

can be  inc luded i n  t h e  i n t e g r a t e d  model ( i n s t e a d  of  t h e  s impl i -  

f i e d  equat ions (4.5 - 4 . 7 ) ) .  We w i l l  no t ,  however, cons ider  it 

here.  

I n  t h e  i n t e g r a t e d  model t h e r e  i s  an impor tant  f e a t u r e  which 

cannot be seen e x p l i c i t l y  from t h e  mat r i x  n o t a t i o n s  of Problem 

4 . 3 .  P r a c t i c a l l y ,  a l l  t h e  i n d i v i d u a l  models which a r e  t o  be 

i n t e g r a t e d  i n t o  a  system may have d i f f e r e n t  l e v e l s  of  aggregat ion.  

I n  f a c t ,  when w e  i n v e s t i g a t e  t h e  i n f l uence  of ESS on economy 

development, t h e  ESS model should be p resented  much more i n  de- 

t a i l  than t h e  economy model. I n  t h i s  case ,  a  s p e c i a l  model i s  

t o  be developed which determines t h e  i n f l uence  ( impact) of  energy 

development upon t h e  economy a s  a whole ( see  below). 

Therefore having i n  view t h e  l inkage of t h e  energy-resources- 

economy models, one has t o  t a k e  i n t o  account f i r s t ,  t h e  means of 

l i nkage (machine o r  man-machine), and secondly,  t h e  l e v e l  of ag- 

g regat ion  and s p e c i f i c s  of each i nd i v idua l  model. 

4.2. I t e r a t i v e  Approach 

Now we cons ider  t h e  i t e r a t i v e  i n t e r a c t i o n  between ESS and 

economy model. The genera l  scheme is  t h e  fo l lowing.  

Consider ing t h e  i n t e g r a t e d  model descr ibed  above (Problem 

4.11, one can s e e  t h a t  it i s  b a s i c a l l y  t h e  economy model (Problem 

3 .1 ) ,  p a r t i t i o n e d  on energy (E) and nonenergy (NE) s e c t o r s .  On 

t h e  o t h e r  hand, it inc ludes  as a p a r t  t h e  ESS model. I n  f a c t ,  

equat ions  ( 4 . 1 ) ,  (4 .3 ) ;  (4.5) - (4 .7 ) ,  (4.11) and (4.14) a r e  t h e  

same a s  i n  t h e  Problem 1.1 formulat ion.  

W e  denote by 

t h e  demand f o r  secondary energy,  and by 



Then one can rewrite (4 .9 )  a s  

E 
( t ) ~  (t) = dE ( t)  + BE ( t ) v E ( t )  

E E 

which i s  s i m i l a r  t o  t h e  demand c o n s t r a i n t s  (1.11)  o f  t h e  ESS 

model because o f  t h e  sma l lness  of  t h e  l a s t  r i g h t  term. 

L e t ' s  denote t h e  requ i rements  o f  ESS i n  non-energy p roduc ts  

Taking i n t o  account  t h a t  t h e  requirements o f  nonenergy p roduc ts  

f o r  ope ra t i on  and maintenance o f  energy p roduc t ion  ( t h e  second 

term on t h e  r i g h t  s i d e  o f  ( 4 .21 ) )  a r e  smal l  i n  comparison w i th  

t h e  requ i rements  f o r  c o n s t r u c t i o n  ( t h e  f i r s t  t e r m ) ,  one can see 

from (4.21) and ( 1 . 9 ) .  t h a t  

L e t  us have some i n i t i a l  e s t i m a t e  o f  t h e  energy demand ?fE(t) 
f o r  t h e  g iven p lann ing  pe r i od  0 - < t - < T - 1 .  So lv ing t h e  ESS 

model (Problem 1.1)  f o r  t h i s  demand, w e  can c a l c u l a t e  t h e  r e q u i r e d  

i n c r e a s e  i n  c a p a c i t i e s  7 ( t )  of  ESS and t h e  cor responding va lues  E 
o f  product ion c a p a c i t i e s  YE (t) and i t s  ou tpu t  ( i n t e n s i t i e s )  
- 
u, ( t )  - < 

-NE The requirement o f  ESS i n  non-energy resou rces  f  (t)  is E 
c a l c u l a t e d  from (4 .21) .  Now w e  can  so l ve  t h e  economy model 

(Problem 3.1)  o r  t h e  i n t e g r a t e d  model (Problem 4.1) w i th  f i xed  
- - 
uE (t) , vE (t) . YE (t) . s u b j e c t  t o  a c e r t a i n  set  of  assumpt ions 

about  f u t u r e  development o f  t h e  e n t i r e  economy. 

Th is  s o l u t i o n  y i e l d s  i n t e n s i t i e s  (g ross  o u t p u t s )  UNE (t) and 

a d d i t i o n a l  c a p i t a l  investments  vNE ( t)  i n  nonenergy s e c t o r s  a s  

w e l l  a s  a new va lue  of t h e  cor responding demand f o r  energy (t) E 
( c a l c u l a t e d  from ( 4 . 1 8 ) ) .  I f  o l d  ?fE(t) and new zE( t )  va lues  of  

energy demand co inc ide ,  t h e  procedure te rm ina tes ,  i n  t h e  oppos i t e  

case  w e  have t o  r e p e a t  t h e  i t e r a t i o n  w i th  a modi f ied demand. 



General ly  speaking,  t h e  s o l u t i o n  obta ined i n  such a way i s  

n o t  an opt imal  s o l u t i o n  f o r  Problem 4 . 1 ,  bu t  a s a t i s f a c t o r y  one 

because it s a t i s f i e s  a l l  c o n s t r a i n t s  of t h e  problem and opt imizes 

( s e p a r a t e l y )  two o b j e c t i v e s  ( ( 1.12) and (3.15) , f o r  example) f o r  

energy and nonenergy s e c t o r s .  

To ob ta in  an opt imal  s o l u t i o n  of  t h e  whole Problem 4 .1  i n  

such an i t e r a t i v e  way, one may use d i f f e r e n t  decomposit ion methods. 

In t h i s  case  t h e  dua l  v a r i a b l e s  (marginal  e s t i m a t e s ) ,  ob ta ined  

from t h e  s o l u t i o n  of t h e  economy model, de f i ne  t h e  corresponding 

o b j e c t i v e  func t ion  f o r  t h e  ESS model ( i n s t e a d  of ( 1 . 1 2 ) ) .  Con- 

vergences p r o p e r t i e s  depend on t h e  p a r t i c u l a r  implementat ion of  

t h e  procedure. I t  should a l s o  be noted t h a t  f o r  t h e  implementa- 

t i o n  of t h i s  procedure t h e  economy model should be s u f f i c i e n t l y  

d isaggregated i n  o rde r  t o  prov ide t h e  ESS model w i th  t h e  shadow 

p r i c e s  of  s u f f i c i e n t  d e t a l i z a t i o n .  

But i n  p r a c t i c e  a s i n g l e  opt imal  s o l u t i o n  of Problem 4.1 is 

n o t  very va luab le - -no  ma t te r  whether it has been ob ta ined  "auto- 

mat ica l l y "  by t h e  simplex method, app l i ed  t o  Problem 4 . 1 ,  o r  i n  

some i t e r a t i v e  way. C lea r l y ,  such a complex system r e q u i r e s  a 

man-machine i t e r a t i v e  procedure w i th  an energy-economic a n a l y s i s  

of s e p a r a t e  i t e r a t i o n s .  L e t  us  now look a t  t h e  p o i n t s  where "man" 

i n t e r f e r e n c e  i s  appropr ia te .  They a re :  

- Changing t h e  o b j e c t i v e  func t ion  i n  t h e  whole Problem 4.1 

and i n  t h e  ESS model (Problem 1 . 1 ) .  ( I n  f a c t ,  t h i s  i s  a vector -  

op t im iza t ion  problem [ 1 3 I ) . 
- Determining energy demand d E ( t )  no t  from t h e  equat ion  

(4.18 ) , b u t  from a s p e c i a l  energy demand model (e. g. [54] ) . 
NE - Determining requirements i n  non-energy resources  f  (t)  
E 

f o r  ESS by a s p e c i a l  model [55 ] .  

- Changing t h e  parameters of t h e  model ( e s p e c i a l l y  assoc i -  

a t e d  w i th  assumption on technology innovat ion and p r o f i l e  of  

consumption). 



Many of t h e s e  i n t e r f e r e n c e s  may be cons idered  a s  a t t emp ts  

t o  t a k e  i n t o  account  n o n l i n e a r i t i e s  o f  t h e  system. 

4.3. D iscuss ion 

a .  PILOT Model [50-531 . Th is  model has  been developed by 

G. Dantzig and S. Pa r i kh  a t  t h e  S tan fo rd  Un i ve rs i t y .  Th is  i s  a 

DLP model on a p i l o t  s c a l e  t h a t  d e s c r i b e s  i n  p h y s i c a l  t e r m s  tech-  

n o l o g i c a l  i n t e r a c t i o n s  w i t h i n  t h e  s e c t o r s  o f  t h e  U.S. economy 

i nc lud ing  a d e t a i l e d  energy s e c t o r .  

The s t r u c t u r e  o f  t h e  model i s  q u i t e  s i m i l a r  t o  t h e  model of  

Problem 4.1. Dynamic equa t i ons  i n c l u d e  c a p a c i t y  ba lance  con- 

s t r a i n t s ,  manpower s k i l l  ad jus tment  l i m i t  c o n s t r a i n t s  and t h o s e  

r e l a t e d  t o  raw energy r e s e r v e s ,  cumula t ive  e x p l o r a t i o n  and pro-  

duc t i on  and i n t e r m e d i a t e  energy s t o c k s .  

The c a p a c i t y  ba lance  i s  e q u i v a l e n t  t o  ( 4 . 3 )  and ( 4 . 2 ) .  

Manpower s k i l l  ad jus tment  c o n s t r a i n t s  s p e c i f y  t h e  e d u c a t i o n a l  

and t r a i n i n g  c a p a c i t i e s  and a r e  w r i t t e n  i n  t h e  form ( c f .  (1.27) 

and ( 1 .34 ) i n  DESOM model) : 

where t h e  manpower v e c t o r  L ( t )  i s  p a r t i t i o n e d  on s k i l l  groups.  

The resou rces  c o n s t r a i n t s  a r e  s i m i l a r  t o  c o n s t r a i n t s  (2.24)  

and (2 .25)  and a r e  i n tended  t o  keep an a c c u r a t e  reco rd  o f  t h e  

energy r e s e r v e s ,  cumula t ive  e x p l o r a t i o n  (and p roduc t ion )  and 

s t o c k s .  

The ( s t a t i c )  c o n s t r a i n t s  r e p r e s e n t  energy demand r e q u i r e -  

ments, energy p rocess ing  and o p e r a t i n g  c a p a c i t y  l i m i t a t i o n s ,  and 

envi ronmental  a s p e c t s .  The l i nkage  between energy and nonenergy 

s e c t o r s  i s  g iven  by t h e  b i l l -o f -goods c o n s t r a i n t s  (4 .8 )  , (4 .9)  . 

The o b j e c t i v e  o f  t h e  model maximizes t h e  d iscoun ted  v e c t o r  

b i l l -o f -goods rece i ved  p e r  person ,  summed ove r  t i m e .  I t  can b e  

expressed  a s  



where t h e  v e c t o r  M ( t )  r e p r e s e n t s  t h e  consumption l e v e l s  and 

v e c t o r  p ( t )  i s  t h e  popu la t i on  d i s t r i b u t i o n  o v e r  d i f f e r e n t  i n -  

come l e v e l s .  

The d e t a i l e d  model w i l l  i n c l u d e  8 7 -  s e c t o r  i npu t -ou tpu t  

ma t r i x ,  t h e  energy s e c t o r  may b e  model led by approx imate ly  150 

e q u a t i o n s  p e r  pe r i od .  Thus, an o r d e r  o f  magnitude f o r  t h e  

number of c o n s t r a i n t s  f o r  each t i m e  p e r i o d  i n  an i n t e g r a t e d  

model, w i th  a reasonab le  l e v e l  o f  d e t a i l s ,  may be abou t  400: 

87 f o r  i n d u s t r i a l  a c t i v i t y ,  2 t i m e s  87 f o r  c a p a c i t y  c o n s t r a i n t s  

and about  150 f o r  d e t a i l e d  energy s e c t o r .  A 20-25 p e r i o d  model 

(e .g .  a 75 - y e a r  t r i a n n i a l  model) would t h e r e f o r e  have approx i -  

mate ly  8,000 t o  10,000 c o n s t r a i n t s .  

A s  no ted  i n  [53] t h e s e  LP models would be among t h e  l a r g e s t  

models b u i l t  t o  d a t e .  There fo re  a s  a f i r s t  s t e p ,  a much s m a l l e r  

model which " i n c o r p o r a t e s  many, i f  n o t  a l l ,  o f  t h e  e s s e n t i a l  

f e a t u r e s  o f  i t s  l a r g e r  c o u n t e r p a r t "  [531 has  been a t tempted .  

Th i s  p i l o t  model i s  expec ted  t o  have about  125 e q u a t i o n s  p e r  

per iod .  For  a 30-year t r i a n n i a l  model, t h e r e  w i l l  b e  abou t  

1.250 t o  1.400 equa t i ons .  I n i t i a l l y ,  t h e  model w i l l  be  so l ved  

us ing  s t r a i g h t  s implex  method o f  t h e  MPS/370 system. 

b .  IMPACT Model.  Th is  model i s  an e x t e n s i o n  o f  t h e  model 

developed by Yu. Kononov and V. Tkachenko a t  t h e  S i b e r i a n  Power 

I n s t i t u t e  [55-561. The model s e r v e s  t o  i n v e s t i g a t e  t h e  i n f l u e n c e  

o f  long-term changes i n  techno logy,  s t r u c t u r e  and r a t e s  o f  energy 

development upon o t h e r  branches o f  t h e  n a t i o n a l  economy. 

The model i s  desc r i bed  by t h e  fo l low ing  e q u a t i o n s  ( f o r  

d e t a i l s ,  see [561) .  

Direct requ i rements  o f  ESS i n  nonenergy p roduc ts :  

I f  w e  n e g l e c t  by t ime  l a g s  7 i n  c o n s t r u c t i o n ,  t h e n  t h e  e q u a t i o n  



(4.21)  i s  ob ta ined .  I n  t h e  o r i g i n a l  v e r s i o n  of t h e  IMPACT model 

[56] a c a r r i e d  forward p r e s e n t a t i o n  i s  used ,  t h a t  i s  

- NE 
where t h e  m a t r i x  BE ( r - t )  deno tes  t h e c o n t r i b u t i o n  f o r  t h e  

c o n s t r u c t i o n  o f  a d d i t i o n a l  c a p a c i t i e s  t o  be p u t  i n t o  o p e r a t i o n  

a t  t i m e  p e r i o d  y ,  where t - < r  - < t + 7. 

T o t a l  ( d i r e c t  and i n d i r e c t )  p roduc ts  ( m a t e r i a l ,  equipment,  

etc . )  requ i rements  a r e  der i ved  from equa t ion  ( Q . 9 ) :  

.Using v  ( t )  and v  ( t)  one can a l s o  c a l c u l a t e  t h e  t o t a l  d i r e c t  
NE E 

and i n d i r e c t  c a p i t a l  investments .  The model i n c l u d e s  a l s o  s e v e r a l  

equa t i ons  f o r  e v a l u a t i n g  d i r e c t  and i n d i r e c t  expenses o f  WELMM 

resources .  

The model o p e r a t e s  i n  t h e  fo l low ing  way. Problem 1.1 f o r  

t h e  g iven demand a ( t)  of  secondary energy i s  so lved .  I n i t i a l l y ,  
E 

nonenergy resou rces  c o n s t r a i n t s  (1.9) a r e  n o t  taken  i n t o  account .  

The s o l u t i o n  of  t h e  problem g i v e s  t h e  va lues  uE (t) and v E ( t ) ,  
which a r e  d r i v e r s  f o r  t h e  IMPACT model. Using (4.23) one can 

-NE c a l c u l a t e  f E  (t) f o r  g iven $ ( t )  and vE ( t)  . S u b s t i t u t i n g  F E ~  ( t)  
i n t o  t h e  equa t i on  (4.24.) and s o l v i n g  l i n e a r  equa t i ons  (4.24) w i t h  

a d d i t i o n a l  c o n d i t i o n s  [ 561 .: 

v ( t )  = maxtmin ( u N E ( t )  - u N E ( ~ ) ) ; 0 1  
NE r < t  

one can f i n d  t h e  i n d i r e c t  investment  v N E ( t )  i n t o  economy which 

ESS needs t o  m e e t  t h e  g iven  demand aE (.t) . 

W e  a r e  on ly  d e s c r i b i n g  t h e  g e n e r a l  scheme of  t h e  IMPACT 

model. The p a r t i c u l a r  implementat ion o f  t h i s  model depends on 

th.e s p e c i f i c s  o f  t h e  ESS and economy models t o  be l i nked .  



c. SPI Mode2 [9]  . The i n t e r a c t i o n s  between energy and 

nonenergy s e c t o r s  o f  t h e  n a t i o n a l  economy were a l s o  analyzed a t  

t h e  S ibe r ian  Power I n s t i t u t e  o f  t h e  S i b i r i a n  Branch of t h e  USSR 

Academy of Sciences.  For t h i s  a n a l y s i s  a s p e c i a l  m u l t i s e c t o r  

model has been developed. The model d e s c r i b e s  t h e  i n t e r a c t i o n s  

of t h e  energy ( E )  s e c t o r  w i th  those  nonenergy (NE) s e c t o r s  which 

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

8 such nonenergy s e c t o r s  wi th  31 types  of products .  

The mathematical formulat ion of  t h e  model i s  c l o s e  t o  Prob- 

l e m  4 . 1  (below w e  change t h e  n o t a t i o n s  i n  compar ison.wi th t h e  

o r i g i n a l  vers ion  i n  [91) . 

The development of  t h e  product ion subsystem i s  descr ibed  by 

t h e  s t a t e  equat ions  which a r e  s i m i l a r  t o  (4.1 ) and ( 4 . 2 )  

The ba lance of  goods is  w r i t t e n  i n  t h e  dynamic form ( c f .  

(3 .1)  and ( 4 . 8 ) ,  ( 4 . 9 ) ) :  

f o r  nonenergy s e c t o r s :  

f o r  energy s e c t o r s :  

- W i E ( t )  - s (t)  . i E  

(For t h e  energy s e c t o r  t h e  s tocks  a r e  f u e l s . )  



Here z iNE( t ) ,  z iE ( t )  a r e  t h e  s t o c k s  of p roduc t ion  f o r  non- 

energy and energy s e c t o r s  r e s p e c t i v e l y  a t  t i m e  p e r i o d  t; a (t) iNE 
and aieE (t) a r e  l oad ing  c o e f f i c i e n t s  of p roduc t ion  c a p a c i t i e s ,  

hence 

where uiNE (t)  I uieE (t) a r e  t h e  p roduc t ion  l e v e l s  ( g r o s s  o u t p u t s )  

a t  t i m e  t: 

The sub index e f o r  t h e  energy s e c t o r  co r responds  t o  t h e  

d i f f e r e n t  techno logy o f  energy product ion.  Thus t h e  energy s e c t o r  

i s  r ep resen ted  i n  a more d i sagg rega ted  form i n  comparison t o  t h e  

nonenergy s e c t o r s  o f  t h e  model. 

A s  i n  t h e  IMPACT model t h e r e  is used t i m e  forward ( T  > 0 )  

p r e s e n t a t i o n  of t h e  requ i rements  f o r  cons t ruc t i on .  

C o n s t r a i n t s  on l a b o r  and o t h e r  l i m i t e d  resou rces  a r e  g iven  

i n  a s i m i l a r  way a s  ( 4 . 1 2 )  and ( 4 . 1 3 ) :  

The model i s  so l ved  i n  an i t e r a t i v e  mode. 



5. DLP Canonica l  Form 

Cons ider ing  t h e  models desc r i bed  above,  one can see t h a t  

a l l  o f  them can be reduced t o  a  s i n g l e  c a n o n i c a l  form [18,191. 

P r o b Z e m  5.1 .  Given t h e  s t a t e  equa t i ons  

w i t h  i n i t i a l  c o n d i t i o n s  

and c o n s t r a i n t s  

F ind c o n t r o l  u  = { u ( O ) ,  ..., u(T-1-T) )  and t h e  cor respond ing  t r a -  

j e c t o r y  x  = {x ( 0 )  , . . . , x  (T )  1 ,  which maximize t h e  o b j e c t i v e  func- 

t i o n  

Here ( u  ( t )  1 a r e  c o n t r o l  v a r i a b l e s ,  {x  ( t )  1 a r e  s t a t e  v a r i a b l e s .  . 
One can see t h a t  a l l  t h e  models cons idered  i n  t h e  p rev ious  

s e c t i o n s  can be e i t h e r  reduced t o  t h i s  canon i ca l  DLP problem, 

o r  t h e  methods developed f o r  t h e  canon i ca l  problem can be d i r e c t l y  

a p p l i e d  t o  t h e s e  models. Problem 5.1. r e p r e s e n t s  a  DLP problem 

i n  a  canon i ca l  form and can be  viewed e i t h e r  a s  some s t a i r c a s e  

l i n e a r  programming problem o r  a s  op t ima l  c o n t r o l  t heo ry  problem. 

Hence, bo th  methods -- l i n e a r  programming and c o n t r o l  t h e o r y  -- 
can be a p p l i e d  t o  t h e  s o l u t i o n  o f  Problem 5.1. A survey  o f  t h e s e  

methods i s  g iven  i n  [18,19] .  



CONCLUSION 

Di f fe ren t  i n d i v i d u a l  energy-resources-economy models and 

t h e i r  l i nkages  i n t o  a whole system have been d iscussed i n  t h e  

preceding sec t i ons .  I t  has been shown t h a t  a l l  t h e s e  models 

a r e  reduced t o  a canon ica l  form of t h e  DLP problem. Therefore,  

a u n i f i e d  methodological  approach can be developed t o  analyze 

and s o l v e  t h e s e  models. Below we d i scuss  b r i e f l y  s e v e r a l  f u r t h e r  

d i r e c t i o n s  o f  methodological a n a l y s i s  of  energy models. 

a .  Energo-Economic Analysis.  I n  t h i s  paper we analyzed 

common mathematical f e a t u r e s  o f  t h e  models. Of g r e a t  i n t e r e s t  

i s  t h e  a n a l y s i s  of t h e  models I- o b j e c t i v e  func t i ons ,  c o n s t r a i n t s ,  

l e v e l  of aggregat ion ,  uniform d a t a  bank, e t c .  -- from t h e  economy 

and energy technology po in t  of  view. 

b.  Vector Optimizat ion Methods. C l e a r l y ,  a s i n g l e  objec- 

t i v e  func t ion  i s  no t  a r e a l i s t i c  modell ing o f  t h e  energy systems. 

A d iscuss ion  of t h i s  problem can be found, f o r  example, i n  [57] .  

c .  Dual i ty Theory. The shadow p r i c e s  which a r e  t h e  solu-  

t i o n  of  t h e  dua l  problem provide a va luab le  t o o l  f o r  a marginal  

a n a l y s i s  o f  t h e  model. Dual i ty  theory  f o r  t h e  canon ica l  DLP 

Problem 5.1 i s  given i n  [581. The a p p l i c a t i o n  of t h i s  theory  t o  

energy models, d iscussed i n  t h i s  paper,  would be use fu l  i n  many 

respec ts .  

d. Numerical So lu t i on  Methods. A s  mentioned above, Problem 

5.1 i s  an LP problem. Hence, s tandard  LP codes can be (and have 

been) app l i ed  f o r  t h e  s o l u t i o n  of energy models. Spec ia l  methods 

which t a k e  i n t o  account t he  s p e c i f i c s  of  DLP problems have a l s o  

been developed ( [ 59 - 641 , see  a l s o  re fe rences  i n  [ 191 ) . 

Experimental codes of  t h e s e  algor i thms show good r e s u l t s  i n  

comparison t o  t h e  s tandard  simplex methods [ 6 0 , 6 1 ] .  

e .  Post-opt imal Analysis.  Of g r e a t  p r a c t i c a l  i n t e r e s t  a r e  

methods of  post-opt imal  a n a l y s i s  of s o l u t i o n ~ i n c l u d i n g  parametr ic  



DLP methods, s e n s i t i v i t y  and s t a b i l i t y  a n a l y s i s .  A genera l  

theory  of  l i n e a r  and q u a d r a t i c  paramet r i c  programming has been 

developed r e c e n t l y  i n  [ 651 . 

f .  ImpZementat ion o f  t h e  SoZu t ion .  The implementation of 

t h e  opt imal  s o l u t i o n  has no less importance than  t h e  f i nd ing  

of t h i s  s o l u t i o n .  We have t o  mention he re  t h e  ques t i ons  of 

r e a l i z a t i o n  o f  opt imal  s o l u t i o n  a s  a  program ( t h a t  i s ,  as a  

t i m e  sequence of c o n t r o l l i n g  a c t i o n s )  o r  a s  a  feedback c o n t r o l  

( t h a t  i s ,  t h e  c u r r e n t  c o n t r o l  a c t i o n  i s  determined by t h e  c u r r e n t  

s t a t e  of t h e  system).. 

g .  Linkage o f  t h e  Models. The development of  l i nkage 

methods of  i n d i v i d u a l  models i s  becoming probably t h e  most 

impor tant  i s s u e  f o r  t h e  t i m e  being.  Here w e  can s i n g l e  o u t :  

- r e l a t i o n s  between long-, medium- and shor t - term energy 

models ( f o r  example, how t h e  opt imal  s o l u t i o n  of an aggregated 

long-term model r e l a t e s  t o  t h e  s o l u t i o n  o f  a  more d e t a i l e d  

shor t - term model) ; 

- methods of  l i nkage of energy-resources-economy i n d i v i d u a l  

models i n t o  an i n t e g r a t e d  energy model f o r  a  n a t i o n  o r  a  reg ion 

(some of t h e s e  methodological  ques t i ons  were d iscussed i n  Sec t ion  

4 of t h e  paper)  ; 

- methods of  l i nkage of  n a t i o n a l  energy models i n t o  a  

world model. 

Discussion of some methodological and computer implementation 

methods of models l inkage can be found f o r  example i n  [1 ,9 ,10,11,  

12,23,66 - 681. 
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