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PREFACE 

In the workshop "Size and Productive Efficiency--The Wider 
Implications" which was held at IIASA in June 1979, participants 
have raised an issue concerned with the effects of future un- 
certainties on the decisions on size. The issue was pointed out 
from electricity industry where the recent trend of construction 
of larger plants have made the lead time longer and longer, 
making the demand forecast more uncertain t b n  ever. However, 
the problem is common to all industries which involve high 
capital investments for a new plant to be installed. 

In order to improve our understanding of the effects of 
uncertainty we have carried out a state-of-the-art review on 
this subject in electricity generation where the most sophisti- 
cated expansion planning models and methodologies are available 
and where a considerable amount of reported experience on this 
subject exists. This paper presents the results of this review. 
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The Effects of Uncertainty in Generation Expansion 
Planning--A Review of Methods and Experiences 

Kiichiro Tsuj i 

INTRODUCTION 

In June 1979, a workshop "Size and Productive Efficiency-- 
The Wider Implications" was held at IIASA, based on the prepa- 
ratory work by Cantley and Glagolev (1978). The workshop was 
attended by some 50 scientists representing 13 countries and 
from various different disciplines and discussed about "problems 
of scale" in various industries. The workshop, in fact, brought 
a number of different aspects of problems of scale, not only 
concerned with the problem of deciding an optimal or an appro- 
priate size of some facilities, but also concerned with the 
management problems within an organization as well as the 
implications of large-scale operation or production on national 
economies. 

During the workshop participants have raised an issue 
concerned with the effects of future uncertainties on the 
decisions on size. The issue was pointed out from electricity 
industry where the recent trend of construction of larger plants 
have made the lead time longer and longer, making the demand 
forecast more uncertain than ever. However the problem is com- 
mon to all industries which involve high capital investments for 
a new plant to be installed. 

In order to improve our understanding of the effects of 
uncertainty we have carried out a review on this subject in 
electricity generation where the most sophisticated expansion 
planning models and methodologies are available and where a 
considerable amount of reported experience on this subject 
exists. 



I n  t h i s  p a p e r  w e  p r e s e n t  a comprehens ive  r e v i e w  o f  

i )  e x i s t i n g  m e t h o d o l o g i e s  f o r  e l e c t r i c i t y  g e n e r a t i o n  
e x p a n s i o n  p l a n n i n g ,  

ii) t e c h n i q u e s  f o r  e v a l u a t i n g  t h e  e f f e c t s  of u n c e r t a i n t i e s ,  
and  

iii) some known consequence  of t h e  f u t u r e  u n c e r t a i n t i e s  on 
g e n e r a t i o n  e x p a n s i o n  p l a n s .  

S e v e r a l  b a s i c  p r i n c i p l e s  f o r  c o p i n g  w i t h  u n c e r t a i n t y  are 
drawn as a r e s u l t  o f  t h i s  s u r v e y  and  t h e y  w i l l  b e  p r e s e n t e d  
l a t e r  i n  t h i s  p a p e r .  

EFFECTS OF UNCERTAINTY--A SI?IPLE EXAMPLE 

T o  d e s c r i b e  t h e  so r t  of " e f f e c t s "  of f u t u r e  u n c e r t a i n t y  
t h a t  w e  a r e  c o n c e r n e d  w i t h ,  a s i m p l e ,  c lassical  example o f  
s e l e c t i n g  u n i t  s i z e  i n  c a p a c i t y  e x p a n s i o n  p l a n n i n g  i s  p r e s e n t e d  
i n  t h e  f o l l o w i n g :  

Suppose t h a t  

-- t h e  demand grows a r i t h m e t i c a l l y  
-- t h e r e  i s  a n  economy of  s c a l e  
-- t h e  o b j e c t i v e  o f  o p t i m i z a t i o n  i s  t o  min imize  t h e  

p r e s e n t  w o r t h  c o s t s  -- t h e  demand must  a lways  be m e t .  

An o p t i m a l  s i z e  e x i s t s  b e c a u s e  economies  of  s c a l e  d r i v e s  
t h e  u n i t  s i z e  t o  g o  l a r g e r  whereas  t h e  d i s c o u n t i n g  t r ies  t o  
s p l i t  and  d e f e r  t h e  payments .  The r e s u l t  i s  a n  o p t i m a l  c y c l e  o f  
c o n s t r u c t i o n ,  i . e . ,  t h e  u n i t s  o f  i d e n t i c a l  s i z e  s h o u l d  b e  b u i l t  
p e r i o d i c a l l y ,  and  t h e  well-known V-shaped c u r v e  (Manne 1967)  
shown i n  F i g u r e  1 .  

An example of t h e  e f f e c t  o f  demand u n c e r t a i n t y  i s  i l l u s -  
t r a t e d  i n  F i g u r e  2 .  The t h r e e  b o l d  p h a s e  c u r v e s  show t h e  cost 
c u r v e s  f o r  e a c h  d i f f e r e n t  r e a l i z a t i o n  of  demand i n c r e a s i n g  ra te .  
Now w e  a s s i g n  d i s c r e t e  p r o b a b i l i t y  f o r  e a c h  demand ra te  i n  s u c h  
a way t h a t t h e e x p e c t e d  v a l u e  o f  demand ra te  is  e q u a l  t o  D2. 

- 
The optimum s i z e  when t h i s  demand u n c e r t a i n t y  i s  t a k e n  i n t o  
a c c o u n t  c a n  b e  d e t e r m i n e d  by m i n i m i z i n g  E(V)  w i t h  r e s p e c t  t o  
V ,  where 

r V  -- - 

The cost c u r v e  C(V)  is shown i n  F i g u r e  2 ( f o r  t h e  n u m e r i c a l  
v a l u e s  see Append ix ) ,  f r o m  which  t h e  optimum s i z e  is  smaller 
t h a n  f o r  t h e  d e t e r m i n i s t i c  case. 



I \ k : c o n s t a n t  

\ x : p e r i o d  
D : demand ( t o n s / y e a r )  
r : d i s c o u n t  r a t e  

o p t i m a l  
c y c l e  

- 7 

c y c l e  time x 

F i g u r e  1 .  Discounted Cos t  Func t i on  

Curve w i t h  

k : c o n s t a n t  
x : p e r i o d  
D : demand ( t o n s /  

y e a r )  
r : d i s c o u n t  r a t e  
V : c a p a c i t y  

I I 

Optimum s i z e  : ; 
w i t h  , 4 , I 

uncertainty,: ; 
b 

V u n i t  s i z e  

F i g u r e  2 .  E f f e c t  o f  Demand U n c e r t a i n t y  



Capacity expansion planning in electricity is not as simple 
as in the example presented here, because there are many types 
of generating facilities with different capital and operating 
characteristics. The fact that there is no effective ways of 
storing electricity requires that the demand which is highly 
stochastic in nature must be met instantaneously, and this calls 
for a complicated operating policy for different types of plants 
and complicates the calculation of operating costs. In addition 
to this, there are many sources of uncertainty other than the 
demand such as fuel price, thermal power plant availability, 
hydro energy availability, construction delay, etc. 

These factors prevents the direct application of the results 
presented in the previous section to generation expansion plan- 
ning. However there are many methods and models available in 
generation expansion planning and the effects of uncertainty 
have been investigated to some extent. These methods and models 
include LP models, Nonlinear programming model, DP models as 
well as the computerized (automated) versions of conventional 
planning methods based on reliability criteria, and some special 
models which incorporate uncertainties, for example, by repre- 
senting the demand uncertainties by a probability tree. 

Both the conventional and the special models have been 
used for analyzing the effects of uncertainties. These experi- 
ence are mostly of numerical nature; examples obtained from a 
particular system. Nevertheless these examples enhance the 
nature of the effects of uncertainty in generation expansion 
planning. 

These subjects will be discussed subsequently. 

ELECTRICITY GENERATION EXPANSION PLANNING 

Electricity demand grows in most countries year by year. 
This simply requires that new generation facilities to be 
added totheexisting system sometime in the future. Planning 
for this expansion involves many aspects, e.g., technical, 
economic and social, each one of which may call for different 
type of assessment. However, the whole planning process is 
normally represented by two major stages; one is generation 
expansion planning and the other is transmission expansion 
planning. The former has the characteristic of a more general 
class of problems referred to as capacity expansion planning 
and the latter includes more elements from power system analysis 
such as the load flow and the stability calculations. 

In this paper we restrict our attention to generation 
expansion planning, since our purpose is to investigate the 
effects of uncertainty in the context of more general capacity 
expansion planning common to all industries which involves high 
capital investments. It must be remembered, though, that there 
are some elements which overlap between generation expansion 
planning and transmission expansion planning. Hence some 
elements in transmission expansion planning may very well come 



i n  w i t h i n  t h e  c o n t e x t  of g e n e r a t i o n  e x p a n s i o n  p l a n n i n g .  These  
two p l a n n i n g  s t a g e s  a r e  n o t  n e c e s s a r i l y  s e p a r a b l e .  

Key E lemen t s  o f  G e n e r a t i o n  Expans ion  P l a n n i n g  

Normal ly ,  l o a d s  (demands) a r e  c o n c e n t r a t e d  a t  one  p o i n t  i n  
g e n e r a t i o n  e x p a n s i o n  p l a n n i n g  and  a l l  t h e  g e n e r a t i n g  f a c i l i t i e s  
w i l l  b e  c o n n e c t e d  t o  t h i s  l o a d .  The l o a d  (demand) i s  c h a n g i n g  
h o u r  by  h o u r  and  g e n e r a l l y  i n c r e a s i n g  w i t h  t i m e  i n  t h e  l o n g  r u n .  
T h e r e  a r e  a  number o f  g e n e r a t i n g  f a c i l i t i e s  f o r  c h o i c e  w i t h  s i g -  
n i f i c a n t l y  d i f f e r e n t  c a p i t a l  a n d  o p e r a t i n g  c h a r a c t e r i s t i c s .  
T h u s t k i e m o s t  f u n d a m e n t a l  form o f  g e n e r a t i o n  e x p a n s i o n  p l a n n i n g  
i s  t o  c h o o s e  t h e  t y p e ,  t h e  c a p a c i t y  and  t h e  t i m i n g  o f  i n s t a l l a -  
t i o n  o f  t h e  p l a n t s  t o  b e  added  t o  a g i v e n  s y s t e m ,  g i v e n  a n  
a p p r o p r i a t e  form o f  demand f o r e c a s t ,  o v e r  a p l a n n i n g  h o r i z o n . *  
The image o f  g e n e r a t i o n  e x p a n s i o n  p l a n n i n g  is  shown i n  F i g u r e  3 .  

I t  i s  clear t h a t  t h i s  problem is  o n e  o f  t h e  more g e n e r a l  
c l a s s  o f  c a p a c i t y  e x p a n s i o n  p l a n n i n g .  However t h e ' p r o b l e m  i s  
c o m p l i c a t e d  by t h e  f a c t  t h a t  t h e  demand which  i s  s t o c h a s t i c  i n  
n a t u r e  mus t  b e  m e t  i n s t a n t a n e o u s l y  and  t h u s  t h e  e s t i m a t i o n  o f  
o p e r a t i n g  costs i s  c o m p l i c a t e d .  

0 ;y:;:ing 
- 

I / ' P l a n t s  
I - ' t o  b e  b u i l t  

-growing w i t h  t i m e  
i n  terms of  MW/MWI 

- s t o c h a s t i c  
-must b e  m e t  

.T 
- -_ I 

\ 

\ ? I  / - 1- \ 
\ - - 1 ? I - t y p e  

\ - _ ' - c a p a c i t y  
- t i m i n g  

F i g u r e  3 .  An Image o f  G e n e r a t i o n  Expans ion  P l a n n i n g  

-- 

* C a p a c i t y  e x p a n s i o n  r a te  w i l l  a f f e c t  t h e  demand t h r o u g h  p r i c i n g  
a n d  hence  t h e  demand b e i n g  g i v e n  exogenous ly  may n o t  b e  appro-  
p r i a t e .  Some models  t a k e s  t h i s  p r i c e  demand i n t e r a c t i o n  i n t o  
a c c o u n t  (see f o r  example ,  Be rgendah l  1978,  Manne 1 9 7 4 ) .  



Hour t o  Hour Load Curve:  

F i g u r e  4 shows a n  example o f  l o a d  c u r v e  w i t h  r e s p e c t  t o  
t i m e .  T h i s  c u r v e  h a s  t h e  c h a r a c t e r i s t i c s  o f  a  t i m e - v a r y i n g  
s t o c h a s t i c  p r o c e s s .  Assuming no s t o r a g e  d e v i c e s  t h e  demand and  
t h e  e l e c t r i c i t y  s u p p l y  must  a lways  b e  m e t .  I t  may e x h i b i t  t y p i -  
c a l  p a t t e r n s  o v e r  d a y s  ( f o r  example weekdays,  sundays  and  
s a t u r d a y s ) ,  s e a s o n s  ( w i n t e r  months ,  summer months ,  e t c . ) .  I t  
may a l s o  have  t y p i c a l  p a t t e r n s  f o r  d i f f e r e n t  economic s e c t o r s :  
i n d u s t r i a l ,  commerc ia l ,  r e s i d e n t i a l ,  e tc .  These  a r e  a l s o  il- 
l u s t r a t e d  i n  F i g u r e  4 .  

Peak ~ o a d / ~ e m a n d :  

By o b s e r v i n g  t h e  l o a d  c u r v e  o v e r  a c e r t a i n  t i m e  p e r i o d  
maximum ( p e a k )  l o a d  (MW) o v e r  t h e  p e r i o d  c a n  b e  d e f i n e d .  T h i s  
is  a key f a c t o r  i n  g e n e r a t i o n  e x p a n s i o n  p l a n n i n g  b e c a u s e  t h e  
power sys t em must  b e  e q u i p p e d  w i t h  enough c a p a c i t y  t o  m e e t  t h e  
peak  l o a d .  

h o u r s  

F i g u r e  4 .  An Exarnple 0 2  Load Curve (Source:  Berrie 1968)  



Load Dura t ion  Curve: 

The l o a d  c u r v e  g i v e s  t h e  i n s t a n t a n e o u s  power (MW), b u t  o f t e n  
t h e a c t u a l  time i s  i r r e l e v a n t  when t h e  d e l i v e r e d  energy  (MWH) is  
t o  be c o n s i d e r e d .  Load d u r a t i o n  c u r v e  r e p r e s e n t s  t h e  accumula ted  
p e r i o d  o f  t i m e  o v e r  which a g i v e n  l e v e l  o f  l o a d  h a s  o c c u r r e d .  
U s u a l l y  it i s  p l o t t e d  power v s .  h o u r s  of t h e  y e a r ,  and t h e  c u r v e  
i s  a n o n l i n e a r  d e c r e a s i n g  f u n c t i o n  w i t h  r e s p e c t  t o  t h e  accumu- 
l a t e d  t i m e  (see F i g u r e  5 ) .  

The area under  t h e  l o a d  d u r a t i o n  c u r v e  i s  t h e  energy  (M'WH) 
d e l i v e r e d  t o  t h e  sys tem o v e r  Smax hours .  'max i s  t a k e n  t o  be ,  

f o r  example, one  y e a r  ( 8 , 7 6 9  h o u r s ) ,  and t h i s  c u r v e  p l a y s  t h e  
key r o l e  i n  d e t e r m i n i n g  g e n e r a t i o n  mix. 

A l t e r n a t i v e l y ,  t h i s  c u r v e  r e p r e s e n t s  a p r o b a b i l i t y  d i s t r i -  
b u t i o n  f u n c t i o n .  For  example,  l e t  D ( t )  be a sample f u n c t i o n  
which r e p r e s e n t s  t h e  l o a d  curve .  Then 

1  - 1 
Prob  { D ( t )  s = Y ( s )  

max 

where y-l  ( ;)  i s  t h e  i n v e r s e  f u n c t i o n  of  y  ( *  ) shown i n  F i g u r e  5. 

P l a n t  Types: 

There  are a  number of  ways t o  produce  e l e c t r i c i t y .  T y p i c a l  
power p l a n t s  i n c l u d e  hydro  r u n - o f f ,  hydro  s t o r a g e ,  pumped 
s t o r a g e ,  o i l  f i r e d ,  c o a l  f i r e d ,  g a s  f i r e d  and n u c l e a r  p l a n t s .  
Each o f  t h e s e  h a s  s p e c i a l  c h a r a c t e r i s t i c s  which d i s t i n g u i s h  one  
p l a n t  from a n o t h e r  and s e t  o u t  t e c h n i c a l  c o n s t r a i n t s  on how t h e y  
a r e  o p e r a t e d .  However, it s h o u l d  be  n o t e d  t h a t  t h e  major  f a c t o r  
w i t h i n  t h e  c o n t e x t  of g e n e r a t i o n  expans ion  p l a n n i n g  which d i s -  
t i n g u i s h  one t y p e  from a n o t h e r  i s  t h e  c a p i t a l  ($/MW) and t h e  
o p e r a t i n g  ($/MWH) c o s t s .  I n  t h i s  c o n t e x t  t h e  d i f f e r e n c e  i n  t h e  
l o c a t i o n  o f  p l a n t  o f  t h e  s a m e  t i m e  c a n  b e  i n c o r p o r a t e d  i n t o  
p l a n n i n g  i f  t h e  d i f f e r e n c e  are p r o p e r l y  e x p r e s s e d  i n  t h e s e  c o s t s .  

h o u r s  

F i g u r e  5. Load ~ u r a t i o n  Curve 



R e l i a b i l i t y :  

Each p l a n t  i s  s u b j e c t  t o  t h e  p o s s i b i l i t y  of o u t  o f  s e r v i c e  
due  t o  t h e  schedu led  main tenance ,  f o r c e d  o u t a g e s ,  o r  i n  t h e  
c a s e  o f  hydro  p l a n t s ,  due  t o  t h e  w e a t h e r .  T h e r e f o r e  t h e  amount 
o f  a c t u a l l y  a v a i l a b l e  c a p a c i t y  a t  any t i m e  i s  s t o c h a s t i c  i n  
n a t u r e .  With t h i s  and t h e  s t o c h a s t i c  n a t u r e  of t h e  l o a d ,  t h e  
t o t a l  c a p a c i t y  o f  a l l  t h e  power p l a n t s  i n  t h e  sys tem must  a lways  
b e  g r e a t e r  t h a n  t h e  t o t a l  demand ( r e s e r v e  marg in )  i n  o r d e r  t o  
e n s u r e  t h e  r e l i a b l e  s u p p l y  of  e l e c t r i c i t y .  E v a l u a t i o n  of  
r e l i a b i l i t y  i t s e l f  forms a  f i e l d  of  a c t i v e  r e s e a r c h .  Ava i l a -  
b i l i t y ,  l o a d  f a c t o r ,  u t i l i z a t i o n  f a c t o r ,  l o s s  of  l o a d  p r o b a b i l i t y  
a r e  among t h e  r e l i a b i l i t y  r e l a t e d  f a c t o r s .  

O t h e r  F a c t o r s :  

There  a r e  some o t h e r  f a c t o r s  t o  be c o n s i d e r e d  i n  g e n e r a t i o n  
expans ion  p l a n n i n g .  These a r e ,  f o r  example,  economies o f  s c a l e ,  
r e t i r e m e n t  o f  o l d  p l a n t ,  c o n s t r u c t i o n  t i m e ,  e s c a l a t i o n  r a t e s  on 
c o s t s ,  hydro  p l a n t  s t o r a g e  p o l i c y ,  n u c l e a r  f u e l  c y c l e s ,  e n v i r o n -  
m e n t a l  i m p a c t s ,  t r a n s m i s s i o n  s y s t e m s ,  a r r i v a l  of  new t e c h n o l o g i e s ,  
and a  number of  p o s s i b l e  l o c a l  r e s t r i c t i o n  f a c t o r s  s u c h  a s  t h e  
l i m i t e d  amount of  c a p i t a l ,  t h e  a v a i l a b i l i t y  of  f u e l  and t h e  
p o l i t i c a l  and s o c i a l  c o n s t r a i n t s .  

P l a n n i n g  Horizon:  

An i m p o r t a n t  f a c t o r  i n  g e n e r a t i o n  expans ion  p l a n n i n g  i s  i t s  
p l a n n i n g  h o r i z o n .  I t  is  cus tomary t o  d i s t i n g u i s h  t h r e e  d i f f e r e n t  
p l a n n i n g  h o r i z o n s ,  i . e . ,  s h o r t - ,  mediuin-, and long-term p l a n n i n g ,  
a l t h o u g h  t h e  d e f i n i t i o n s  a r e  n o t  v e r y  s t r i c t .  Roughly s p e a k i n g ,  
s h o r t - t e r m  p l a n n i n g  f o c u s e s  on  t h e  c h o i c e  of  t h e  n e x t  c o u p l e s  
o f  p l a n t s  t o  b e  b u i l t .  I n  medium-term p l a n n i n g  t h e  sequence  o f  
p l a n t s  which s h o u l d  be  added t o  t h e  system o v e r  10-20 y e a r s  w i l l  
b e  c o n s i d e r e d .  I n  long-term p l a n n i n g  ( o v e r  20 y e a r s )  a  g u i d e l i n e  
f o r  t h e  long- term development p a t t e r n  of  t h e  system w i l l  b e  s o u g h t .  
I t  i s  c l e a r  t h a t  f o r  each  p l a n n i n g  h o r i z o n  emphasis  must be  
p l a c e d  on t h e  d i f f e r e n t  g r o u p s  of  f a c t o r s ,  f o r  example,  i n  s h o r t -  
term p l a n n i n g  t h e  o p e r a t i n g  p o l i c y  must  be d e f i n e d  more p r e c i s e l y  
and o p e r a t i n g  c o s t s  e v a l u a t i o n  i n c l u d i n g  r e l i a b i l i t y  c a l c u l a t i o n  
w i l l  have  t o  be  performed a c c u r a t e l y  whereas i n  long- term p l a n -  
n ing  t h e s e  f a c t o r s  c a n  be a g g r e g a t e d  p r o p e r l y .  

Genera t ion  Mix--The S t a t i c  Case 

One o f  t h e  key o b j e c t i v e s  of  g e n e r a t i o n  expans ion  p l a n n i n g  
i s  t h e  d e t e r m i n a t i o n  of g e n e r a t i o n  mix. A l l  t h e  s o p h i s t i c a t e d  
methods which w i l l  be  reviewed i n  t h e  l a t e r  s e c t i o n s  a r e  d e s i g n e d  
t o  d e t e r m i n e  a n  o p t i m a l  g e n e r a t i o n  mix. These methods t a k e  
v a r i o u s  k i n d s  of f a c t o r s  which a f f e c t  t h e  o p t i m a l  g e n e r a t i o n  mix 
b u t  t h e r e  i s  a  s t r a i g h t f o r w a r d  way of d e t e r m i n i n g  g e n e r a t i o n  
mix (Berrie 1968, P h i l l i p s  e t  a l .  1969) . 



W e  c o n s i d e r  t h e  c a s e  where t h e  demand i s  g i v e n  f o r  a  s i n g l e  
y e a r  and e v e r y  p l a n t  a r e  t o  be b u i l t  a t  t h e  s a m e  t i m e  t o  s a t i s f y  
t h i s  demand. T h i s  i s  t h e  s t a t i c  case o f  t h e  g e n e r a t i o n  expans ion  
p l a n n i n g  problem. A s s u m e  t h a t  each  p l a n t  i i s  e x p r e s s e d  by t h e  
f i x e d  c o s t  g i  and v a r i a b l e  c o s t  f  . The c o s t  of  e a c h  p l a n t  c a n  i 
t h e n  b e  r e p r e s e n t e d  by a s t r a i g h t  l i n e  e x p r e s s e d  a s  gi + f i t ,  where 

t i s  t h e  o p e r a t i n g  t i m e  i n  h o u r s .  I n  F i g u r e  6  w e  c o n s i d e r  t h e  
h y p o t h e t i c a l  case where t h e r e  a r e  t h r e e  p l a n t s ;  n u c l e a r ,  f o s s i l  
and g a s  t u r b i n e .  These are c h a r a c t e r i z e d  hy  h i g h  f i x e d  c o s t  and 
low r u n n i n g  c o s t  f o r  n u c l e a r ,  medium f i x e d  c o s t  and medium run- 
n i n g  c o s t  f o r  f o s s i l ,  and low f i x e d  and h i g h  r u n n i n g  c o s t s  f o r  
g a s  t u r b i n e .  

The bottom o f  t h e  f i g u r e  i s  a  l o a d  d u r a t i o n  c u r v e .  Pro-  
ceed ing  w i t h  t h e  d i r e c t i o n  o f  i n c r e a s i n g  h o u r s  o f  o p e r a t i o n ,  g a s  
t u r b i n e  g i v e s  t h e  l eas t  c o s t s  u n t i l  it r e a c h e s  t h e  i n t e r s e c t i o n  
w i t h  t h e  c o s t  c u r v e  o f  f o s s i l  p l a n t ,  and t h i s  p r o c e d u r e  i s  
c o n t i n u e d  t o  c o v e r  t h e  whole  h o u r s  of  o p e r a t i o n  which g i v e s  t h e  
bold  phased minimal  c o s t  c u r v e  i n  F i g u r e  6. The d o t t e d  l i n e s  
s t a r t i n g  from two c o r n e r  p o i n t s  on  t h i s  c u r v e  down t o  t h e  l o a d  
d u r a t i o n  c u r v e  and t h e n  r e f l e c t e d  on i t s  demand a x i s  g i v e  t h e  
o p t i m a l  c a p a c i t y  f o r  each  p l a n t .  

Although t h i s  s i m p l e  approach  i s  a p p l i c a b l e  t o  the s t a t i c  
c a s e  t h i s  g i v e s  a  rough i d e a  o f  how t h e  f i x e d  and runn ing  c o s t s  
a f f e c t  t h e  o p t i m a l  g e n e r a t i o n  mix. For  a much more d e t a i l e d  
t r e a t m e n t  o f  t h i s  g r a p h i c a l  p r o c e d u r e ,  t h e  r e a d e r  i s  r e f e r r e d  t o  
P h i l l i p s  e t  a l .  (1969) , Buzaco t t  and T s u j i  ( 1 9 8 0 ) .  

BASIC MODELS, APPROACHES AND EXTENSIONS 

G e n e r a t i o n  expans ion  p l a n n i n g  i s  t h e  v i t a l  p a r t  of  power 
system p l a n n i n g  and t h e r e  a r e  e x t e n s i v e  l i t e r a t u r e s  i n  t h i s  
f i e l d .  Numerous methods have been p roposed  and t h e y  d i f f e r  from 
each o t h e r  c o n s i d e r a b l y  i n  t h e  d e g r e e  of d e t a i l  of  t h e  c a l c u l a -  
t i o n  of o p e r a t i n g  c o s t s  and of  t h e  c o n s t r a i n t s  t o  be imposed, 
and i n  t h e  d e g r e e  of ma themat ica l  s o p h i s t i c a t i o n  as w e l l .  
However, r o u g h l y  s p e a k i n g ,  t h e r e  a r e  t w o  b a s i c  approaches ;  one  
is  what w e  might  c a l l  c o n v e n t i o n a l  a p p r o a c h e s  i n  which c o s t  
c a l c u l a t i o n s  are performed i n  d e t a i l  b u t  o n l y  a number o f  a l t e r -  
n a t i v e s  f o r  expans ion  a r e  c o n s i d e r e d ,  and t h e  o t h e r  approach i s  
t h e  u s e  o f  ma themat ica l  programming models .  

Here w e  p r e s e n t  a rev iew o f  a number of  b a s i c  models  and 
approaches ,  and t o  some e x t e n t ,  p o s s i b l e  e x t e n s i o n s .  Although 
t h e  t r e a t m e n t  h e r e  w i l l  by no means b e  c o m p l e t e l y  e x h a u s t i v e ,  it 
c o v e r s  t h e  e s s e n t i a l  f e a t u r e s  of  t h e  a v a i l a b l e  p l a n n i n g  
methodologies .  

Approaches Based on R e l i a b i l i t y  C r i t e r i o n  

A s t r a i g h t f o r w a r d  and p r a g m a t i c  way o f  g e n e r a t i o n  expans ion  
p l a n n i n g  i s  f i r s t  t o  s e l e c t  a se t  of a l t e r n a t i v e  p l a n s  and second 



T o t a l  c o s t  

C a p a c i t y  
(demand ) 

t u r b i h e  
I 
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to evaluate the reliability of each plan and third to calculate 
total costs for those plans which meet a certain reliability 
requirement and finally to choose a plan which results in the 
minimum total costs. This approach seems to be utilized most 
commonly in the electricity utilities and there may be as many 
methods as there are utilities once we get down to the details 
of their methods. The book by Sullivan (1977) deals extensively 
with this approach. A simple illustration of this cless of 
approaches is foun2 in the paper by A!!a~son et .31. (1973), from 
which Figure 7 is taken. 

The evaluation of reliability is the most important part of 
this approach. This is a significant field of study of its own 
where a vast amount of literatures are available (e.g., 
Billinton 1970, 1972, Vemuri 1978) and active researches are 
being undertaken. 

The simplest form of reliability evaluation is the use of 
per cent reserve margin which is derived empirically. More 
sophisticated methods call for the use of probability theory 
and the reliability criteria such as Loss of Load Probability 
(LOLP) are analytically calculated. More detailed calculation 
is possible by simulating the operation of the system precisely. 
A glimpse of the methodologies which are actually used in 
existing utilities can be seen in Billinton (1978). 

In principle this approach can be used for any length of 
planning horizon. However, it is not really suitable for long- 
term planning, since it involves detailed calculations for each 
plan and the number of possible alternative plans which are 
essentially combinatorial is increased tremendously as the 
planning horizon becomes longer and even the whole process of 
this approach is fully automated (e.g., Oatman et al. 1973) the 
amount of calculation can become prohibitive. 

Linear Programming Models and Extensions 

The generation expansion planning problems can be formulated 
in terms of linear programing and an extensive number of litera- 
tures are available. In the following the most basic form of 
linear programming models is first given and some modifications 
and extensions will then be discussed. 

Basic Linear Programming Model (.Anderson 1977) : 

The purpose of the model is to find the type and the 
capacity of power plants to be installed over a given planning 
horizon. However in order to calculate the operating costs it 
is necessary to determine how the existing plants at any time 
are to be utilized. Thus the variables to be determined are: 

x = Capacity of plant of type k to be installed kn 
in year nr k = I, ..., K, n = 1, ..., T. 





'thkn = Capacity of plant of type k installed in year n 

to be actually utilized in the h-th time interval 

of the load duration curve in year t, t = 1, ..., T ,  

h = 1, ..., H I  k = 1, ..., Kt n = 1, . . . I  t. 

T is the planning horizon and n = 0 implies those plants 
which are initially in the system. The range of n depends on t 
because at time t only those plants up to t can be operated. 

Peak demand and the load duration curve are assumed to be 
given over the years n = 1, ..., T. Noreover the load duration 
curve is approximated by stair case functions where 8 

h 
h = 1, .... H, and DthI t = 1, ..., TI h = 1, ..., H are 
defined in Figure 8. 

demand 

'max 
hours 

Figure 8. Discrete Approximation of Load Duration Curve 



For each plant type k = 1, ..., K, the following quantities 
are assumed to be given: 

'kn : Discounted fixed costs per unit power ($/EIkJ) 

for the plant of type k installed in year n, 

n = 1, ..., T 

thkn : Discounted variable costs per unit energy ($ /? lTJH)  

for the plant of type k installed in year n, over 

the h-th segment of the load duration curve for 

year t. t = 1, . . . ,  T; h = 1, ..., H; n = 0, ..., 
t. 

a 
tkn : Availability of the plant of type k installed in 

year n, over the year t. t = 1, ..., T; n = 0, 

. . . I  t. 

X 
kO : Capacity of the plant of type k initially in the 

system. 

m : Reserve margin on the total capacity. 

The objective function to be minimized is taken to be the 
total discounted costs which can be expressed as follows: 

K T T H K t  

The constraints are: 

a) Demand must be met. 

b) Total installed capacity must be larger than the peak 
demand plus reserve margin. 

c) Any plant can be operated up to its available 
capacity. 



All the variables are nonnegative, and this completes the 
basic form of linear programming formulation. 

It should be noted that the key assumptions which are 
implicit in the above formulation are 

1) Discrete unit size is not considered and the program 
can choose any amount of capacity each year, that is, 
the decision variables xkn are continuous. 

2) The fixed costs are assumed to be proportional to the 
capacity to be installed. Hence the economy of scale 
that exists in the installation of power plants is 
ignored. 

3)  Reliability of the system is considered only by the 
single value of availability for each year for each 
plant type, and by the reserve margin. 

4) Calculation of operating cost is assumed to be appro- 
ximately modeled by dispatch against an annual load 
duration curve. 

5) There are no restrictions on the operation of hydro 
power plants. 

The objective function [I] represents the total discounted 
costs in which the first term represents the discounted capital 
costs and the second term represents the discounted operating 
costs. The operating costs are represented as linear functions 
of the operating variables which are due to the staircase 
function approximation of the load duration curve. High accuracy 
on the evaluation of the operating costs can be achieved only 
at the expense of increased number of variables and constraints 
in the above linear programming model, and this is the major 
disadvantage of the model. 

Roughly speaking there are two classes in the way of 
modifying and extending the above formulation. One class has 
to do with the modification In calculating operating costs in 
the objective function and the other class can be termed as 
various refinements in which more constraints are imposed and/ 
or some of the basic assumptions mentioned above are relaxed. 
These will be discussed subsequently. 

The idea is shown in Beglari and Laughton ( 1 9 7 3 ) .  Let 

us define a new operating variables z i 
tkn instead of Uthkn by 



i 
t k n  : Capac i ty  of p l a n t  of t y p e  k  i n s t a l l e d  i n  y e a r  n  

n  t o  be a c t u a l l y  u t i l i z e d  i n  t h e  i - t h  demand s e c t i o n  

o f  t h e  l oad  d u r a t i o n  cu rve  f o r  yea r  t ,  t = 1 ,  ..., 
T;  i = 1 ,  ..., H i  k  = 1 ,  ..., K ;  n  = 0 ,  ..., t. 

I n  t h i s  c a s e  t h e  l o a d  d u r a t i o n  cu rve  i s  approximated by 
t h e  same s t a i r  c a s e  f u n c t i o n  a s  i n  F i g u r e  8 ,  b u t  i n t e r p r e t e d  i n  
d i f f e r e n t  way a s  shown i n  F igu re  9 ,  where t h e  c o n s t a n t s  r i  and 

t h e  demand s e c t i o n  Di i = 1  , . . . , H a r e  d e f i n e d .  t f  

One more m o d i f i c a t i o n  i s  t o  r e d e f i n e  t h e  v a r i a b l e  c o s t s  

thkn  by new v a l u e s  f i  t k n  where 

i 
f t k n  : Discounted v a r i a b l e  c o s t s  p e r  u n i t  energy  ($/?wH) 

f o r  t h e  p l a n t  o f  t y p e  k  i n s t a l l e d  i n  yea r  n ,  o v e r  

t h e  demand s e c t i o n  i of t h e  l o a d  d u r a t i o n  c u r v e  

f o r  y e a r  t .  t = 1 ,  ..., T;  i = 1 ,  ..., H ;  n  = 0 ,  

...I t. 

i 
Having r e p l a c e d  U t h k n f  Dthf  O h ,  'thkn by 'th, Dtf i 

Tif ftkn'  i 
w e  can  w r i t e  down t h e  mod i f i ed  v e r s i o n  of  l i n e a r  programming 
fo rmu la t i on .  

I - t h  demand 

s e c t i o n ,  D: 

hou r s  

F i g u r e  9. Approximation of  Load Dura t ion  Curve f o r  Z - s u b s t i t u t e  
Method 



The o b j e c t i v e  f u n c t i o n  t o  be minimized i s  

K T T H K t  i 
T 1 1 g k n X k n +  1 1 1 f tknZtkn  i 

k=l n=l  t = l  i = l  k=l n=O 

The c o n s t r a i n t s  a r e :  

a ' )  Demand must be  m e t .  

b ' )  T o t a l  i n s t a l l e d  c a p a c i t y  must be l a r g e r  t h a n  t h e  peak 
demand p l u s  r e s e r v e  margin.  

c ' )  Any p l a n t  can be o p e r a t e d  up t o  i t s  a v a i l a b l e  c a p a c i t y  

The advantage o f  Z - s u b s t i t u t e  method i s  t h a t  t h e  number of  
c o n s t r a i n t s  i n  c )  i s  reduced t o  I / H .  

Q u a d r a t i c  Programming:* 

Now w e  c o n s i d e r  t h e  same se t  of  v a r i a b l e s  a s  i n  t h e  
Z - s u b s t i t u t e  method b u t  t h i s  t i m e  t h e  l oad  d u r a t i o n  cu rve  i s  
approximated by piece-wise l i n e a r  f u n c t i o n  (see F i g u r e  1 0 ) .  

L e t  u s  assume t h e  m e r i t  o r d e r  of t h e  a v a i l a b l e  p l a n t s  and 
t h e  p l a n t s  kn,  k  = 1 ,  ..., K, n  = 0 ,  ..., t a r e  renumbered a s  - 

i f i i P. = 1 ,  ..., e m .  Thus w e  w i l l  w r i t e  Z t k n ,  t k n  
a s  Z t e r  f t e '  . 

r e s p e c t i v e l y .  Le t  u s  c o n s i d e r  one b lock  of  demand s e c t i o n  D;, 
a s  i n  F i g u r e  11. 

I n  F i g u r e  11 s u f f i x  t i s  dropped f o r  n o t a t i o n a l  convenience .  
Note t h a t  t h e r e  i s  a  c l e a r  r e l a t i o n s h i p  a s  fo l l ows :  

* The d e s c r i p t i o n  h e r e  i s  a  g e n e r a l i z a t i o n  of the development 
due t o  Louveaux (1980) .  



Demand T 

hours 'max 

Figure 10. Piecewise Linear Approximation of Load Duration 
Curve 

Figure 1 1 .  Approximateion of i-th Demand Section 



where Lm = T and Lo = Ti+l- i i 

using this relationship, the energy of the shadowed area 
is given by 

Thus the operating costs over one year is 

and the objective function to be minimized can be expressed as 
~ O ~ ~ O W S :  n 

The constraints are exactly the same as a'), b'), and c'). 

The formulation when H = 3 is given in Louveaux (1980). 
Due to the piecewise linear approximation, the number of blocks 
H may indeed be reduced to 3, thus the number of constraints 
is reduced significantly at the cost of nonlinearity (quadratic) 
in the objective junction. 

Another way of modifying the form of operating costs is 
suggested by Beglari et al. (1975). They used the load factor 
and the utilization factor in order to eliminate the appearance 
of operating variables in the linear programming formulation. 

Various Modifications and Extensions: 

Various modifications and refinements have been discussed 
in the literature and some of which are briefly introduced in 
the following. 



Within the content of linear programming formulations 
discrete unit size can be considered by introducing a set of 
0-1 integer decision variables. In this case it is possible to 
take economies of scale effect into account. Saway et al. (1977) 
describe a mixed integer linear programming model which allows 
for the analysis of the tradeoff between the economies of scale 
achieved by building a large plant and the increased loss in the 
transmission and also the tradeoff between the construction of 
a large plant vs. the delayed capital investments afforded by 
building several smaller plants. 

Reliability is normally taken into account in the most 
aggregated form in the linear programming models. However it 
is possible to formulate a mixed integer linear programming 
model in which each plant is assumed to be either up or down 
with certain probabillty and LOLP is used as an index of 
reliability (Sherer et al. 1977). 

The possible restrictions on th.e energy produced by hydro 
plants, inclusion of replacement, approximate inclusion of 
transmission lines are all discussed in Anderson (119771. 
Additional constraints such. as the allowance for some plants 
to be operated only in the base load can be handled (IRutz et al. 
1979). 

Dynamic Programming Models 

It is clear that the expansion problem is a sequential 
decision problem for which the dynamic programing technique is 
suitably applicable. Both discrete time formulations (e.g., 
Booth 1972, Petersen 1973) and continuous time formulations 
(Rogers 1974) have been proposed. Modeling procedure involves 
defining the state and the state transitions of the system and 
the objective function to be minimized. In one way the dynamic 
programming formulation is in the sane spirit as in the con- 
ventional approaches discussed in the previous section where 
the creation of alternative plants will be performed much more 
orderly and effectively, but in other way dynamic programming 
formulation may become a powerful tool for analyzing the 
structure of optimal solutions. 

Kith its flexibility of formulation, dynamic programming 
allows a number of different formulations. Here we give the 
model by Rogers (1974) for its compact and analytically tractable 
formulations in order to show the basic idea of this class of 
models. 

Let the state of the system be defined as 

where Zk, k = 1, ..., K is the number of plants of type k. 



State transitions occur when a new plant of type k is 
added to the system. Define 

zn the state of the system after n transitions. 

If a plant of type k is added, then 

where Z O  is a given initial statej. add where ek is a unit 

vector whose k-th element is 1 and all other elements are zero. 

Now define two sequences as follows: 

S = {k(l), k(2), ... 1 

= the sequence of plant installations where k(n) is the 

type of n-th plant installed. 

= the sequence of timing of plant installations where 

T is the time of n-th plant installation. n 

The combined sequence 

will give the complete description of what to build and when. 
S ,  T) is called expansion program. 

The demand forecast to the future is assumed to be given 
by the peak demand 3nd the normalized load duration curve. 

Let 

D(t) = Peak demand at time t 

y(s, t) = Normalized load duration curve at time tr 

and for each plant type k we assume the following quantities to 
be given: 



Xk : Peak c a p a c i t y  

Uk : Annual  u t i l i z a t i o n  r a t e  

1 
gk : F i x e d  costs ( c a p i t a l  costs  + F f i x e d  o p e r a t i n g  c o s t s )  

f k  : V a r i a b l e  o p e r a t i n g  c o s t s  

Pk : P r o b  [ p l a n t  k  f a i l s  p e r  u n i t  t i m e ]  

- - t i m e  o n  f o r c e d  o u t a g e  
t i m e  on  f o r c e d  o u t a g e  + - t i m e  a v a i l a b l e  

Now t h e  o b j e c t i v e  f u n c t i o n  t o  b e  min imized  i s  t a k e n  t o  be  
t h e  t o t a l  d i s c o u n t e d  costs  o f  t h e  e x p a n s i o n  program (S ,  r ) ,  
which  c a n  b e  e x p r e s s e d  by 

TC ( S f  r )  = T o t a l  d i s c o u n t e d  c o s t s  o f  p rogram ( S ,  r )  

The f i r s t  two t e r m s  a r e  r e l a t e d  t o  the  o p e r a t i o n  o f  t h e  p l a n t s  
i n  t h e  s y s t e m  a n d  t h e  s e c o n d  t e r m  i s  t h e  f i x e d  costs o f  t h e  
p l a n t s  t o  b e  i n s t a l l e d .  T h a t  i s  

L ( Z , t )  = C o s t s  o f  o u t a g e  a t  t i m e  t when t h e  s y s t e m  s t a t e  1 
i s  Z ( a n n u a l )  

X 
= p . 8 7 6 0 1  (X - ( X  - D ( t ) ) ) d F ( x ; Z )  

X-D ( t)  

where  

p  : C o s t s  o f  f o r c e d  o u t a g e  ( $ / E W J H )  

F ( x ; Z )  = P r o b  [amount o f  f a i l e d  c a p a c i t y  x ;Z]  

X = Total  maximum c a p a c i t y  



L 2 ( Z I t )  = O p e r a t i n g  c o s t s  o f  t h e  sys tem a t  t i m e  t 

1  

where fmin ( y I  Z )  i s  t h e  minimum of t h e  o b j e c t i v e  f u n c t i o n  i n  t h e  

f o l l o w i n g  program: 

- ~ 

minimize  1 £kXk k= 1  

where xk = t o t a l  power o u t p u t  o f  a l l  p l a n t s  of  t y p e  k.  

Note t h a t  F ( x ; Z )  c a n  be  c a l c u l a t e d  from t h e  p k l s .  The 

l i n e a r  program f o r  c a l c u l a t i n g  f min d e t e r m i n e s  a n  o p t i m a l  

o p e r a t i n g  p o l i c y  which ends  up w i t h  m e r i t  o r d e r  o p e r a t i o n .  H e r e  
it i s  assumed t h a t  e a c h  p l a n t  c a n  be o p e r a t e d  a t  any  e n e r g y  
o u t p u t  p e r  y e a r  below a n n u a l  u t i l i z a t i o n  l e v e l  o f  o u t p u t .  

The o b j e c t i v e  f u n c t i o n  TC(S, T )  i s  n o t  a p p r o p r i a t e  f o r  
d i r e c t  o p t i m i z a t i o n .  However, it is  known ( ~ o g e r s  1970) t h a t  
t h e  o p t i m i z a t i o n  c a n  be  done i n  t h e  f o l l o w i n g  two s t e p s .  
Def ine  

where L ( Z , t )  = L1 ( Z , t )  + L 2 ( Z I t ) .  

F i r s t  s t e p  i s  t o  o p t i m i z e  t h i s  f u n c t i o n  w i t h  r e s p e c t  t o  
.I . L e t  u s  d e n o t e  n 

n- 1 G(z"-' , k ( n )  ) = min G1 ( Z  I k ( n )  , r n )  - 

Second s t e p  i s  t o  o p t i m i z e  w i t h  r e s p e c t  t o  t h e  sequence  S t  
where T*  i s  a n  o p t i m a l  sequence  o f  t i m i n g  and 



where 

In thelast expression it is assumed that there is a finite 
planning horizon [O,T] and D(t) = const. for all t Z TI and 

this completes the description of the model. 

By the nature of dynamic programming the calculation of 
operating costs can be performed with any degree of detail from 
rough analytical expression to a detailed simulation, and 
various factors such as economies of scale on generator units, 
replacement policy, etc. can be taken into account. The limita- 
tion on the degree of detail is due to the amount of computation 
required to find an optimal policy. Various techniques of 
reducing the amount of computation has been devised (for example 
see Booth 1972, Petersen 1973) and there is a well developed 
computer package which has been used extensively among the 
power system planners (Covarrubius 1979). 

Other Models and Remarks 

There are other models worth mentioning. Jenkin (1973) has 
derived a set of differential equations describing the pattern 
of expansion, motivated by the fact that in the solutions of 
generation expansion problems using linear/nonlinear programming 
models every type of generaiton plants participates in the 
optimal expansion plan and the transition over the years of 
planning horizon is rather smooth (see Figure 12). By using 
calculus of variations he derived an optimal solution which 
exhibits this property. Schlaepfer (1978) has generalized this 
approach further by formulating the expansion planning problems 
as an optimal control problem to which he applied Pontryagin's 
minimum principle. He showed a necessary condition for an ex- 
pansion problem to have the property mentioned above. In general, 
neither participation of every type of alternative plants con- 
sidered is always the case nor is the smooth transition. That 
means that any drastic change in, for example, operating costs 
could change the general picture of the optimal expansion plan. 
One remark is with regard to the general feature of the various 
planning models mentioned so far in relation to the length of 
planning horizon. In principle all the methods are applicable 
to short-, medium-, and long-term planning. However the linear 
programming models (such as we described in this section) are 
not really suitable for representing daily or hourly operation 
from computational point of view. Dynamic programming models 
are suitable for a wide range of planning horizon. Conventional 
methods are not suitable for long-term planning because of the 
lack of proper optimization mechanisms. 
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F i g u r e  12.  An Example of LP Model Ou tpu t  

These f e a t u r e s  may b e  summarized i n  one  p i c t u r e  a s  shown 
i n  F i g u r e  13. The u p p e r  a n d  t h e  l o w e r  l i n e s  d e f i n e  t h e  n a t u r a l  
r a n g e  o f  d e t a i l  r e q u i r e d  for  a c e r t a i n  l e n g t h  o f  p l a n n i n g  h o r i -  
zon.  A t  t h e  same t i m e  t h e  u p p e r  l i n e  r e p r e s e n t s  a c o m p u t a t i o n a l  
f e a s i b i l i t y  boundary  f o r  e a c h  p l a n n i n g  method .  

METHODS FOR TREATING UNCERTAINTY 

S o u r c e  o f  U n c e r t a i n t y :  

B e f o r e  d i s c u s s i n g  t h e  v a r i e t y  o f  methods  f o r  t r e a t i n g  
u n c e r t a i n t i e s  it i s  worth c o n s i d e r i n g  h e r e  wha t  are t h e  s o u r c e  
of u n c e r t a i n t i e s  a n d  w h a t  are t h e  n a t u r e  of t h e s e  u n c e r t a i n t i e s .  
T a b l e  1 g i v e s  a g e n e r a l  p i c t u r e  o f  t h e  s o u r c e s  of u n c e r t a i n t i e s .  

I t  i s  i m p o r t a n t  t o  r e c o g n i z e  t h a t  t h e r e  are two c a t e g o r i e s  
of  u n c e r t a i n t i e s  when w e  c o n s i d e r  t h e  n a t u r e  of a n  u n c e r t a i n t y , *  
i . e . ,  w h e t h e r  it h a s  t h e  n a t u r e  o f  r e p e a t e d  t r i a l s  ( p r o b a b i l i t y  
c a n  b e  d e f i n e d  o b j e c t i v e l y )  or  it h a s  the n a t u r e  of a s i n g l e  
t r i a l  ( p r o b a b i l i t y  c a n  o n l y  be d e f i n e d  s u b j e c t i v e l y l .  T a b l e  1 
i n d i c a t e s  t h a t  t h e  u n c e r t a i n t i e s  i n  demand, h y d r o  e n e r g y  a n d  
t h e r m a l  p l a n t  p e r f o r m a n c e  h a v e  the n a t u r e  of b o t h  t h e  r e p e a t e d  
t r i a l s  a n d  the s i n g l e  t r i a l ,  w h e r e a s  t h e  rest of u n c e r t a i n t i e s  
i s  e s s e n t i a l l y  o f  t h e  n a t u r e  of t h e  s i n g l e  t r i a l .  

* I n  Dhar (19791, randomness  and  f u z z i n e s s  are d i s t i n g u i s h e d .  
The f i r s t  c a t e g o r y  c o r r e s p o n d s  t o  r a n d o n n e s s  b u t  t h e  s e c o n d  
c a t e g o r y  c o n s i d e r e d  h e r e  i s  n o t  n e c e s s a r i l y  t h e  same as  
f u z z i n e s s .  
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Table  1 .  Source  o f  U n c e r t a i n t i e s  

U n c e r t a i n t i e s  Repeated t r i a l s  S i n g l e  e v e n t s *  

- Demand D i s t r i b u t e d  around Sudden s t o p  i n  growth 

- Hydro energy  the Extremely d r y  season/  
y e a r  

- Thermal p l a n t  Forced ou t age  Unexpected low 
performance o c c u r s  a t  some performance 

r a t e  

- Fuel  p r i c e  

- C a p i t a l  c o s t s  

- ~ n v e s t m e n t /  
i n £  l a t i o n  r a t e s  

- New technology 

- O r g a n i z a t i o n a l  

- L e g i s l a t i v e  

- Energy p o l i c y  

Sudden r a i s e  i n  
y e a r  x  

Delay i n  FBR 

Sudden change i n  
o r g a n i z a t i o n  

An env i ronmenta l  law 
i s  p u t  i n  f o r c e  

R e s t r i c t i o n  on t h e  
u s e  of c e r t a i n  t y p e  
of  f u e l  

- P o l i t i c a l  Sudden change 

* Thi s  column i n d i c a t e s  an  example of  u n c e r t a i n  e v e n t s .  

For example i f  t h e  demand cu rve  is  observed  t h e n  it has  a  
d a i l y  p a t t e r n  o r  a  weekly p a t t e r n .  The d i s t r i b u t i o n  around 
t h e s e  p a t t e r n s  i s  caused by a  m u l t i t u d e  o f  random a c t i v i t i e s  i n  
t h e  l o a d s  i n  t h e  sys tem and it is  p o s s i b l e  t o  o b t a i n  t h i s  d i s -  
t r i b u t i o n  from t h e  h i s t o r i c a l  d a t a .  T h i s  is  t h e  s t o c h a s t i c  
n a t u r e  of  t h e  demand curve.  On t h e  o t h e r  hand t h e  t r e n d  i n  t h e  
demand c u r v e  ove r  a  long  p e r i o d  of t i m e ,  i . e . ,  t h e  peak demand 
growth ove r  10-20 y e a r s  has  t h e  n a t u r e  o f  a  s i n g l e  t r i a l .  

The s t o c h a s t i c  n a t u r e  of  t h e  demand, t h e  hydro 
energy  a v a i l a b i l i t y  and t h e  the rmal  p l a n t  a v a i l a b i l i t y  ha s  been 
i n c o r p o r a t e d  e x t e n s i v e l y  i n  g e n e r a t i o n  expans ion  p l ann ing .  A l l  
t h e  p r o b a b i l i s t i c  methods i n  r e l i a b i l i t y  a n a l y s i s  f a l l s  i n t o  - 
t h i s  c a t e g o r y .  Of ten  l oad  d u r a t i o n  c u r v e  i s  modi f ied  t o  
account  f o r  f o r c e d  o u t a g e s ,  maintenance s chedu le s  and random 
v a r i a t i o n s  i n  demand ( e . g . ,  Vard i  1977) .  

I n  t h e  fo l l owing  w e  w i l l  be concerned w i t h  the methods f o r  
t r e a t i n g t h e  u n c e r t a i n t i e s  which have the n a t u r e  of s i n g l e  
e v e n t s .  



Sensitivity Analysis: 

~f any of the models and methods described in the previous 
section is used for a set of given deterministic data, it is 
possible and is customary to perform sensitivity analysis with 
respect to the data which have elements of uncertainty. If it 
is one of the conventional methods using reliability criteria, 
repeated runs on the same procedure will effectively carry out 
the sensitivity analysis (e.g., Adamson 1973). If a linear 
programming model is used, the well developed sensitivity anal- 
ysis can be carried out in the most efficient manner. 

Representations by Event and Associated Probability: 

A set of parameter values can be regarded as representing 
an event or a scenario into the future. When we obtain an 
optimal expansion plan for each set of parameters, the effects 
of uncertainty can be investigated by comparing with a reference 
scenario. It is also possible to assign probability to each 
event and the expected value of the total discounted costs can 
be calculated. However, the problem of choosing one policy 
when several policies are identified in the above procedure 
is reso1ved:using judgments. Examples of this method are 
found in Duval (1 976) , Anderson (-1 977 :Chapter 8 1 and Garvor 
et al. (1976). 

Representation by Event Tree: 

Another way of producing a set of scenario systematically 
is the use of event tree (probability tree) (see Figure 14). 

) event 

present year 1990 year 2000 

Figure 14. ~vent/Probability Tree of Demand Growth 



By assigning the conditional probabilities to each event 
sequence, it is possible to calculate probabilities for every 
path. The effects of uncertainty can be examined by choosing 
one path as a reference. Also if the mathematical programming 
models are used then stochastic programming formulation is 
possible. This type of representation are found in Flanne (19741, 
Cazalet (1980) and Louveaux (1980). 

Other Wethods : 

Other set of methodologies has to do with the decision 
making under uncertainty in which an optimal policy under the 
presence of uncertainty can be derived directly. These methods 
include decision analysis and fuzzy set theory. In the applica- 
tion of decision analysis, uncertainties are identified first 
and a set of alternative plans are considered taking these 
uncertainties into account. Then a decision tree whose nodes 
consist of decision nodes at which a decision is taken and 
probabilistic nodes at which an uncertafn event occurs is 
constructed. In effect a decision tree describes every possible 
sequences of decisions and outcomes of the uncertafn events from 
which the sequence resulting in the minimum expected total costs 
is chosen. This method has been applied to generation expansion 
planning (Sullivan et al. 1977) . 

An application of fuzzy set theory is reported in Dhar 
(1979). This paper seems to be the first in th.e application of 
fuzzy set theory and its effectiveness. in actual planning is yet 
to be determined. 

EXPERIENCES ON THE EFFECTS OF UNCERTAINTY 

Now our next question is how and to what extent the 
existence of uncertainties will affect optimal expansion deci- 
sions. A number of papers has been published in which some 
experiences on the effects of uncertainty are described. These 
experiences are mostly of numerical nature; these are some exam- 
ples obtained from a particular system. In fact due to the 
complexity of the generation expansion planning problems and due 
to the dependence of these numerical results on the particular 
configuration of the system investigated, generalization of these 
results are not always possible. Nevertheless these examples 
enhance the nature of the effects of uncertainty. In the 
following a summary of those experiences reported in the litera- 
ture will be given. 

Demand Uncertainty 

Males (1979) summarizes EPRI's experience on the effects of 
uncertainty on expansion planning by using the figures shown in 
the following (Figures 15-1 7). Figure 15 shows the cost penalty 
as a function of expansion rate. The curve exhibits a non- 
symmetric character of cost penalty around the optimal expansion 
rate, i.e., cost penalty is higher when the expansion rate is 
smaller than optimal. 



c o s t  
p e n a f t y  t o  consumer s  

C a p a c i t y  e x p a n s i o n  r a te  

F i g u r e  15.  Nonsymmetry of C o s t  P e n a l t y  ( S o u r c e :  Adap ted  f rom 
Males 1979)  

I \ / c e r t a i n  demand 

C o s t s  

U n c e r t a i n  demand u 
\ 

C a p a c i t y  e x p a n s i o n  r a te  

F i g u r e  16 .  E f f e c t  o f  U n c e r t a i n t y  ( S o u r c e :  Adapted  f rom Y a l e s  
1979 )  

T o t a l  costs O u t a g e  cost  

C a p a c i t y  as % o f  e x p e c t e d  p e a k  l o a d  

F i g u r e  17 .  Optimum T o t a l  C a p a c i t y  Under  U n c e r t a i n  Demand 
( S o u r c e :  Adap ted  f rom Males 1979)  



In Figure 16 it is shown that the effects of the existence 
of uncertainties is to shift the cost penalty curve to the 
direction of higher expansion rate, which is essentially due to 
the nonsymmetric characteristic of the cost function. Figure 17 
shows the curve of total costs as a function of total capacity 
where 100% corresponds to an expected peak demand. This curve 
is due to Cazalet (1980) In which the demand uncertainty is 
modelled by a probability tree as is discussed in the previous 
section. 

Effects of Three Major Uncertainties 

Duval (1976) has considered the uncertainties with regard 
to the availability of hydro energy, the availability of thermal 
plants and the demand. Each uncertainty is assumed to take on 
two possible outcomes; normal and abnormal and thus creating up 
to eight different possible outcomes of these uncertainties. 
Table 2 illustrates this. 

The planning model used in this study is of a simulation 
type in which these possible outcomes are created for each week 
and the operation of the system is simulated to consider only a 
subset of events to occur in the simulation model. Thus it is 
possible to assume for example that the uncertainties with res- 
pect to hydro resource does not exist (.i.e., only the events 
No. 3, 5, 7 and 8 in Table 2 can happen) or to assume that 
no uncertainty exists (.i.e., only the event No. 8 in Table 2 
happens). In fact, the event No. 8 is the basis of planning and 
all other outcomes are "hazardous states." The effect of uncer- 
tainty is shown in Figure 18. 

This example assumes that the only unit type to be 
considered in the future is nuclear and the curve shows the 
total cost as a function of the number of nuclear units to be 
installed. Each curve corresponds to the different situation. 
For example, the curve denoted by CTE is the results corresponding 

Table 2. Possible Outcomes of uncertainties 

Consumption Hydro Thermal 
(Demand) resource availability Prob. 

11 : high, L : low 



Uncertainty 

demand+thermal+ 
hydro : CTH 

demand+thermal :CTnH 
thermal+hydro :nCTH 
demand+hydro :CnTH 
demand : nCTnH 
thermal : nCTnH 
hydro : nCnTH 
no uncertainty :nCnTnH 

Number of 900 MW nuclear un i t s  

Figure 18. Effects of Uncertainty (Source: Adapted from Duval 
19761 



t o  t h e  p r o b a b i l i t y  ass ignments  i n  Tab le  2 ,  namely, any of t h e s e  
e i g h t  e v e n t s  can  happen. \/,fiereas t h e  cu rve  deno ted  by nCnTnH 
i s  t h e  r e s u l t s  cor responding  t o  t h e  c a s e  where t h e  e v e n t  No. 8 
i s  t h e  s u r e  e v e n t ,  i . e . ,  no u n c e r t a i n t y  e x i s t s .  Thus each  
cu rve  between t h e  two above co r r e sponds  t o  t h e  case where v a r i -  
ous  deg ree  o f  u n c e r t a i n t i e s  i s  cons ide r ed .  

I t  can  be  s een  from t h i s  r e s u l t  t h a t  t h e  e x i s t e n c e  of  un- 
c e r t a i n t i e s  h a s  t h e  e f f e c t  o f  s h i f t i n g  t h e  e n t i r e  c u r v e  up and 
t o  t h e  r i g h t ,  implying t h a t  under  t h e  s i t u a t i o n  where u n c e r t a i n -  
t i e s  a r e  s i g n i f i c a n t ,  it i s  cheaper  t o  have more c a p a c i t y .  

Change i n  Fue l  P r i c e  and C a p i t a 1 , C o s t  

A change i n  f u e l  p r i c e  w i l l  o b v i o u s l y  a f f e c t s  t h e  o p e r a t i n g  
c o s t s  and t h e r e f o r e  t h e  p r o p o r t i o n  of e ach  g e n e r a t i n g  t y p e  i n  
a n  op t i ma l  g e n e r a t i o n  mix w i l l  be changed a c c o r d i n g l y .  The 
s i m i l a r  arguments h o l d  f o r  t h e  changes  i n  c a p i t a l  c o s t s .  

The e f f e c t s  of  t h e s e  changes  can be de te rmined  by c a r r y i n g  
o u t  a s e n s i t i v i t y  a n a l y s i s .  The q u e s t i o n  o f  how much t h e s e  
changes a f f e c t  t o  expans ion  p l a n s  are p u r e l y  c o n t i n g e n t  upon t h e  
p a r t i c u l a r  sys tem t o  be  i n v e s t i g a t e d .  Adamson e t  a1 (1973) 
i l l u s t r a t e s  some r e s u l t s  which a r e  shown i n  F i g u r e  19 and 2 0 .  

F i g u r e  19 i l l u s t r a t e s  t h e  impact of  i n c r e a s i n g  n u c l e a r  
c a p i t a l  c o s t s  from i t s  nominal v a l u e ,  wh i l e  keep ing  c a p i t a l  c o s t s  
of  o t h e r  g e n e r a t i o n  means c o n s t a n t .  I t  can  be obse rved  t h a t  t h e  
p r o p o r t i o n  of  n u c l e a r  power i n  t h e  optimum g e n e r a t i o n  mix i s  
s i g n i f i c a n t l y  reduced a s  n u c l e a r  c a p i t a l  c o s t s  are i n c r e a s e d .  

F i g u r e  20 i l l u s t r a t e s  t h e  impact  of changing f o s s i l  f u e l  
p r i c e .  A s  f u e l  c o s t  i n f l a t i o n  i s  lowered,  t h e  s i g n i f i c a n c e  of  
n u c l e a r  p roduc t i on  c o s t  s a v i n g s  ove r  f o s s i l  p roduc t i on  c o s t s  
d imin i she s .  T h e r e f o r e ,  more g a s  t u r b i n e s  and midrange u n i t s  
a re  i nc luded  i n  t h e  g e n e r a t i o n  mix. 

Impact of  S h o r t  Term Op t imiza t i on  

Garvor e t  a l .  (1976) i n v e s t i g a t e d  t h e  impact  of two s h o r t  
r ange  s t r a t e g i e s ,  i . e . ,  a  s t r a t e g y  which. minimizes  o i l  consump- 
t i o n  and a  s t r a t e g y  which minimizes  new inves tmen t s ,  by compar- 
i n g  t h e s e  s t r a t e g i e s  w i t h  t h e  s t a n d a r d  s t r a t e g y  of t o t a l  c o s t s  
min imiza t ion .  These  s h o r t  term s t r a t e g i e s  a r e  c o n s i d r e d  a s  
t y p i c a l  r e a c t i o n s  t o  t h e  changing environment such  a s  t h e  sudden 
u p r i s e  i n  t h e  costs of  f u e l  a f t e r  t h e  o i l  c r i s i s  and t h e  purpose  
of t h e  s t u d y  was t o  examine which s t r a t e g y  i s  t h e  b e s t  f o r  
cop ing  w i t h  u n c e r t a i n  f u t u r e .  

The method used  i s  t h e  one which r e p r e s e n t s  f u t u r e  p o s s i b l e  
e v e n t s  by s c e n a r i o .  The s t r a t e g i e s  used and the s c e n a r i o s  a s -  
sumed a r e  shown i n  F i g u r e  21. The f i r s t  s t r a t e g y  i s  t h e  u s u a l  
t o t a l  c o s t s  m in imiza t i on .  The second one i s  a r e a c t i o n  t o  t h e  
p r e d i c t i o n  t h a t  t h e  o i l  p r i c e  w i l l  be i n c r e a s e d  i n  t h e  f u t u r e .  
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Figure 19. Nuclear Capital Cost Test (Source: Adamson et al. 
1973) 

Fuel inflation % 

Figure 20. Fuel Inflation Rate Test (Source: Adamson et al. 
1973) 



Poss ib l e  event scenarios  Adaptation 

7 1  Minimum long Business a s  usual  ril 
range c o s t  

1976 to 1980  s t ra tegy  

dec i s ions  

- - 

Business as  usual 
- 

X -- 
X 

Nuclear increase  7 
Coal increase X 
Capital  increase  X - 

Figu re  2 1 .  Three Decis ion S t r a t e g i e s  and F i v e  P o s s i b l e  Scena r io s  
S t u d i e s  t o  I d e n t i f y  t h e  Cos t s  of Unce r t a in ty  
(Source:  Garvor e t  a l .  1976) 

The t h i r d  one i s  aimed a t  reduc ing  the new inves tments  o v e r  t h e  
immediate f u t u r e .  T h e  l a t t e r  two s t r a t e g i e s  a r e  assumed t o  be 
implemented ove r  t h e  f i r s t  f i v e  y e a r s  of  the 15  y e a r s  p lann ing  
pe r iod  and then  swi tched back t o  t h e  f i r s t  s t r a t e g y  over  t h e  
rest o f  t h e  p lann ing  per iod .  

A r e f e r e n c e  expansion p l a n  w a s  p r o j e c t e d  f o r  an aggrega ted  
model o f  t h e  Uni ted S t a t e s  u t i l i t y  sys tems wi th  t h e  a i d  o f  
Optimized Genera t ion  P lann ing  (Adamson e t  a l .  1973, see F i g u r e  
7 i n  t h i s  pape r )  f o r  each s t r a t e g y .  

The t h r e e  s t r a t e g i e s  and f i v e  d i f f e r e n t  s c e n a r i o s  g e n a r a t e s  
15 d i f f e r e n t  cases ove r  which t h e  performance of each  s t r a t e g y  
were eva lua t ed  by s e v e r a l  measures;  t o t a l  new f i n a n c i n g  r e q u i r e d ,  
t h e  o i l  consumption f o r  each expansion,  t h e  annua l  revenue 
requ i rements ,  t o t a l  revenue requ i rements  ove r  the l a s t  10 y e a r s  
o f  t h e  15 y e a r  p lann ing  p e r i o d ,  and f i n a l l y ,  t h e  c o s t  o f  uncer-  
t a i n t y .  

The l a s t  measure i s  t h e  b e n e f i t s  missed by s e l e c t i n g  a 
s t r a t e g y  t h a t  t u r n s  o u t  no t  t o  be  t h e  b e s t  under t h e  s c e n a r i o .  
For example, i f  t h e  minimum c o s t  s t r a t e g y  is  chosen and t h e  o i l  
p r i c e  t u r n s  o u t  t o  be  h i g h e r  t h a n  expec ted ,  t h e n  t h e  o p p o r t u n i t y  
l o s s  i s  d e f i n e d  a s  t h e  d i f f e r e n c e  between t h e  t o t a l  revenue  



requirements over the last 1 0  years when the minimum cost strategy 
is used and when the oil conservation strategy is used. For the 
last two measures, the expected value is obtained by assigning 
a probability for each of five different scenarios. Table 3 and 
Table 4 summarize the last two measures. 

It turned out in this particular study that the miminum 
cost strategy performs best and indicates its robustness with 
regard to the assumed uncertainties in the future. 

Effect of Discount Rate 

In a way, discount rate can be seen as how much we want to 
compare the present and the future. Through this mechanism one 
can weigh the future and artificially reduce the effects of 
future uncertainties on the expansion plan. How much would the 
changes in the discount rate affect the expansion plan? 
Normally, it appears that the power system expansion planning 
problem is so complex that any solid conclusion based on some 
analytical model may not be drawn. 

Rowse (1978) carried out a numerical investigation of the 
discount rate sensitivity of the optimal power system expansion 
plans for a particular electric utility. 

A linear programming model which is an extension of the 
models described elsewhere in this paper is used. A subset 
of the variables are restricted to be 0 or 1 variables. Planning 
year is between 1976 through 1990 although the construction lead 
time precluded any consideration before 1982. 

An optimal solution was generated by using 10% discount 
rate and 8% inflation rate. With this as a reference solution, 
the program identified five other solutions corresponding to 
the different values of discount rate (Table 5). 

Table 6 displays the sensitivityof each solution to the 
discount rate. It is notable that the reference optimal solu- 
tion stayed optimal up to 12% discount rate and near optimal for 
all the discount rates examined. Further the order of the five 
alternative plans did not change except the minor alternation of 
the reference plan and the alternative 1. 

This robustness of the optimal solution was demonstrated 
for two other cases. In one case inflation rates were differ- 
entiated between the thermal fuel costs (55) and all other costs 
(8%). In the second case, a shorter planning horizon was 
chosen. In both cases the results were similar to the one shown 
in Table 6. 

In this particular example, the role of hydro power develop- 
ment was apparently dominant. Thus the conclusion is not neces- 
sarily generalizable, however the robustness of the optimal 
solution with respect to the discount rate in this example is 
remarkable. 



Table  3. 1981  Present-worth  of t h e  1981  t o  1990  Revenue 
Requirements ( i n  b i l l i o n s  of D o l l a r s )  

Expansion S.trategy.  
Scenar io  Likel ihood 

Minimum O i l  C a p i t a l  
c o s t  conse rva t ion  conse rva t ion  

Bau 0.500 358 360 360 

O i l  0.125 

Nuclear 0.125 

Coal 0.125 416 424 

C a p i t a l  0.125 406 415 

Expected va lue  

Source: Garvor e t  a l .  1973  

Table 4. Determining t h e  Cost  of Unce r t a in ty  Assoc ia ted  w i t h  
The 1981 PWRR i n  Table  3 ( i n  b i l l i o n s  of D o l l a r s )  

Scenar io  

-- 

Expansion S t ra tegy .  , 

Likel ihood Minimum Oil 
C a p i t a l  - 

c o s t  c o n s e r v a t i ~ n  conse rva t ion  

Bau 0.500 $ 0  $ 2  $ 2  

O i l  0.125 5  0  1 1  

Nuclear 0.125 8  9  0  

Coal 0.125 0  8  1 1  

C a p i t a l  0.125 0  9  2  

Cost of  
u n c e r t a i n t y  3 , 6  4.3 .. . . 4  ..a 

. . .  . . , .. _ ,. , ,. . 

Source: Garvor e t  a l .  1973 



Table 5. Reference and alternative Solutions 

Cumulative Power Capacity (in MW) 
Folution Expansion 

alternative 1982 1983 1984 1985 1986 1987 1988 1989 1990 

(Power demand) 

Reference Hydro 1 
Hydro 2 
Thermal 

Alternative 1 Hydro 1 
Hydro 2 
Therma 1 

Alternative 2 Hydro 1 
Hydro 2 
Thermal 

Alternative 3 Hydro 1 
Hydro 2 
Thermal 

Alternative 4 Hydro 1 
Hydro 2 
Thermal 

Alternative 5 Hydro 1 
Hydro 2 
Thermal 

Source: Adapted from Rowse 1978 





E f f e c t  of  N e w  Technology 

The q u e s t i o n  a s  t o  how a  new techno logy  f o r  e l e c t r i c i t y  
g e n e r a t i o n  would p a r t i c i p a t e  i n  a n  o p t i m a l  g e n e r a t i o n  expans ion  
p l a n ,  e s p e c i a l l y  when t-he d a t e  of  commercial o p e r a t i o n  i s  
u n c e r t a i n ,  was examined by Manne (1974) ,  u s i n g  a  method c a l l e d  
s e q u e n t i a l  p r o b a b i l i s t i c  l i n e a r  programming. I n  t h i s  model t h e  
d e c i s i o n  v a r i a b l e s  a r e  c o n d i t i o n e d  by t h e  s t a t e - o f - w o r l d ,  i . e . ,  
t h e  a v a i l a b i l i t y  of a  new techno logy ,  i n  t h i s  c a s e  a  b r e e d e r  
r e a c t o r .  

A d e c i s i o n  tree which e x p r e s s e s  t h e  p o s s i b l e  changes  i n  
t h e  s t a t e - o f - w o r l d  i s  shown i n  F i g u r e  22 .  I n  t h e  d iagram 

xt d e n o t e  t h e  d e c i s i o n  v a r i a b l e s  a t  t i m e  t when t h e  s t a t e - o f -  
S 

wor ld  i s  s, where s d e n o t e d  t h e  d a t e  of t h e  a r r i v a l  of b r e e d e r  
r e a c t o r .  The a r r i v a l  d a t e  i s  assumed t o  b e  e i t h e r  i n  t i m e  3 o r  
4 o r  10 ( i n  t h i s  c a s e  t h e  r e a c t o r  never  a r r i v e s  d u r i n g  t h e  
p l a n n i n g  h o r i z o n )  w i t h  t h e  p r o b a b i l i t y  a s s i g n e d  p r o p e r l y .  These 
p r o b a b i l i t i e s  w i l l  come i n  t o  t h e  o b j e c t i v e  f u n c t i o n  which 
e x p r e s s e s  t h e  e x p e c t e d  d i s c o u n t e d  c o s t s .  

I t  was found i n  t h i s  numer ica l  example* t h a t  a l t h o u g h  t h e  
o p t i m a l  i n i t i a l  d e c i s i o n s  are n o t  i n v a r i a n t  w i t h  t h e  s t a t e - o f -  
wor ld  t h e  v a l u e  o f  i n f o r m a t i o n  i s  low. The maximum t h a t  c o u l d  
b e  a f f o r d e d  f o r  a  p e r f e c t  f o r e c a s t  r e p r e s e n t e d  by t h e  d i f f e r e n c e  
between t h e  e x p e c t e d  c o s t s  of  f o l l o w i n g  a n  o p t i m a l  s t r a t e g y  
w i t h o u t  advance  i n f o r m a t i o n  and t h e  e x p e c t e d  c o s t s  w i t h  t h i s  
i n f o r m a t i o n  was found t o  be  s m a l l  ( less t h a n  0.5% of  t h e  e x p e c t e d  
c o s t s ) .  The b r e e d e r  d a t e  seems t o  a f f e c t  the t i m i n g  of  i n s t a l -  
l a t i o n  b u t  t h e  t o t a l  amount f o r  e a c h  t y p e  o f  p l a n t s  a t  t h e  end 
o f  t h e  p e r i o d  2 remained v i r t u a l l y  t h e  same. 

COPING W I T H  UNCERTAINTY 

Having reviewed the b a s i c  expans ion  p l a n n i n g  methodo log ies  
a s  w e l l  as methods f o r  d e a l i n g  w i t h  t h e  e f f e c t s  of  u n c e r t a i n t y  
and hav ing  obse rved  t h e  r e s u l t s  o f  some numer ica l  e x p e r i e n c e s  
r e p o r t e d  i n  t h e  l i t a r a t u r e s  the n e x t  q u e s t i o n  would b e  t o  
s p e c u l a t e  on whe the r  t h e r e  i s  a n y t h i n g  g e n e r a l  t o  s a y  a b o u t  how 
t o  cope  w i t h  t h e  f u t u r e  u n c e r t a i n t y .  

Males (1979) drew t h e  f o l l o w i n g  f o u r  b a s i c  p r i n c i p l e s  f o r  
p l a n n i n g  under  t h e  f a c e  o f  u n c e r t a i n t y :  

-- d i s p l a y  u n c e r t a i n t y  
-- v a l u e  t e c h n o l o g i c a l  o p t i o n s  
-- s u p p l y  f l e x i b i l i t y  
-- s u p p l y  c u s h i o n .  

Pober (1980) h a s  a rgued  e x t e n s i v e l y  a b o u t  t h e  s o u r c e  o f  uncer- . .  
t a i n t y  and p o s s i b l e  coun te rmeasures  t h r o u g h  t h e  d e t a i l e d  

* I n  t h i s  model ,  t h e  dependence o f  demand on p r i c e  i s  t a k e n  i n t o  
a c c o u n t .  
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c o n s i d e r a t i o n  o f  a  p a r t i c u l a r  u t i l i t y  and h a s  a r r i v e d  a t  t h e  
g e n e r a l  p r i n c i p l e s  of  c o o r d i n a t i o n ,  a d a p t a t i o n  and d i v e r s i f i c a -  
t i o n .  I n  f a c t  o u r  r ev iew i n  t h i s  paper  c a n  g i v e  a  g e n e r a l  
s u p p o r t  t o  t h e s e  p r i n c i p l e s  which w i l l  be  r e p h r a s e d  i n  t h e  
f o l l o w i n g .  

I d e n t i f y  U n c e r t a i n t y :  

I t  i s  r a t h e r  o b v i o u s  t h a t  w e  need t o  i d e n t i f y  what a r e  t h e  
s o u r c e s  o f  u n c e r t a i n t y .  Tab le  1 l i s t s  a  number of s o u r c e s  of  
u n c e r t a i n t y  f o r  t h e  e l e c t r i c i t y  g e n e r a t i o n  expans ion  p l a n n i n g  
problems b u t  n o t  a l l  of them a r e  d e s c r i b e d  c o n c r e t e l y  and it i s  
by no means comple te .  Cons tan t  e f f o r t  f o r  i d e n t i f i c a t i o n  and 
q u a n t i f i c a t i o n  o f  u n c e r t a i n t i e s ,  and i n c l u s i o n  of  t h e s e  uncer-  
t a i n t i e s  i n  t h e  p r o c e s s  of  expans ion  p l a n n i n g  a r e  v e r y  i m p o r t a n t .  

Reducing t h e  Degree of  U n c e r t a i n t y :  

The d e g r e e  o f  u n c e r t a i n t y  i n  demand f o r  example c o u l d  b e  
reduced  by improving t h e  accuracy  of  its f o r e c a s t .  Demand f o r e -  
c a s t  h a s  been a  d i s t i n c t i v e  a r e a  i n  power sys tem expans ion  
p l a n n i n g  i n  which a n  enourmous amount of  e f f o r t  h a s  been made. 
E x t e n s i v e  l i t e r a t u r e s  a r e  a v a i l a b l e  ( e . g . ,  Hoffman and Wood 1976, 
T a y l o r  1975, Sachdeu e t  a l .  1977, U r i  1978a, b ) .  A l s o  modeling 
i n  t h e  c o n t e x t  o f  n a t i o n a l  economy o r  ene rgy  p o l i c y  (Manne e t  a l .  
1 9 7 9 ) ,  d e v e l o p i n g  a n  expans ion  p l a n n i n g  model which t a k e s  t h e  
p r i c e  dependence o f  demand i n t o  a c c o u n t  ( e . g . ,  Bergendahl  1978, 
Manne 1 9 7 4 ) ,  a r e  u s e f u l  f o r  e f f e c t i v e l y  r e d u c i n g  t h e  d e g r e e  of 
u n c e r t a i n t y .  

P l a n  f o r  More: 

The r e s u l t  shown i n  t h e  p r e v i o u s  s e c t i o n s  t h a t  t h e  e f f e c t  
o f  u n c e r t a i n t i e s  i n  demand, h y d r a u l i c  ene rgy  and t h e r m a l  p l a n t  
per formance  i s  t o  s h i f t  t h e  e n t i r e  c o s t  c u r v e  up and t o  t h e  
r i g h t  seems t o  b e  q u i t e  g e n e r a l .  The p e n a l t y  o f  n o t  b e i n g  a b l e  
t o  m e e t  t h e  demand ( u n d e r p l a n n i n g )  i s  s u b s t a n t i a l l y  l a r g e r  t h a n  
hav ing  more c a p a c i t y  ( o v e r p l a n n i n g ) .  Thus a s  l o n g  a s  t h e r e  i s  
a  p o s s i b i l i t y  of  demand growing h i g h e r ,  it i s  b e t t e r  t o  p r e p a r e  
f o r  t h e  h i g h e r  g rowth  c a s e .  

D i v e r s i f i c a t i o n :  

The f u e l  p r i c e  and c a p i t a l  c o s t  u n c e r t a i n t y  have  t h e  e f f e c t  
of  chang ing  t h e  p r o p o r t i o n  of g e n e r a t i o n  mix.  I n t u i t i v e l y  it i s  
c l e a r  t h a t  t h e  amount of impact  t o  a  sys tem c a n  be  reduced  i f  it 
h a s  a  v a r i e t y  of t y p e s  of  g e n e r a t i o n  p l a n t s .  The same p r i n c i p l e  
a p p l i e s  t o  t h e  s o u r c e  o f  f u e l .  Dependence on a  s i n g l e  r e s o u r c e  
a r e a  would o n l y  i n c r e a s e  t h e  impact  o f  u n c e r t a i n  e v e n t s .  S e t -  
t i n g  up in terco:nect ions  w i t h  ne ighbour ing  power sys tems h a s  
o b v i o u s l y  t h e  e f f e c t  of d i v e r s i f i c a t i o n .  



Flexibility and ~daptation: 

It can be said that the sole cause of uncertainties is the 
fact that the environment surrounding the expansion problem is 
changing all the time. New information will be available as 
time elapses and these information should be taken into account 
in expansion planning. Constant revision of ewansion plan is 
essential. 

Keep Options for New Technology: 

One of the characteristics of generation expansion planning 
is that a drastic change in the composition of an optimal genera- 
tion mix is always a possibility. Also technological options 
can increase flexibility and adaptability of generation expansion 
planning. Thus it is highly desirable to keep technological 
options open unless they are definitely determined to be un- 
necessary. 

CONCLUSION 

A review of electricity generation expansion planning is 
presented. Emphasis was placed on the methods and some known 
facts about the effects of uncertainty on generation expansion 
planning. 

There are a number of models and techniques for generation 
expansion planning which enables us to evaluate one way or 
another the effects of uncertainty and in fact several numerical 
examples illustrate these effects. The observation that the 
effect of demand uncertainty is such that a larger reserve 
margin is preferable seems to be quite general. Eowever other 
effects cannot be stated generally because of the complexity 
and the peculiarity of each power system to be considered. 

The existence of various sophisticated mathematical pro- 
gramming models as well as the detailed simulation models allows 
us to investigate in detail the future expansion plans in 
electricity industry. However, because of the complexity these 
detailed models may not be helpful to improve our intuitive and 
basic understanding about the nature of generation expansion 
planning. Development of a set of simpler models which retain 
essentials of expansion plannihg is still desired and the 
detailed models should be utilized to reinforce basic findings 
from simpler models. A carefully designed research effort in 
this direction may prove to be useful. 

There seems to be a number of general principles to cope 
with the inherent existence of uncertainty in generation expan- 
sion planning. The principles stated in this paper (in the 
previous section) are introduced from the general observations 
on the reviewed literature. More quantitative analysis and 
justification would be necessary in order to make these statement 
more substantial and authoritative. The various kinds of models 
and techniques should be utilized to clarify quantitatively the 
effects of uncertainty in the light of these general principles. 



APPENDIX 

A numerical example for the cost function C(V;D) and 
rV -- 

C(V) = va + Di L e pi Imin c (v; D) I 
i ~ 1  V 

is given in the following table. Demand uncertainty is des- 
cribed by three possible demand rates (Di, i = 1 , 2, 3) with 
discrete probability (pi, i = 1, 2, 3 )  assigned to each demand 

rate. In this example a = 0.7 and r = 0.1, and in the table 
the minimum value for each column is underlined. The optimal 
capacity for the case where no uncertainty exists is given by 
6.754, while when the expected value is taken the optimal 
capacity is given by 6.6 although the difference in the 
minimum values is not at all significant. 

Table Al. A Numerical Example 

Values of cost function Expected 
v D =1.0 D =1.2 cost D1=O. 8 2 3 function 
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