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ABSTRACT 
. . 

The upper limit..on the practically exploitable .energy . . ' 

annually available from wind power in the United. States i s  , . 

roughly 1 - 2  X lo1' ~Whper'year. Electric utilities comprise 

the largest potential'market for wind machines in the mega- , 

watt power range.. The use'of windpower p0ses.a var.iety of. 

problems for utilities 'primarily due to the uncontrollability- 

, of the power source and the high degree of variability of the 

wind. Differences in the dynamic behavior of the wind and of 

utility load patterns and the problems that arise from these 

differences are described in this paper. Utility capacity 

expansion methods and modifications to them to incorporate 

the characteristics of wind machines into the analytic pro- 

cedure are outlined and results from initial studies employ- 

ing these modifications are reviewed. These results indicate 

that, in general, storage devices are too expensive to be 

purchased by utilities if they serve mainly to balance the 

output of the wind machines; wind machines tend to supplant 

purchases of conventional baseload capacity but require ad- 

ditional peaking units; and the economic value of wind ma- 

chines to utilities is composed of savings in both fuel and 

capacity related expenditures for conventional equipment. 

Estimates of the value of wind machines to utilities are in 

the $500-700 per kilowatt range in favorable regions of the 

U.S. Engineering design studies suggest that the cost of 



producing and installing wind machines might be brought down 

to this level with mass production and anticipated advances 

in design and'production processes. Given the availability 

of high winds, the most favorable locations for the early 

use of wind generators are in isolated areas currently re- 

lying on small, petroleum fueled generating units and in 

regions with large hydropower authorities since such systems 

contain immense reservoirs of stored energy which could pro- 

vide an ideal compliment to wind generation. 



INTRODUCTION 

Wind power h a s  s e v e r a l  a d v a n t a g e s  a s  a f u t u r e  ene rgy  

r e s o u r c e  c a p a b l e  o f  r e p l a c i n g  i n c r e a s i n g l y  e x p e n s i v e  and i n -  

c r e a s i n g l y  s c a r c e  f o s s i l  f u e l s .  These a r e :  

no f u e l  r e q u i r e m e n t s  

n o n p o l l . u t i n g  

r e l a t i v e l y  s a f e  

advanced s t a t c  of  knowledge r e g a r d i n g  t h e  

e n g i n e e r i n g  of  aero.dynamic,  mechan ica l  and . 

e l e c t r i c a l  componen t s .o f  wind machines 

However, t h e  h i g h l y  < a r i a b l e  c h a r a c t e r  o f  t h e  power o u t -  

p u t  'and t h e  l a r g e ' n u m b e r  o f . m a c h i n e s  r e q u i r e d  t o  g e n e r a t e  s i g -  

n i f i c a n t  amoun t s  o f  e n e r g y  ' a r e  s e r i o u s  o b s t a c l e s  t o  t h e  l a r g e -  

s c a l e  u s e  o f  wind t u r b i n e s .  T h i s  p a p e r  a t t e m p t s  t o  summarize 

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

f o r  and t h e  problems a s s o c i a t e d  w i t h  . t h e  u s e  o f .  l a r g e  wind 

mach ines .  I n  p a r t ~ c u l a r ,  t h e  pap'er c o n c e r n s  i t s e l f  w i t h  p r o b -  

lems a s s o c i a t e d  w i t h  t h e  u s e  of  wind p o w e r ' b y  e l e c t r i c  u t i l i t i e s  

a s  . t h e s e  u t i l i t i e s  a r e  t h e  l a r g e s t  p o t e n t i a l ' m a r k e t  f o r  wind 

mach ines .  

. I t  i s  e a s y  t o  answer th.e q u e s t i o n  "Can e l e c t r i c  u t i l i t i e s  

u s e  wind power?ll The answer i s  a n  u n q u a l i f i e d ' " y e s "  a s  t h e r e  

a r e  no i n s u r m o u n t a b l e  t e c h n i c a l  o b s t a c l e s  t o  s u c h  u s c .  However, 

e l e c t r i c . u t i l i t i e s  w i 1 . l  have  . a  v a r i e t y  o f  o t h e r  g e n e r a t i n g  s y s -  

tems t o  choose  from and. w h e t h e r ' o r  n o t  t h e y  u s e  wind.power  w i l l  

depend on t h e  r e l a t i v e  economic and t e c h n i . c a 1  c h a r a c t e r i s t i c s  

. . 
- 1 -  



of wind power compared t o  t h e  a l t e r n a t i v e s .  Because . t he se  

c h a r a d t e r i s t i c s  have so many d i f f e r e n t  dimensions,  such a  

comparison i s  no t  t r i v i a l .  . 

E l e c t r i c  u t i l i t i e s  a r e '  e s p e c i a l l y  concerned about how 

t h e  complex dynamic a s p e c t s  of  t h e  wind m i g h t . ' a f f e c t  t h e  

s t a b i l i t y  of t h e  power system and t h e i r  a b i l i t y  t o  meet t h e  

demand f o r  e l e c t r i c i t y  a t  a l l  t imes .  I n  o r d e r  t o  g a i n  an 

unders tand ing  of t h e s e  problems, we w i l l  exp lo re  t h e  c h a r a c t e r -  

i s t i c s  of  wind v a r i a b i l i t y  on t h e . o n e  hand and t h e  dynamic 

a s p e c t s  of u t i l i t y  ope. ra t ions  on t h e  o t h e r .  .We w i l l  t hen  o u t -  

l i n e  t h e  methods and r e s u l t s  of r e c e n t l y  completed and ongoing 

s t u d i e s  which a t t empt  t o  i n c o r p o r a t e  t h e  unique c h a r a c t e . r i s t i c s  

of wind machines int 'b u t i l i t y  a n a l y t i c  t e chn iques  i n  o rde r  t o  

compute r e a . l i s t i c  e s t i m a t e s  o f  t h e  economic va lue  of  wind 

machines t o  u t i l i t i e s .  

POTENTIAL APPLICATIONS OF LARGE WIND MACHINES 

The p o t e n t i a l  a p p l i c a t i o n s  of l a r g e  wind machines ( g r e a t e r  

t han  100 KW c a p a c i t y )  can bc  c a t e g o r i z e d  f i r s t  by t h e  form of 

power ou tpu t  and second by type of u s e r .  The form of t h e  power 

o u t p u t  can be e i t h e r  e l e c t r i c i t y  (condi t ioned  f o r  use  by con- 

v e n t i o n a l  e l e c t r i c a l  equipment) o r  d i r e c t  mechanical  o r  thermal 

energy (where t h e  thermal  energy can be produced by a  s imple  

e l e c . t r i c  g e n c r a t o r  'and r e s i s t a n c e  heat.ing o r  by mechanical  s t i r -  

r i n g )  . 
.. The us.e of d i r e c t  mechanical  power from .wind machines i s  

Very . l i m i t e d  due t o  t h e  extreme v a r i a b i l i t y :  .of wind power and 

t h e  c o n s t r a i n t s  imppsed by s i t i n g , .  . Alth.ough smal l  and medium- 

- 2 -  



s i z e d  machines  have found such. a  r o l e  a s  s o u r c e s  o f  power f o r  

w a t e r  humping, machines i n  t h 6 ' m e g a w a t t  .power r a n g e  a r e  t o o  

l a r g e  f o r  t h i s  a p p l i c a t i o n ' .  . . 

The u s e  of  wind machines t o  g e n e r a t e  t h e r m a l  power s u f -  

f e r s  a  s t r o n g  economic h a n d i c a p .  G e n e r a l l y ,  t h e r m a l  ene rgy  

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

t h e  c o s t  of  p u r c h a s e d  e l e c t r i c i t y  - -  i . e . ,  a t  a  c o m p a r a t i v e l y  

low c o s t .  Consequen t ly ,  wind machines  must  be  r e l a t i v e l y  i n -  

e x p e n s i v e  b e f o r e  t h e y  c a n  compete i n  t h i s  a p p l i c a t i o n .  S i n c e  

t h e  economic c o m p e t i t i v e n e s s  o f  wind machines a s  g e n e r a t o r s  

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

t o  p r o v i d e  t h e r m a l  power g e n e r a l l y  s u f f e r s  s e r i o u s  economic 

o b s t a c l e s .  The a b i l i t y  t o  s t o r e  t h e r m a l  power i n e x p e n s i v e l y  

p a r t l y  compensa tes  f o r  t h e  d i s a d v a n t a g e o u s  v a r i a b i l i t y  o f  t h e  

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

c o s t s  o f  t h e r m a l  ene rgy  from wind power t o  a  c o m p e t i t i v e  l e v e l .  

Thus,  we a r e  l e f t  w i t h  e l e c t r i c  power g e n e r a t i o n  a s  t h e  

most  l i k e l y  u s e  of  l a r g e  wind machines  f o r  t h e  f o r e s e e a b l e  

f u t u r e .  Three  t y p e s  o f  u s e r s  form a  p o t e n t i a l  marke t  f o r  e l e c -  

t r i c i t y  g e n e r a t i n g  wind machines :  e l e c t r i c  u t i l i t i e s ,  o t h e r  

l a r g e  u t i l i t i c s  ( e s p e c i a l l y  w a t e r  s u p p l y  a u t h o r i t i e s ) ,  and 

i n d u s t r y .  

The u s e  of  wind power by i n d u s t r y  c a n  b e  e x p e c t e d  t o  b e  

v e r y  l i m i t e d  f o r  a  number o f  r e a s o n s :  F i r s t ,  t h e  number of  

c a n d i d a t e  i n d u s t r i a l  f a c i l i t i e s  i s  l i m i t e d  s i n c e  most  i n d u s -  

t r i a l  p l a n t s  a r e  n o t  l o c a t e d  a t e g o o d  wind power s i t e s  and 



s i n c e  n o t  a l l  i n d u s t r i e s  r e q u i r e  l a r g e  q u a n t i t i e s  o f  e l e c t r i c -  

i t y .  Second,  t h e  economics a r e  u s u a l l y  n o t  f a v o r a b l e  t o  wind 

power b e c a u s e  i n d u s t r i e s  r e q u i r i n g  l a r g e  q u a n t i t i e s  o f  e l e c t r i c -  

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

e l e c t r i c i t y .  T h i r d ,  t h e  need  f o r  backup power o r  s t o r a g e  t h a t  

i s  a v a i l a b l e  a t  a  r e a s o n a b l e  c o s t  on a n  a s - n e e d e d  b a s i s  p l a c e s  

a d d i t i o n a l  c o s t  bu rdens  on a  f a c i l i t y  u s i n g  wind power.  F i n a l l y ,  

c o r p o r a t e  i n v e s t m e n t  p r a c t i c e s  a r e  such  t h a t  c a p i t a l  i n v e s t m e n t s  

i n  ene rgy  s a v i n g  o r  e n e r g y  g e n e r a t i n g  equipment  have a  low p r i -  

o r i t y .  

Al though n o n e l e c t r i c  u t i l i t i e s  can  i n  some c a s e s  be  f a v o r -  

a b l e  a p p l i c a t i o n s  f o r  wind e n e r g y ,  such  a p p l i c a t i o n s  w i l l  n o t ,  

i n  sum, c o n s t i t u t e  a  ma jo r  marke t  f o r  l a r g e  wind mach ines .  

E l e c t r i c  u t i l i t i e s  on t h e  o t h e r  hand,  a r e  i n  t h e  b u s i n e s s  

o f  g e n e r a t i n g ,  t r a n s m i t t i n g ,  and d i s t r i b u t i n g  e l e c t r i c  power.  

Using a l t e r n a t i v e  g e n e r a t i n g  equipment  and ,  where a v a i l a b l e ,  

s t o r a g e  d e v i c e s  a s  backup,  t h e y  a r e  c a p a b l e  o f  accommodating 

t h e  v a r i a t i o n s  i n  wind power more e a s i l y  t h a n  most o t h e r  po-  

t e n t i a l  u s e r s .  T h e i r  e x t e n s i v e  e l e c t r i c  t r a n s m i s s i o n  l i n e s ,  

a l r e a d y  i n  p l a c e ,  p a s s  t h r o u g h  many good wind ' l o c a t i o n s  m i n i -  

miz ing  t h e  c o s t  of  add ing  wind machines .  I n  a d d i t i o n ,  t h e  

f i n a n c i n g  o f  a d d i t i o n a l  g e n e r a t i n g  equipment  i s  e a s i e r  f o r  

u t i l i t i e s  t h a n  l o r  i n d u s t r y .  F i n a l l y ,  r e s o u r c e  c o n s t r a i n t s  

and s a f e t y  and . env i ronmenta l  c.oncerns a r e  c a u s i n g  t h e  c o s t s  

o f  c o n v e n t i o n a l  g e n e r a t i o n  t o  i n c r e a s e ,  f a v o r i n g  t h e  exami- 

n a t i o n  o f  new g e n e r a t i n g  s y s t e m s .  



For these reasons, electric utilities are the largest 

and most likely potential market for wind machines in the ' 

megawatt power range. In the discussion that follows, we 

will concentrate exclusively on thi's application. 

ANNUAL.ENERGY AVAILABLE FROM THE WIND IN THE U.S. 

The power that can.be extracted from the wind is limited 

by a number of factors. A fundamental physi'cal limitation on 

wind power use is the rate at which energy extracted from winds 

near the earth's surface (i.e.,.at heights up to the machine 

height) can be replenished from winds at higher levels. . A  

consequence of this is that.the area density of the power ex- 

tracted from the'wind is limited; as each individual machine 

in an array is made greater in'capacity, the optimal distance 

between machines increases. The 'relationship between optimal 

distance and machine capacity is not completely understood; 

current estimates are that the minimum spacing for a two 

dimensional array in locations experiencing isotropic wind 

power distributions is aboutten'to fifteen rotor diameters. 

Practical considerations further limit wind power use. 

Terrain and availability of land to utilities limit the land 

areas that can be used'. In addition, there are ec'onomic and 

technical' constraints on wind machine size, rated-capaci'ty, 

and capacity factors. These constraint's imply a limit on the 

minimum average wind 'power -density that .can be practically 

. . 
exploited. 



When a l l  .of t h e s e  f ac - t , o r s  have been  a c c o u n t e d  f o r ,  i t  

i s  e s t i m a t e d  t h a t  a  maximum o f  some 1 - ,2 x  10'' KWh/year o f  

e l e c t r i c a l  e n e r g y  c a n  b e  e x t r a c t e d  from t h e  winds o v e r  t h e  

1 
l a n d  a r e a s  of  t h e  con te rminous  U n i t e d  S t a t e s .  P r e s e n t  t o t a l  

U.S. e l e c t r i c i t y  consumpt ion  i s  a b o u t  2 x  10'' KWh/year. Thus, 

i f  wind power c o u l d  .be e x p l o i t e d  t o  i t s  maximum p r a c t i c a l  po-  

t e n t i . a l ,  a s  much e l e c t r i c a l  e n e r g y  c o u l d  b-e g e n e r a t e d  i n  a  y e a r  

a s  i s  c u r r e n t l y  consumed . in  t h e  U.S.* 

Annual wind e n e r g y  d e n s i t y  [i. e . ,  t h e .  wind power c r o s s i n g  

a  u n i t  a r e a ,  i n t e g r a t e d  o v e r  a  y e a r )  v a r i e s  g r e a t l y  from s i t e  

t o  s i t e  even  .on a  s m a l l  s p a t i a l  s c a l e . .  Thus,  any d e s c r i p t i o n  

of t h e  a v a i l a b i l i t y  o f  wind p o w e r ' o n  a  r e g i o n a l  s c a l e  i s  bouna  

t o  be  g e n e r a l  and w i l l  n e g l e c t  l o c a l  v a r i a t i o n s ;  e x c e l l e n t  wind 

s i t e s  w i l l  b e  found even  i n  . r e g i o n s  o f  low a v e r a g e  wind power 

d e n s i t y  and v i c e  v e r s a .  .Bear ing  t h i s  s p a t i a l  v a r i a b i l i t y  i n  

mind,  we c a n  n e v e r t h e l e s s  g a i n  a  p i c t u r e  of t h e  b r o a d  s c a l e  of  

wind power a v a i l a b i l i t y  and . t h e . l i k e l i h o o d  o f  f i n d i n g  go.od 

wind s i t e s  by d i v i d i n g  t h e  wind r e s o u r c e  i n t o  v a r i o u s  wind 

r eg imes  a c c o r d i n g  t o  a n n u a l  wind e n e r g y . d e n s i t y  a s  shown i n  

F i g u r e  1 and t h e n  mapping a  r e g i o n  by wind reg ime .  Such a  map 

o f  t h e  U;S. i s  shown i n . F i . g u r e  2 .  

: A s  can, b e  s e e n  from F i g u r e  2 ,  h i g h  wind ene rgy  a r e a s  a r e  

p r e d o m i n a n t l y  - .  l o c a t e d  o f f  s h o r e .  A l though  it i s  b e l i e v e d  t h a t  

such  s i t e s  w i l l  b e  c o n s i d e r a b l y , m o r e  c o s t l y  t o  e x p l o i t  t h a n  

"Problems assoc.?ated wi th ,  d y n a m i c a l l y  ma tch ing  power o u t p u t  
t o  demand a s  d i s c u s s e d  i n  l a t e r  s e c t i o n s  of  t h i s  p a p e r  make 
t h e  u s e  o f  wind power on t h i s  s c a l e  u n l i k e l y .  
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Figure 1. Relationships between annual wind energy 

density, wind regime, and'mean wind ve loc i ty .  
.. . 

Source: Reference 1. 



WIND REGIMES 

LOW (2 -4  ' M W H / M ~ ' / Y R  r-1 
. MODERATE (4-7 E ~ C I H / M ~ / Y R )  C T T ~  

HIGH (>  7 M W H I M ~ ~ Y R )  

Figu re  2 .  Favorable  wind regimes. 

Source: Reference 1. 



o n s h o r e  l o c a t i o n s ,  l i t t l e  q u a n t i t a t i v e  i n f o r m a t i o n  i s  

a v a i l a b l e  a s  y e t  r e g a r d i n g .  t h e  o v e r a l l  c o s t s  of  d e l i v e r i n g  

power from o f f s h o r e  wind machines t o  l o a d  c e n t e r s  o n s h o r e .  

Because o f  t h i s  p a u c i t y  o f  i n f o r m a t i o n ,  o f f s h o r e  g e n e r a t i o n  

o f  wind ene rgy  is, n o t  d i s c u s s e d  i n  t h i s  p a p e r .  

F.ew a r e a s  o f  h i g h  wind power d e n s i t y  e x i s t  o n s h o r e  and 

t h e s e  few a r e  c o n c e n t r a t e d  i n  mounta inous  a r e a s .  These h i g h  

wind a r e a s  a r e  l i k e l y  t o  be  among t h e  f i r s t  e x p l o i t e d  f o r  

power g e n e r a t i o n  b u t  b e c a u s e  o f  t h e i r  l i m i t e d  e x t e n t  and b e -  

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

power g e n e r a t i o n , *  such  a r e a s  w i l l  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  

t o  e l e c t r i c i t y  g e n e r a t i o n  i n  t h e  U.S. The modera te  wind ene rgy  

reg ime c o v e r s  a  much g r e a t e r  l a n d  a r e a  t h a n  t h e  h i g h  reg ime and 

hopes  f o r  t h e  l a r g e  s c a l e  u s e  o f  wind power i n  t h e  U.S.  must  

r e s t  w i t h  t h e  development  of  wind machines c a p a b l e  o f  economic- 

a l l y  e x p l o i t i n g  winds w i t h  mean v e l o c i t i e s  i n  t h e  12-15  m i l e s  

p e r  hour  r a n g e  c h a r a c t e r i z i n g  t h e  modera te  r eg ime .  Roughly h a l f  

of  t h e  t o t a l  p r a c t i c a l l y  e x p l o i t a b l e  wind power i n  t h e  U.S. i s  

l o c a t e d  i n  t h e  modera te  r eg ime .  

WIND MACHINE CHARACTERISTICS 

The v a s t  m a j o r i t y  o f  wind machines b u i l t  h i s t o r i c a l l y  had . , 

power r a t i n g s  i n  t h e  k i l o w a t t  and s u b k i l o w a t t  r a n g e .  From a  

contemporary  u t i l i t y  p e r s p e c t i v e ,  c o n s i d e r a b l y  l a r g e r m a c h i n e s  . . . . 

a r e  n e c e s s a r y  t o  , r educe  t h e  o v e r a l l  c o , s t s  o f  s i t e  . s e l e c t i o n ,  

*For example: t e r r a i n  l i m i t a t i o n s ,  l o n g   distance,^ . t o  t r a n s -  . : 
m i s s i o n  l i n e  i n t e r t i e s  , poor  acce ' ss  t o  s i t e s  ,. . n a t i o n a l  p a r k  ' 

s t a t u s .  . . 



s i t e  p r e p a r a t i o n ,  i n s t a l l a t i o n ,  ma in tenance ,  a c c e s s  r o a d s ,  

t r a n s m i s s i o n  l i n e s ,  p r o . t e c t i v e  s w i t c h g e a r  and machine compo- 

n e n t s .  I n c r e a s i n g  machine s i z e  from 0 . 5  t.o 1 . 5  MW, f o r  example,  

c a n  h a l v e  t h e  c o s t  of t r a n s m i s s i o n  l i n e s  and p r o t e c t i v ' e  s w i t c h -  

g e a r . '  Al though t h e r e  a r e  a m u l t i t u d e  o f  machine d e s i g n  p o s s i -  

b i l i t i e s  ( e . g . ,  Savonious ,  D a r r i e u s ,  v e r t i c a l - a x i s  a r t i c u l a t e d  

b l a d e ,  Amer ican  farm w i n d m i l l ,  d i f f u s e r  augmented t u r b i n e )  

o n l y  t h e  f a m i l i a r  p r o p e l l e r  t y p e ,  h o r i z o n t a l - a x i s  machine has  

proven i.ts p o t e n t i a l  f o r  o p e r a t i o n  i n  t h e  megawatt power r a n g e .  
3" 

Wind g e n e r a t o r s  dep loyed  by u t i l i t i e s  i n  t h e  n e a r  f u t u r e ,  arid 

i n  p a r t i c u l a r ,  t h e  machines t o  b e  i n s t a l l e d  b.y t h e  Department 

of  Energy (DOE) on v a r i o u s  u t i l i t y  sys tems  w i l l  employ t h i s  

d e s i g n  c o n c e p t  and a r e  l i k e l y  t o  be c h a r a c t e r i z e d  by a  two- 

b l a d e d ,  h o r i z o n t a l - a x i s  r o t o r  w i t h  a  d i a m e t e r  o f  150-300 f e e t ,  

b l a d e  p i t c h  and yaw c o n t r o l s ,  a  r o t a t i o n  f r e q u e n c y  o f  30-60 rpm, 

and a  0 . 2 - 3 . 0  MW r a t e d  c a p a c i t y ,  c o n s t a n t  s p e e d ,  synchronous  

g e n e r a t o r .  The key f a c t o r  c o n s t r a i n i n g  t h e  s i z e  o f  t h e s e  ma- 

c h i n e s  i s  expec ted  t o  be  b l a d c  s t r u c t u r e  t e c h n o l o g y .  

Even t h e  l a r g e s t  wind g e n e r a t o r s  now e n v i s i o n e d ,  1 . 5 - 3 . 0  

MW i n  r a t e d  c a p a c i t y ,  a r e  s t i l l  v e r y  s m a l l  b y  contemporary  

u t i l i t y  s t a n d a r d s .  New c o a l  o r  n u c l e a r - f u e l e d  g e n e r a t o r s  

have power r a t i n g s  o f  abou t  1000 M W .  The s i m p l i c i t y  o f  t h e  

wind g e n e r a t o r  i n  compar ison  t o  t h e s e  hugh and complex 

"Recen t ly ,  t h e  Canadian Government h a s  i n s t a l l e d  a  230 KW 
r a t e d  D a r r i e u s  wind g e n e r a t o r  a t  a  s i t e  on t h e  Magdal len  
I s l a n d s .  The per formance  o f  t h i s  machine s h o u l d  h e l p  
c l a r i f y  t h e  p o t e n t i a l  a p p l i c a b i l i t y  o f  t h i s  d e s i g n  t o  
t h e  l a r g e  machine c a t e g o r y .  



p l a n t s  i s  c o u n t e r b a l a n c e d  by t h e  need  f o r  l a r g e  numbers o f  . 

mach ines :  on an  a n n u a l  b a s i s ,  a b o u t  1500 1 . 5  MW u n i t s ,  o p e r -  

a t i n g  a t  a  c a p a c i t y  f a c t o r  o f  r o u g h l y  0 . 3 5 ,  would b e  needed 

t o  p roduce  a s  much ene rgy  a s  one  such  c o a l  o r  n u c l e a r  p l a n t .  

The p r o t e c t i v e  s w i t c h g e a r ,  m o n i t o r i n g  e q u i p m e n t . a n d  t r a n s -  

m i s s i o n  i n t e r t i e s  r e q u i r e d  f o r .  r e l i a b l e  u t i l i t y  o p e r a t i o n ,  

p l u s  , l a n d  l e a s i n g  o r  a c q u i s i t i o n  f o r  s o  many machines add  

s u b s t a n t i a l l y  t o  t h e  b a s i c  machine c o s t . *  I n  , a d d i t i o n ,  power 

o u t a g e s .  due. t o  . a .  l a c k  ,of wind a r e  more f r e q u e n t  t h a n  f o r c e d  

o u t a g e s  due t o  c o n v e n t i o n a l  p l a n t  breakdowns s o  t h a t  g r e a t e r  

r e s e r v e  r e q u i r e m e n t s  a r e  l i k e l y  t o  b e  needed w i t h  wind power.  

A v a r i e t y  o f  mechan ica l  , t o  e l e c t r i c a l . p o w e r  c o n v e r s i o n  

schemes have  been  p roposed  f o r  u s e  on wind mach ines .  These 

- 4 , s  i n c l u d e .  

a DC g e n e r a t o r  w i t h  i n v e r t e r  

V a r i a b l e  s h a f t  s p e e d  c o n s t a n t  e l e c t r i c a l  

f r e q u e n c y  AC g e n e r a t o r  

I n d u c t i o n  g e n e r a t o r  

Synchronous g e n e r a t o r  

The p r i m a r y  a d v a n t a g e  o f  t h e  f i r s t  two i s  t h a t  t h e y  a r e ,  ,in 

p r i n c i p l e ,  somewhat mo.re e f f i c i e n t  s i n c e  t h e y  pe rmi t . -wide  

v a r i a t i o n s  i n  t h e  speed  of t h e  r o t o r  and  t h u s  have  a  h i g h e r  

aerodynamic t o  mechan ica l  power f a c t o r .  However., ,they a r e  

h e a v i e r  qnd more c o s t l y  than  t h e  i n d u c t i o n  and. synchronous  

* I n  a  r e c e n t  s t u d y , '  i t  was e s t i m a t e d  t h a t  c o s t s  f o r  t r a n s -  
m i s s i o n  l i n e s  and p r o t e c t i v e  s w i t c h g e a r  a l o n g  r a n g e  from 
a b o u t  $100 t o  $300 p e r  KW, depending  on t h e  number of  u n i t ;  
i n  an a r r a y ,  t h e  s p a c i n g  between u n i t s ,  and t h e  d i s t a n c e  t o  
t h e  g r i d  i n t e r t i e .  



g e n e r a t o r s  which r e q u i r e  n e a r l y  c o n s t a n t  and e x a c t l y  c o n s t a n t  

s p e e d  o p e r a t i o n  r e s p e c t i v e l y ;  t h e  g a i n  i n  e f f i c i e n c y  may be 

outweighed by t h e s e  and o t h e r  f a c t o r s .  The c o n s t a n t  s p e e d ,  

synchronous  g e n e r a t o r  i s  c u r r e n t l y  f a v o r e d  due  t o  a  combina- 

t i o n  of b e n e f i c i a l  ' f e a t u r e s :  

(1) The p o t e n t i a l  f o r  r e s o n a n t  s t r u c t u r a l  v i b r a t i o n s  

coup led  t o  t h e  low r o t o r  f r e q u c n c y  i s  minimized 

by hav ing  a  c o n s t a n t  r o t o r  f r e q u e n c y .  

( 2 )  The g e n e r a t o r  p l a c e s  no r e a c t i v e  power demands 

upon t h c  g r i d .  

( 3 )  I t  i s  a  w e l l  known t echno logy .  

( 4 )  I t s  we igh t  i s  l e s s  t h a n  t h a t  o f  most a l t e r n a t i v e  

schemes. 

( 5 )  I t  h a s  f a v o r a b l e  s t a b i l i t y  c h a r a c t e r i s t i c s  ( s e e  

" E f f e c t s  of Wind V a r i a t i o n s , "  below) . 

S e v e r a l  machine d e s i g n  s t u d i e s  , ' ' have f o c u s s e d  on 

deve lop ing  s p e c i f i c a t i o n s  f o r  machines which minimize  t h e  

c o s t  of  e l e c t r i c i t y  g e n e r a t e d .  The d e s i g n  problem i s  compl i -  

c a t e d  by t h e  d i f f i c u l t y  of  e s t i m a t i n g  cos  t - p e r f o r l ~ l a n c e  c h a r -  

a c t e r i s t i c s  o f  t h e  machine components .  For  example, p roduc-  

t i o n  c o s t s  v a r y . a s  a  f u n c t . j o n  of  p r o d u c t i o n  q u a n t i t y  s o  t h a t  

machine component c o s t s  a r e  h i g h l y  dependent  on whe thc r  t h e  

t o t a l  p r o d u c t i o n  r u n  i s  10 u n i t s  o r  1000 u n i t s .  Design s t u d i e s  

t o  d a t e  i n d i c a t e  t h a t  t h e  o p t i m i z e d  d e s i g n  s h o u l d  have a  p e r -  

formance c u r v e  a s  shown i n  F i g u r e  3. Below t h e  c u t - i n  v e l o -  

c i t y ,  no n e t ' p o w e r ' c a n  be  d e l i v e r e d  t o  t h e  g r i d , a n d  t h e  machine 
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Figure 3. Characteristic machine response. 



d o e s  n o t  o p e r a t e .  Above t h e  r a t e d  v e l o c i t y  ( c o r r e s p o n d i n g  

t o  t h e  r a t e d  c a p a c i t y  o f  t h e  g e n e r a t o r )  b l a d e  p i t c h  i s  ad-  

j u s t e d  t o  m a i n t a i n  a  c o n s t a n t  o u t p u t .  T y p i c a l l y ,  t h e  c u t - i n  

v e l o c i t y  i s  r o u g h l y  h a l f  t h e  r a ' t e d  v e l o c i t y  and t h e  r a t e d  

v e l o c i t y  i s  s l i g h t l y  h i g h e r  t h a n  t h e  mean wind s p e e d  f o r  

which t h e  machine i s  b e i n g  d e s i g n e d .  Al though i t  may a p p e a r  

from F i g u r e  3  t h a t  v a s t . q u a n t i t i e s  of  e n e r g y  a r e  b e i n g  l o s t  

a t  t h e  h i g h e r  wind v e l o c i t ; . e s  due  t o  t h e  p l a t e a u  i n  t h e  p e r -  

formance c u r v e ,  t h e  f r e q u e n c y  d i s t r i b u t i o n  o f  t h e  wind v e l o -  
. . 

c i t y  i s  s u c h  t h a t  winds seldom blow a t .  t h e  h i g h e r  ,vel.ocj. t i .es 

and a  r e l a t i v e l y  s m a l l  f r a c t i o n  o f  t h e  t o t a l  ene rgy  i s  con-  

t a i n e d  i n  s u c h  winds .  Above some v e l o c i t y ,  t h e  c u t - o u t  v e l o -  

c i t y ,  t h e  machine i s  s h u t  down t o  a v o i d  damage 'from h i g h  h i n d s .  

A s  a n - e x a m p l e  of  t h e  r e s u l t s -  o f  d e s i g n  s t u d i e s ,  i t  i s  e s t i m a t e d  

t h a t  a  1 . 5  MW machine o p t i m i z e d  f o r  a n  18 mph mean wind speed 

would have a  c a p a c i t y  f a c t o r  of ' . ro .ughly  0 .35  and would p roduce  

a b o u t  7 x l o 6  Kwh p e r  y e a y .  
1 

. s 

DYNAMIC CHAXACTERISTICS OF THE W I N D  

From a u t i l i t y  p e r s p e c t i v e ,  t h e  s i n g l e  most  d i s t i n g u i s h -  

i n g  f e a t u r e  o f  wind power i s  i t s  v a r i a b i l i t y .  Wind power 

v a r i e s  on a  v a r i e t y  of  t ime  s c a l e s  due  t o  s e v e r a l  c a u s a t i v e  

f a c t o r s  as o u t l i n e d  i n  t h e  ' l 'able below: 



Cause. o f  .Va?r.iation . .  Time S c a l e  of  V a r ? a t i o n  

Gus t s  ( t u r b u l e n c e )  Sub - second  t o .  second 

D i u r n a l  c y c l e  . D a i l y  

I n v e r s i o n  l a y e r s  I-Iour s 

Changing w e a t h e r  p a t t e r n s  Hours ( p e r i o d  f o r  f r o n t  
t o  p a s s )  

Days ( p e r i o d  from one 
p a t t e r n :  t o  an0 t h e r )  

. S e a s o n a l  c y c l e  S e a s o n a l  %. 

V a r i a t i o n s  i n  a n n u a l l y  
i n t e g r a t e d  wind power Years  

- .  

A l l  of  t h e s e  v a r i a t i o n s  can  a f f e c t  u t i l i t y  o p e r a t i o n s  and 
. . 

e a c h  must  b e  c a r e f u l l y  c o n s i d e r e d  i n  t h e  p r o c e s s  d e t e r m i n i n g  
. . . . 

t h e  v a l u e  o f  wind power t o  a  u t i l i t y .  Al though s e v e r a l  o f  
. . 

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

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

p a t t e r n s  and s e a s o n a l  c y c l e s  a f f e c t  hydropower a v a i l a b i l i t y ) ,  

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

p u t  o f  wind machines a r e  c o n s i d e r a b l y  more s e v e r e .  
. . 

We w i l l  now d i s c u s s  t h e s e  d i f f e r e n t  t y p e s  o f  v a r i a t i o n s  

i n  more d e t a i l  t o  show how t h e y  c a n  a f f e c t  u t i l i t i e s :  

"Gusts  

Gus t s  w i l l  a f f e c t  s i n g l e  wind machines and c a n  c a u s e  them 

t o  go o u t  o f  s y n c h r o n i z a t i o n  w i t h  t h e  g r i d .  T h i s  can  o c c u r  i f  

t h e  r a t e  o f  change o f  power i n  t h e  wind due t o  t h e  g u s t  i s  

g r e a t e r  t h a n  t h e  c a p a b i l i t y  of  t he  m a c h i n e ' s  c o n t r o l  sys t em 

t o  r e d u c e  t h e  t o r q u e  impu l se  a c t i n g  on t h e  g e n e r a t o r .  T y p i c a l  

' 



gust '  p r o f i l e s  w'ith v a r i o u s  p r o b a b i l i t i e s . o f  o c c u r e n c e  a r e  

shown i n  F i g u r e  4.  The c u r v e s  i n  F i g u r e  5 i n d i c a t e  maximum 

t o r q u e  and power changes  e x p e c t e d  f o r  t i m e  s c a l e s  most l i k e l y  

t o  be  o f  conce rn  from a  power sys tem s t a b i l i t y  v i e w p o i n t ;  

g u s t s  w i t h  p e r i o d s  i n  t h e  ne ighborhood of  0 .6  t o  0 . 8  s e c .  can  

produce  100% v a r i a t i o n s  i n  t o r q u e  i n  0 . 3  t o  0 .4  seconds .  Such 

t r a n s i e n t s  can r e s u l t  i n  l .oss of  s y n c h r o n i z a t i o n  f o r  a  wind 

machine which would l e a d  t o  t h e  a c t i v a t i o n  o f  t h e  p r o t e c t i v e  

s w i t c h g e a r  f o r  t h a t  machine and i t s  t e m p o r a r i l y  b e i n g  d i s -  

connected  from t h e  g r i d .  Such ari o c c u r r e n c e  would have m i n i -  

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

wind machine were p a r t  o f  a  l a r g e  sys tem.  However, f r e q u e n t  

machine o u t a g e s  o f  t h i s  t y p e ,  e s p e c i a l l y  i f  t h e y  o c c u r r e d  on 

a  l a r g e  a r r a y  of  wind mach ines ,  would be c o n s i d e r e d  d i s r u p -  

t i v e  and u t i l i t i e s  may r e q u i r e  t h a t  t h e  wind m a c h i n e ' s  con-  

t r o l  sys tem be a d e q u a t e  t o  r e d u c e  t h e  f r e q u e n c y  o f  l o s s  o f  

s y n c h r o n i z a t i o n  t o  v e r y  low l e v e l s .  

P r e l i m i n a r y  r e s u l t s  f rom an  on-go ing  s i m u l a t i o n  s t u d y  of  

t h i s  problem9 i n d i c a t e  t h a t  i n d u c t i o n  g e n e r a t o r s  a r e  u n s a t i s -  

f a c t o r y  from a  s t a b i l i t y  s t a n d p o i n t .  Given c u r r e n t  concep-  

t i o n s  o f  t h e i r  c o n t r o l  s y s t c m s ,  sync!lrunous g e n e r a t o r s  a r e  

e x p e c t e d  t o  be  s t a b l e  i n  s t e a d y  winds ,  m a r g i n a l l y  s t a b l e  w i t h  

s m a l l  t o  modera te  g u s t s ,  b u t  t o  c x h i b i t  u n a c c e p t a b l e  per form-  

ance  w i t h  s t r o n g  g u s t s  ( w i t h  a  l i k e l i h o o d  o f  o c c u r r e n c e  o f  

s e v e r a l  t i m e s  p e r  y e a r ) .  The p r e l i m i n a r y  c o n c l u s i o n s  

s u g g e s t  t h a t  improved c o n t r o l  sys tems and added damping can  
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Figure 4. Wind gusts profiles. Source: Reference 9. 

Figure 5. Envelopes of maximum torque and power pulses vs. time. 

Source: Reference 9. 
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improve pe r fo rmance  t o  a  l e v e l  a c c . e p t a b l e  t o  u t i l i t i e s .  I n  

p a r t i c u l a r ,  a n  upwind anemometer and a n  o p t i m i z e d  power s y s -  

tem s t a b i l i z e r  r e f e r e n c e d  t o  hub speed  were  s u g g e s t e d  a s  e s -  

p e c i a l l y  d e s i r a b l e  a d d i t i o n s .  Wind s h e e r ,  i n f l o w  e f f e c t s  

and tower shadow e f f e c t s  a r e  n o t  e x p e c t e d  t o  a f f e c t  c o n t r o l -  

a b i l i t y .  

D i u r n a l  Cycle  

Changes in ' the t h e r m a l  ene rgy  i n p u t  t o  t h e  a tmosphere  

due  t o  e a r t h ' s  r o t a t i o n  r e s u l t  i n  a d i u r n a l  v a r i a t i o n  i n  

wind power. C h a r a c t e r i s t i c  d a i l y  c y c l e s  f o r  h o u r l y  wind e n e r g y  

a r e  shown i n  F i g u r e  6 f o r  t h e  t h r e e . w i n d  r e g i m e s .  There  a r e  b r o a d  

peaks  i n  wind power i n  t h e  e a r l y  a f t e r n o o n  i n  t h e  low t o  mod- 

e r a t e  r eg imes  and a minimum d u r i n g  t .h i s  same p e r i o d  f o r  t h e  

h i g h  wind reg ime .  I n  F i g u r e  7 ,  a  t y p i c a l  d a i l y  l o a d  c u r v e  

f o r  a  u t i l i t y  i s  shown. Note t h e  rough c o r r e s p o n d e n c e  b e -  

tween t h e  wind power o u t p u t  c u r v e s  f o r  t h e  low and modera te  

wind r eg imes  and t h e  d a i l y  Load c u r v e .  T h i s  c o r r e s p o n d e n c e  

h a s  i m p o r t a n t  consequences  r e g a r d i n g  t h e  t e c h n i c a l  and economic 

f e a s i b i l i t y  o f  wind power u s e  by u t i l i t i e s .  B r i e f l y ,  g e n e r a t i n g  

u n i t s  w i t h  t h e  h i g h e s t  c o s t s  o f  g e n e r a t i o n  p e r  Kwh and t h e  most  

f l e x i b i l i t y  i n  o u t p u t  a r e  added t o  t h e  sys t em d u r i n g  t h e  d a i l y  

p e a k  l o a d  p e r i o d s .  I f  t h e  b u l k  o f  wind e n e r g y  were a v a i l a b l e  

d u r i n g  t h e s e  p e r i o d s , ,  t h e n  t h e  economic c o m p e t i t i v e n e s s  o f  wind 

power would b e  improved s i n c e  t h e  m a r g i n a l  c o s t s  o f  c o n v e n t i o n a l  

g e n e r a t i o n  a r e  h i g h e s t  " d u r i n g  t h e  "peak  p e r i o d .  A l s o ,  t h e  
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Figure 6 .  Diurnal variation of wind energy in  the three favorable wind regimes. 

Source: Reference 1. 
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Figure 7 .  Daily cycle  of load. Source: Reference 1. 



i n c o r p o r a t i o n  o f  t h i s  v a r i a b l e  s u p p l y  i s  made:technically 

e a s i e r  due  t o  t h e  f l e x i b i l i t y  o f  t h e . p e a k i n g  u n i t s .  .These  

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

I n v e r s i o n  Layer s  

Atmospher ic  t h e r m a l  i n v e r s i o n s  c a n  o c c a s s i o n a l l y  r e s u l t  

i n  h o r i z o n t a l  boundary l a y e r s  below which wind s p e e d s  a r e  low 

and above which t h e y  a r e  h i g h .  These boundary ' l a y e r s  can  r i s e  

o r  f a l l  i n  a l t i t u d e  a s  a t m o s p h e r i c  c o n d i t i o n s  change .  I f  s u c h  

a  b o u n d a r y ' l a y e r  i n t e r s e c t s  t h e  c r o s s  s e c t i o n  o f '  a  wind t u r -  

b i n e  o r  an a r r a y  o f  t u r b i n e s  a s  t h e  l a y e r  r i s e s  o r '  f a l l s ,  

l a r g e  changes  i n  power o u t p u t  o v e r  t ime  s c a l e s  o f  h o u r s  can  

r e s u l t .  U t i l i t i e s  u s i n g  wind power must  be  c a p a b l e  o f  v a r y -  

i n g  t h e  c o n v e n t i o n a l  p o r t i o n  o f  t h e i r  g e n e r a t i n g  equipment  t o  

a d j u s t  t o  t h e s e  v a r i a t i o n s .  
. .  

Changing Weather  P a t t e r n s  

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

f o r  p e r i o d s  o f  s e v e r a l  d a y s .  S i n c e  winds a r e  c l o s e l y  coup led  

t o  w e a t h e r  p a t t e r n s ,  p e r i o d s  o f  h i g h  and low winds w i l l  a l s o  

t y p i c a l l y  b e  m a i n t a i n e d  f o r  p e r i o d s  o f  s e v e r a l  days  and w i l l  

a l t e r n a t e  a t  f r e q u e n t  b u t  i r r e g u l a r  i n t e r v a l s .  Consequen t ly ,  

t h e  c o n t r i b u t i o n  o f  wind power t o  t h e  d a i l y  c y c l e  i s  i r r e g u l a r  

and undependab le .  
. . 

. . 

When w e a t h e r  p a t t e r n s  do change ,  f r o n t s  c a n  move a c r o s s  
b 

. . 

a  r e g i o n  o v e r  a  p e r i o d  o f  a  few h o u r s .  Hence, a s  w i t h  t h e  

i n v e r s i o n  l a y e r s  above ,  l a r g e  changes  i n  t h e  power o u t p u t  o f  

wind machines can  b e  e x p e r i e n c e d  o v e r  a  p e r i o d  o f  h o u r s .  



S e a s o n a l  Cycle  

Wind power a l s o , d i s p l a y s  a  s t r o n g  s e a s o n a l  d e p e n d e n c e . a s  

shown i n  F i g u r e  8 .  The monthly  t o t a l  wind ene rgy  o u t p u t  o f  a  

wind machine c a n  v a r y  by o v e r  a  f a c t o r  o f  two from minimum t o  

maximum on a  s e a s o n a l  . b a s i s .  I t  i s  a t  a  maximum d u r i n g  t h e  

w i n t e r  months.  The s e a s o n a l  l o a d  p a t t e r n s  f o r  u t i l i t i e s  v a r y  

and  g e n e r a l l y  f a l l  i n t o  one o f  two c a t e g o r i e s :  summer peak ing  

o r  w i n t e r  p e a k i n g .  'l'he s e a s o n a l  c h a r a c t e r i s t i c  i s  u s u a l l y  

d.et.erm:i.ned by t h e  r e l a t i v e  u s e  o f  a i r  c o n d i t i o n i n g ,  e l e c t r i c ,  

h e a t i n g  and t h e . s e a s o n a 1  dependence o f  e l e c t r i c  l i g h t i n g .  By 

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

e n e r g y  i s  more l i k e l y  t o  be  f a v o r e d  by a  w i n t e r  peak ing  u t i l i t y  

t h a n  a.summer peak ing  u t i l i t y .  

DYNAMIC CHARACTERISTICS OF ELECTRIC UTILITIES 

A s  we .have  j u s t  s e e n ,  t empora l  v a r i a t i o n s  i n  wind power 

c a n  be  t r o u b l e s o m e  f o r  u t i l i t i e s .  I n  t h i s  s e c t i o n ,  we w i l l  

d i s c u s s  t h e  dynamic c h a r a c t e r i s t i c s  o f  u t i l i t i e s  i n  more d e -  

t a i l  t o  d e v e l o p  an  u n d e r s t a n d i n g  o f  t h e  economic consequences  

of  wind power v a r i a t i o n s . .  F i r s t  we ' c o n s i d e r  t h e  n a t u r e  of  

t h e  l o a d  t h a t  t h e  u t i l i t y  must  s a t i s f y ,  t h e n  we w i l l  r e v i e w  

t h e  g e n e r a t i n g  equipment  c h o i c e s  a  u t i l i t y  h a s  a v a i l a b l e  t o  

meet  t h e  l o a d .  
. . 

An e l e c t r i c  ' u t i l i t y  a t t e m p t s ,  t o  g e n e r a t e ,  t r a n s m i t  and 

d i s t r i b u t e  e l 6 c t r i c i t y  t o  i n s t a n t a n e o u s l y  meet  a  d y n a m i c a l l y  

v a r y i n g  l d i d  w i t h i n  c e r t a i n  l i m i t s  df  r e l i a b i l i t y  and a t  t h e  
. . 

. . . . . .  

l o w e s t  c o s t .  The t 'empoial  v a r i a t i o n s  i n  t h e  l o a d  a r e  r o u g h l y  ' 
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p e r i o d i c  w i th  d a i l y ,  weekly and annual  c y c l e s .  A t y p i c a l  

d a i l y  p r o f i l e  has  a l r e a d y  been shown i n  F i g u r e  7 .  A cha rac -  

t e r i s t i c  weekly c y c l e  i s  shown i n  F i g u r e  9 ;  n o t e  t h e  s i m i l a r i t y  

i n  t h e  Monday t h ru  F r iday  d a i l y  c y c l e s  and t h e  lower weekend peaks .  

A t y p i c a l  annua l  c y c l e  i s  shown i n  F igu re  10 f o r  a  summer peak-  

ing  u t i l i t y  i n d i c a t i n g  t h e  annual  maintenance  s chedu l e .  Depending 

on t h e  u t i l i t y  and t he  t ime o f  y e a r ,  t h e  amount of  v a r i a t i o n  i n  

l o a d  over  a day can range  from 2 0 %  t o  over  508 ( r e l a t i v e  t o  t h e  

d a i l y  peak l o a d ) .  The amount of  v a r i a t i o n  over  a  y e a r  i s  usu -  

a l l y  g r e a t e r  t han  60% [ r e l a t i v e  t o  t h e  annua l  peak ) .  I n  a d d i -  

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

dom weather  r e l a t e d  v a r i a t i o n s  which a r e  due t o  changes i n  h e a t -  

ing  and l i g h t i n g  l e v e l s .  F i n a l l y ,  t h e r e  a r e  random v a r i a t i o n s  

due t o  t h e  s t a t i s t i c a l  n a t u r e  o f  t h e  l o a d ;  i t  i s  composed of a  

v e r y  l a r g e  number of  e l e c t r i c i t y  consuming dev i ce s  whieh a r e  

each i n d i v i d u a l l y  c o n t r o l l e d .  Th i s  s t a t i s t i c a l  v a r i a t i o n  i s  

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

A t ime-dependent  l oad  curve  can be compressed i n t o  an  

i n t e g r a t e d  form known a s  a l o a d  d u r a t i o n  curve  which i s  u s e -  

f u l  f o r  u t i l i t y  p l ann ing  purposes .  An annua l  l oad  d u r a t i o n  

c u r v e ,  shown i n  F i g u r e  11, i n d i c a t e s  t h e  number of hours  p e r  

y e a r  t h a t  t h e  l oad  i s  g r e a t e r  t han  a  g i v e n  l e v e l . *  The i n t e r -  

c e p t  of t h e  l oad  d u r a t i o n  cu rve  wi th  t h e  v r d i n a t c  i s  t h e  peak 

l o a d  o f  t h e  y e a r .  The l e v e l  of  t h e  l oad  exper ienced  a t  l e a s t  

*The meaning of t h e  cu rve  can  be more e a s i l y  c o n c e p t u a l i z e d  
i f  t h e  axes  a r e  m e n t a l l y  i n t e r changed  so  t h a t  t h e  "loadr '  a x i s ,  
t h e  independent  a x i s ,  i s  th.ought of a s  t h e  a b s c i s s a .  

- 24 - 
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8 7 6 0  hours (a  f u l l  year )  i s  t h e  minimum l o a d ;  i .  e . ,  t h e  l oad  

never  drops below t h i s  l e v e l  du r ing  t h e  y e a r .  The "base ,"  

" in t e rmed ia t e , "  and "peak" c a t e g o r i z a t i o n  scheme i s  c l o s e l y  

t i e d  t o  t h e  gene ra t i ng  equipment c h a r a c t e r i s t i c s  which a r e  

d i s c u s s e d  n e x t .  

To meet t h e  demand f o r  e l e c t r i c i t y ,  u t i l i t i e s  have a v a i l -  

a b l e  a  v a r i e t y  of p l a n t  t ypes :  e . g . ,  n u c l e a r ,  c o a l ,  s team, 

o i l  s team, gas  t u r b i n e ,  d i e s e l ,  and hydro. These p l a n t  types  

d i f f e r  i n  a  v a r i c t y  of c h a r a c t e r i s t i c s ,  t h e  most impor tan t  of 

which a r e :  

Rated c a p a c i t y  of  s i n g l e  u n i t  

C a p i t a l  c o s t s  p e r  i n s t a l l e d  u n i t  of c a p a c i t y  

Operat ing and maintenance c o s t s  p e r  u n i t  of 

e l e c t r i c i t y  gene ra t ed  

Fuel  c o s t s  

R e l i a b i l i t y  

Environmental ,  h e a l t h  and s o c i a l  e f f e c t s  

The age of a  g iven  p l a n t  w i l l  a l s o  a f f e c t  i t s  c o s t s  and p e r -  

formance; i n  g e n e r a l ,  o l d e r  p l a n t s  of a  g iven  type a r e  l e s s  

e f f i c i e n t  and c o s t  more t o  o p e r a t e .  

In  p lann ing  f u t u r e  purchases  of g e n e r a t i n g  equipment, a  

u t i l i t y  w i l l  be concerned w i t h  d e f i n i n g  p r e c i s e l y  i t s  needs 

f o r  a d d i t i o n a l  gene ra t i ng  c a p a c i t y  (such a s  w i t h  a load  du ra -  

t i o n  curve)  and choosing t h e  l e a s t  c o s t  combination of p l a n t s  

t o  p rov ide  t h a t  c a p a c i t y  whi le  main ta in ing  t h e  d e s i r e d  minimal 

l e v e l  of o v e r a l l  system r e l i a b i l i t y .  The problem i s  complicated 



by u n c e r t a i n t i e s  i n  load  growth, i n  new p l a n t  c o s t s ,  i n  f u e l  

c o s t s  and a l s o  s i n c e  t h e r e  i s  some degree  o f  f l e x i b i l i t y  i n  

t h e  manner i n  which bo th  o l d  and new p l a n t s  can be used .  I n  

a d d i t i o n ,  t h e  purchase  of e l e c t r i c i t y  from power a u t h o r i t i e s  

o r  from o t h e r  u t i l i t i e s  ( f o r  r e s a l e  t o  u t i l i t y  customers)  i s  

o f t e n  an a d d i t i o n a l  o p t i o n .  

An i l l u s t r a t i v e  example* of t h e  e s t ima ted  c o s t  s t r u c t u r e  

a  u t i l i t y  might be f a c e d  w i t h  i n  cons ide r ing  new p l a n t  purchases  

i s  shown i n  F igu re  1 2 .  I n  t h i s  f i g u r e ,  t h e  annual  c o s t  p e r  

u n i t  of c a p a c i t y  purchased i s  p l o t t e d  a s  a  f u n c t i o n  of t h e  num- 

b e r  of hours p e r  y e a r  t h a t  t h e  p l a n t  w i l l  be used .  I t  i s  c l e a r  

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

t a l  annual  c o s t s  f o r  d i f f e r e n t  p l a n t  types  depending on t h e  num- 

b e r  of h o u r s . p e r  yea r  t h e  p l a n t  i s  ope ra t ed .  Coal and nuc l ea r  

p l a n t s  a r e  favored  f o r  base  load  o p e r a t i o n  (:high annual  p l a n t  

f a c t o r )  wh.ile ga s+  t u r b i n e s  a r e  favored  f o r  peak load  o p e r a t i o n  

(.low annual  p l a n t  f a c t o r ) .  

A s i m p l i f i e d  a n a l y s i s  of c a p a c i t y  expansion [ i . e . ,  f u t u r e  

p l a n t  purchases)  can be conducted w i t h  load  d u r a t i o n  curves  and 

in fo rma t ion  of t h e  type  p re sen t ed  i n  F igure  1 2 .  The u s e f u l l -  

ne s s  of t h e  l oad  d u r a t i o n  curve i n  t h i s  r ega rd  d e r i v e s  from 

t h e  dependence of th.e t o t a l  annual  c o s t s  f o r  d i f f e r e n t  p l a n t  

types  on the-number of  h.ours p e r  y e a r  t h a t  t h e  p l a n t  i s  ope r -  

a t i n g .  Port-fons of t h e  p r o j e c t e d  f u t u r e  l oad  d u r a t i o n  curve 

*This example i s  f o r  i l l u s t r a t i v e  purposes  on ly ;  c o s t  assump; 
t i o n s  a r e  n o t  n e c e s s a r i l y  a c c u r a t e .  

tVGas" t u r b i n e s  almost  always burn d i s t i l l a t e  pet roleum f u e l .  
The a d j e c t i v e  "gas" d i s t i n g u i s h e s  t h e s e  t u r b i n e s  from hydro 
t u r b i n e  u n i t s .  
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c a n  be  a s s i g n e d  t o  v a r i o u s  p l a n t  t y p e s ,  b o t h  e x i s t i n g  and 

c o n t e m p l a t e d ,  accordi .ng  t o  wh.ich p l a n t  t y p e  h a s  t h e  l o w e s t  

a n n u a l i z e d  c o s t  f o r  t h a t  p o r t i o n  o f  t h e  l o a d  c u r v e .  T h i s -  , . 

, . 
y i e l d s  t h e  f i r s t  a p p r o x i m a t i o n  t o  t h e  economica l ly  o p t i m a l  ' .  

combina t ion  o f  p l a n t  t y p e s .  T h i s  p r o c e s s  i s  i l l u s t r a t e d  i n  

F i g u r e  13 .  D i s p a t c h i n g ,  r e l i a b i l i t y ,  and o t h e r  c o n s i d e r a t i o n s  

and t h e  c a r r y - o v e r  o f  e x i s t i n g  p l a n t s  c a n  t h e n  be  a d d e d  t o  t h e  

a n a l y s i s  t o  produce  a  s c h e d u l e  o f  p l a n t  p u r c h a s e s  which w i l l  . . .  

come c l o s e s t  t o  a c h i e v i n g  t h e  l o w e s t  t o t a l  a n n u a l i z e d  c o s t  w h i l e  

meet ing  t e c h n i c a l  and i n s t i t u t i o n a l  c o n s t r a i n t s .  

Once p l a n t s  have been p u r c h a s e d ,  t h e i r  d i s p a t c h  ( s c h e d -  

u l i n g  o f  t h e i r  u s e  on a  f i n e  t i m e  s c a l e )  depends o n l y  a n .  

v a r i a b l e  ( o p e r a t i n g  and f u e l )  c o s t s  ' - s ince  c a p i t a l  a m o r t i z a t i o n  

and t a x e s  must be p a i d  i n d e p e n d e n t l y  o f  u s e .  V a r i a b l e  c o s t s  

f o r  t h e  d i f f e r e n t  p l a n t  t y p e s  a r e  d i s p l a y e d  i n  F i g u r e  1 4 .  ' Note 

t h a t . h y d . r o ,  wind and s o l a r  p l a n t s ,  w i t h  no f u e l  c o s t s ,  have v e r y  

low v a r i a b l e  c o s t s  w h i l e  g a s  t u r b i n e s ,  which u s e  e x p e n s i v e  f u e l  

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

c o s t s .  An i m p o r t a n t  c 0 n s t r a i n . t  on d i , s p a t c h i n g . i s  . . t h a t  changes  i n  

t h e  o u t p u t  o f  l a r g e  s team p l a n t s  s h o u l d  be made s l o w l y  and t h a t  

o p e r a t i n g  them a t  p a r t  l o a d  i s  i n e f f i c i e n t ;  i n  p r a c t i c e ,  t h e s e  

p l a n t s  a r e  n o t  v a r i e d  v e r y  much on a  d a i l y  b a s i s  - t h e y  a r e  

"base  l o a d e d . "  A s i m p l i f i e d  d e s c r i p t i o n  o f  t h e  s t r a t e g y  o f  

d i s p a t c h i n g  t h u s  f o l l o w s  t h e  scheme o u t l i n e d  below a s  t h e  l o a d  

i n c r e a s e s :  

(1 )  F i r s t  l o a d  t h e  minimum l e v e l  o f  t h e  l a r g e  n u c l e a r  

and f o s s i l  s team p l a n t s  and t h e  minimum hydro  pe rmi t t e .d .  
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( 2 )  I f  t h e  load  i s  g r e a t e r ,  i n c r e a s e  t h e  l e v e l  of  

t h e  l a r g e  base load  p l a n t s  t o  t h e i r  maximum l e v e l .  

(3 )  I f  t h e  l oad  i s  g r e a t e r ,  add s m a l l e r  i n t e r m e d i a t e  

c y c l i n g  p l a n t s .  

( 4 )  During peak p e r i o d s ,  add peaking u n i t s ,  such a s  

d i e s e l s ,  gas t u r b i n e s ,  pumped hydro, s t o r e d  hydro.  

This d i s p a t c h i n g  scheme i s  i l l u s t r a t e d  i n  F igu re  1 5 .  

I f  wind power i s  a v a i l a b l e ,  t h e  output .  o f  o t h e r  p l a n t s  

would be reduced i n  t h e  opposi . te  o r d e r  depending on t h e  amount 

a v a i l a b l e ,  down t o  t h e  minimum l e v e l s .  I t  should  be c l e a r  by 

now why wind energy is. most b e n e f i c i a l  i f  i t  i s  gene ra t ed  pri inar-  

i l y  dur ing  t h e  daytime peaks ;  du r ing  t h e s e  p e r i o d s ,  t h e  u t i l i t y  

exper iences  t h e  h i g h e s t  v a r i a b l e  c o s t s  pe r  u n i t  of  e l e c t r i c i t y  

gene ra t ed .  Conversely ,  wind energy i s  worth much l e s s  a t  

n i g h t  and may a c t u a l l y  have t o  be w a s t e d . i f  t h e  wind power 

ou tpu t  i s  g r e a t e r  t han  t h e  d i f f e r e n c e  between t h e  load  and t h e  

minimum ou tpu t  of  t h e  l a r g e  steam and hydro p l a n t s .  

We should  emphasize t h a t  t h i s  d i s c u s s i o n  of u t i l i t y  oper -  

a t i o n s  i s  h i g h l y  s i m p l i f i e d  and igno re s  many impor tan t  a s p e c t s  

of u t i l i t y  o p e r a t i o n s .  R e l i a b i l i t y  c o n s i d e r a t i o n s ,  f o r  example, 

r e q u i r i n g  t h a t  sp inn ing  r e s e r v e  be a v a i l a b l e  t o  compensate f o r  

i n s t an t aneous  ou tages  a l t e r  t h e  s i m p l i f i e d  d i s p a t c h i n g  scheme 

p r e s e n t e d .  Also,  i t  should  be remembered t h a t  u t i l i t i e s  va ry  

a  g r e a t  d e a l  and t h a t  n o t  a l l  t h e  p l a n t  t ypes  mentioned may 

a c t u a l l y  be employed; i n  some c a s e s ,  f o r  example, hydro power 

i s  t h e  on ly  g e n e r a t i n g  source .  F i n a l l y ,  l a r g e  computer programs 

have been developed i n  t h e  p a s t  decade which g e n e r a l l y  combine 

- 3.4 - 



a 
o 0.5 
a 
S 
V) 

s 
W 
Z 

2 

MIDNIGHT. 6 A.M. .NOON 6 f?M. MIDNIGHT 

NUCLEAR - 
. . 

MINIMUM NUCLEAR, FOSSIL 

2 
a 

TIME OF DAY 

I 
MINIMUM HYDRO : 

Figure 15 .  Scheduling of plants. 

k 0 1 



a probalistic reliability analysis with an economic optimization 

routine in order to select the optimum schedule for capacity 

expansion. These programs are commonly employed by utilities 

today and have largely supplanted the simpler load duration 

curve type analysis. However, the basic principles upon which 

these programs are based are the same as those in the analysis 

presented in this section. 

ANALYZING THE ECONOMICS OF WIND POWER 

An economic evaluation of wind power in a utility context 

involves a comparison of the total cost of wind turbines to a 

utility with the "value" of wind power (the total monetary 

savings that results from the displacement of conventional 

power). The determination of value requires that besides 

computing the monetary savings resulting from decreased fuel 

consumption, additional savings that might be achieved due to 

changes that can be made in the purchases of conventional 

generating equipment wust be accounted for. A utility pur- 

chasing wind machines will usually be able to alter both the 

net capacity of and the type of conventional generating units 

that it would otherwise have purchased and experience monetary 

savings on both counts. These capacity related savings gen- 

erally increase the value of wind power to utilities above the 

levels computed from fuel savings alone. 

Because the output of a wind machine is not controllable 

by a utility, a wind machine cannot be treated like a 



conventional plant in utility analytical methods; since wind- 

power will contribute haphazardly to the utility's generation 

during peak, intermediate and base load periods, it will dis- 

place power from a variety of conventional plant types in a 

complex fashion. Except in unusual circumstances, a simple 

comparison of the unit cost of electricity* from a wind ma- 

chine with the unit cost from any one conventional plant type 

is likely to be misleading. A detailed analysis of the sub- 

stitutions in power generation that would take glace if wind 

machines were incorporated into a utility is required to yield 

an accurate estimate of the value of wind machines. 

One method that has been employed for the analysis of 

wind power has been to treat the electrical output from a 

wind machine array as a negative load to be subtracted from 

the true load experienced,by the utility.. As shown in Figure '16, 

the resulting "net" load is then treated in a conventional 

manner .in conducting planning and dispatch analyses. A sche- 

matic of an annual load duration curve,that might be computed 

from the time dependent "net" load over a year (i.e., hour-by- 

hour true load minus wind power output) is shown in Figure 17. 

When the procedure outlined in Figure 13 is carried out on 

this net load duration curve, it can provide a qualitative 

picture of the effect of adding wind generators on the eco- 

nomically optimal allocation of conventional capacity. Fig- 

ure 17 demonstrates that, if wind generators are added to a 

*I.e., the total annual costs divided by the total annual 
electricity generated. 
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u t i l i t y ,  t h e  o p t i m a l  a l l o c a t i o n  o f  b a s e l o a d  c a p a c i t y  t e n d s  

t o  d e c r e a s e  w h i l e  t h e  o p t i m a l  a l l o c a t i o n  o f  peak ing  c a p a c i t y  

i n c r e a s e s .  T h i s  r e s u l t  h a s  i m p o r t a n t  economic consequences  

f o r  t h e  u t i l i t y  b e c a u s e  peak ing  u n i t s  c o s t  much l e s s  on a  

u n i t  c a p a c i t y  b a s i s  t h a n  b a s e l o a d  u n i t s  and c o n s e q u e n t l y ,  

t h e r e  a r e  i n v e s t m e n t  s a v i n g s  i n  c o n v e n t i o n a l  p l a n t s  a s s o c i a t e d  

w i t h  t h e  p u r c h a s e  o f  w.ind t u r b i n e s .  

Although. v a l u a b l e  f o r  provi .d ing  q u a l i . t a t i v e  i n s i g h t s ,  

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

b e  r e l i e d  on t o  p r o v i d e  c r e d i b l e  q u a n t i t a t i v e  r e s u l t s  r e g a r d -  

i n g  t h e  e c o n o m i c a l l y  o p t i m a l  and t e c h n i c a l l y  a p p r o p r i a t e  changes  

i n  c a p a c i t y  a s s o c i a t e d  w i t h  t h e  i n t r o d u c t i o n  o f  wind power i n t o  

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

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

o r d e r  t o  i n c o r p o r a t e  d i s p a t c h i n g , .  r e l i a b i l i t y  and o t h e r  con- 

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

t h e  l o a d  ( r e c a l l  t h e  weekly  l o a d  c y c l e  i n  F i g u r e  9 ) .  The 

s u b t r a c t i o n  of  t h e  wind power o u t p u t  f rom t h e  t ime-dependen t  

l o a d  c u r v e  d e s t r o y s  t h e  r e g u l a r  weekly  c y c l i c  c h a r a c t e r  o f  

t h e  l o a d  c u r v e  and t h e  e x i s t i n g  e m p i r i c a l  r u l e s  a r e  no l o n g e r  

n e c e s s a r i l y  v a l i d .  To o b t a i n  a  r e a l i s t i c  a s s e s s m e n t  o f  t h e  

e f f e c t  of  add ing  wind mach ines ,  t h e  r e s u l t s  o f  t h e  n e g a t i v e  

l o a d  method must  b e  augmented by a d d i t i o n a l  a n a l y s e s  which 

e x p l i c i t l y  a c c o u n t  f o r  wind v a r i a t i o n .  A l t e r n a t i v e l y ,  t e c h -  

n i q u e s  must  b e  employed which a n a l y z e  t h e  l o a d ,  c o n v e n t i o n a l  

g e n e r a t i o n ,  and wind power o u t p u t  s i m u l t a n e o u s l y  and  i n  a  



chronological fash.ion. These latter techniques have the vir.- 

tue of being conceptually more straightforward, but they are 

cumbersome and di,fficult to use in practice. 
L 8 .  

One study which.has tried to advance beyond the simpli- 

fied load duration curve-negative load method was conducted 

by the General Electric Company which analyzed the economics 

of wind power with.a co,mputer simulation model. Given infor- 

mation about a utility system, future fuel and plant costs, 

and plarlt reliability, the computer model chooses an economi- 

cally optimal capacity addi.tion schedule. Plant reliability 

is accounted for by a probablistic lll.oss of load1' computation 

whic*h determines whether or not an assumed combination of 

plants can provide a level of service that meets the required 

criterion for reliability. For use in this model, wind power 

was modelled as a conventional plant with a high forced outage 

rate. The fotrced outage rate of wind power was computed on a 

monthly basis from historical wind velocity statistics. The 

energy contribution of the . .  wind . system was also computed from 

historica1.statistics and was modelled as a contracted pur- 

chase of electrical energy from another ut.ility. In this way, 

fuel displacement cou.ld be properly computed. Results of the 

General Electric study . are . presented in a later section. 

. Another study currently in progress, conducted by the Aero- 

space corporation,'' is employing a very detailed probabilistic 

model of the.wind contribution to the utility's given system. 

In this study, .the range in the level of power output from t.he 
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wind a r r a y  i s  d iv ided  i n t o  a  number of d i s c r e e t  s t e p s  and t h e  

p r o b a b i l i t y  of t h e  ou tpu t  having t h e  v a l u e  a t  each s t e p  i s  

computed f o r  each hour of t h e  day f o r  each month of t h e  y.ear 

from h i s t o r i c a l  s t a t i s t i c s .  This  ma t r ix  of p r o b a b i l i t i e s  i s  

then  i nco rpo ra t ed  i n t o  a  l o s s - o f - l o a d  computation which i s  used 

t o  determine an a p p r o p r i a t e  conventional1 c a p a c i t y  expansion 

schedule  assuming t h a t  t h e  wind machines a r e  purchased.  

The s t u d i e s  j u s t  de sc r ibed  were s p e c i f i c a l l y  des igned t o  

i n c o r p o r a t e  t h e  v a r i a b l e  c h a r a c t e r  of t h e  wind d i r e c t l y  i n t o  
- \  

t h e  b a s i c  s t udy  method. Fro111 s t u d i e s  of  t h i s  t ype ,  a  r e a l i s t i c  

assess~r lent  of t h e  economic val.ue of wind power t o  u t i l i t i e s .  i s  

beginning t o  emerge. Some i n i t i a l  r e s u l t s  from t h e s e  s t u d i e s  

a r e  p r e sen t ed  i n  a  l a t e r  s e c t i o n .  

A COMMENT' ON "CAPACITY CREnIT" 

Although t h e  term "capac i ty  c r e d i t "  does n o t  have a  w e l l -  

de f ined  meaning i n  a  power systems c o n t e x t ,  it has  been used 

i n  r e f e r e n c e  t o  wind and s o l a r  genera ted  e l e c t r i c i t y  t o  r e f e r  

t o  t h e  magnitude of t h e  convent iona l  equipment capa.c i ty  t h a t  

can be r ep l aced  by a  u n i t  of c a p a c i t y  from t.hese v a r i a b l e  

sou rces .  I n  some c a s e s ,  i t  i s  assumed t h a t  t h e  c r e d i t e d  capa-  

c i t y  of .wind power i s  zero  ; i.  e . ,  win.d power i s .  so u n r e l i a b l e  

t h a t ,  f o r  a l l  p r a c t i c a l  purposes ,  no dec rease  i n  t h e  conven- 

t i o n a l  c a p a c i t y  o the rwi se  needed i s  p o s s i b l e .  The wind gener -  

a t e d  energy i s  then  s a i d  t o  c o n t r i b u t e  a s  a  " f u e l . s a v e r W  such 

t h a t  i t s  c o n t r i b u t i o n  t o  t h e  u t i l i t y  i.s measured on ly  by . t h e  .. . 



f u e l  n o t  consumed when 'wind power i s  a v a i l a b l e .  6,11 The eco- 
. .: 

nomic v a l u e  o f 'w ind  machines i s  t hen  computed a s  t he  c o s t  of 

t h i s  '!saved f u e l . "  

Although t h e s e  s t a t emen t s  may seem d isa rmingly  s t r a i g h t -  

forward t o  t h e  u n i n i t i a t e d ,  t h e  way i n  which t h e  " capac i ty  

c r e d i t "  and " f u e l  s a v e r t r  concepts  a r e  u s u a l l y  used i s  based 

on an o v e r l y  s i m p l i s t i c  view of u t i l i t y  o p e r a t i o n s .   he com- 

p l e x i t i e s  of u t i l i t y  systems th.at  r e s u l t  from t h e  v a r i e t y  of 

convent iona l  g e n e r a t o r s  employed, each o f  which has a  d i f f e r e n t  

combination of r e l i a b i l i t y ,  thermal i n e r t i a ,  e f f i c i e n c y  v s .  

load  c h a r a c t e r i s t i c s ,  and f i x e d  v s .  o p e r a t i n g  c o s t s  a r e  com- 

p l e t e l y  ignored by lumping a l l  t ypes  of c a p a c i t y  i n t o  one 

g e n e r a l i z e d  c a p a c i t y  c r e d i t  v a r i a b l e .  A fundamental  problem 

w i t h  t h e  u se  of t h e s e  concepts  i s  t h a t  s i m p l i f i e d  s t a t emen t s  

r ega rd ing  t h e  t echn ica l '  c h a r a c t e r  o f '  u t i l i . t i e s  a r e  used t o  

s u b s t i t u t e  f o r  r i g o r o u s  technical/economi.c a n a l y s e s .  The "no 

c a p a c i t y  c r e d i t "  'assumption i gno re s  t h e  f a c t  t h a t  i t  i s  pos-  

s i b l e  f o r  a  u t i l i t y  t o  save  c o n s i d e r a b l e  monies i n  c a p i t a l  

investments  by purchasing peaking type  g e n e r a t o r s  (low f i x e d  

charge ,  h igh  ope ra t i ng  d o s t  u n i t s )  i n s t e a d  of expensive  base  

load  g e n e r a t o r s  (h igh  f i x e d  cha rge ,  low o p e r a t i n g  c o s t  u n i t s )  

w h i l e  r e t a i n i n g  t h e  same t o t a l  amount o f ' c o n v e n t i o n a ' l  c a p a c i t y .  

Such a  s h i f t  would make sense  when combined w i t h  t h e  purchase  

of  wind g e n e r a t o r s  i f  i t  were determined t h a t  t h e  e x t r a  peaking 

type u n i t s  could  be u s e d p r i m a r i l y ' t o  p rov ide  t h e  needed l e v e l  

of  system r e l i a b i l i t y  whi le  burning r e l a t i v e l y  l i t t l e  f u e l .  I n  



t h i s  c a s e ,  t h e  t o t a l  c 'ost  of  wind g e n e r a t o r s .  would be. o f f s e t  . 

by some combination of f u e l  and cap i . t a1  expendi tu re  s av ings  

even though i t  was assumed t h a t  no n e t  " capac i ty  c r e d i t "  was 

ass igned  t o  t he  wind machi.nes. I'n o t h e r  words, t h e r e  i s  no 

d i r e c t  r e l a t i o n s h i p  between l , lcapac. i ty c r e d . i t W  and u t i l i t y  

economics, and i t  i s  u t i l i t y  economics, t aken  i n  t h e  c o n t e x t  

of  t e c h n i c a l  and i n s t i : t u t i o n a l  const ra ints ;which a r e  u l t i - .  

mately of  i n t e r e s t  i n  making dec i . s i ons  r ega rd ing  c a p a c i t y  

purchases .  

S ince  m.ost u t i l i t i e s  own and p l a n  p r c h a s e s  of.  a  

v a r i e t y  of gene ra t i ng  u n i t  t y p e s ,  t h e  s u b s t i t u t i o n  of wind 

power f o r  convent iona l  g e n e r a t i o n  g e n e r a l l y  invo lves  changes 

i n  t h e  purchase  o r  r e t i r e m e n t  of  s e v e r a l  d i f f e r e n t  types  of 

convent iona l  u n i t s .  Due t o  d i f f e r e n c e s  i n  t h e  r e l i a b i l i t y  of  

d i f f e r e n t  types  uf g e n e r a t i n g  u n i t s ,  they cannot  b e  s u b s t i -  

t u t e d  f o r  one ano ther  on a  k i l o w a t t  f o r  k i l o w a t t  b a s i s  whi le  

r e t a i n i n g  a  c o n s t a n t  l e v e l  of  system r e l i a b i l i t y .  Thus t h e  

h y p o t h e t i c a l  " capac i ty  c r e d i t "  - t h e  n e t  r e d u c t i o n  i n  a11 

coriventional  c a p a c i t y  due t o  t h e  u s e  of  wind power - w i l l  d i f -  

f e r  from one u t i l i t y  t o  ano the r  depending on p r e v i o u s l y  e x i s t -  

ing  equipment and t h e  new equipment purchase  schedule  t h a t  would 

o the rwi sc  have been fo l lowed .  I t  i s  no t  dependent on ly  upon 

wind c h a r a c t e r i s t i c s .  

A computation of t h e  economic v a l u e  of wind power, based 

upon t h e  wind c h a r a c t e r i s t i c s ,  c o s t  s t r u c t u r e  f o r  . convent iona l  

power genera t ' ion ,  and r e l i a b i l i t y  c o n s t r a i n t s  a s s o c i a t e d  w i t h  



a  s p e c i f i c  u t i l i t y ,  p rov ides  a  d i r e c t ,  meaningful  measure of 

t h e  compet i t iveness  of wind power. "Capacity c r e d i t "  i s  a  

confus ing  de tou r  around t h i s  c.entra.1 q u e s t i o n .  

SOME INITIAL. RESULTS 

The r e s u l t s  a v a i l a b l e  t o  d a t e  r ega rd ing  t h e  economics of 

wind power use  by u t i l i t i e s  a r e  g e n e r a l  and p re l imina ry  and 

r e q u i r e  e l a b o r a t i o n  by more d e t a i l e d  s t u d i e s .  Neve r the l e s s ,  

a  few t e n t a t i v e  conc lus ions  h.ave emerged t h a t  p rov ide  i n s i g h t s  

i n t o  t h e  r o l e  wind power mi.ght p l a y  i n  e l e c t r i c  power genera -  

t i o n .  

The l e a s t  expensi.ve method of i n c o r p o r a t i n g  wind genera -  

t o r s  i n t o  a  u t i l i t y  network 's  t o  f eed  t h e  power d i r e c t l y  i n t o  

t r ansmis s ion  g r i d s  whenever wind power i s  a v a i l a b l e  w i thou t  

t h e  use  of s e p a r a t e  s t o r a g e  o r  backup c a p a c i t y  ded i ca t ed  on ly  

f o r  t h e  wind a r r a y .  Other gene ra t i ng  u n i t s  i n  t h e  system 

can be c o n s t a n t l y  a d j u s t e d  t o  n e e t  t h e  d i f f e r e n c e  between 

t h e  t o t a l  load  on t h e  system and t h e  wind a r r a y  o u t p u t .  Thus, 

a  g r e a t e r  number of  g e n e r a t i n g  u n i t s  capab le  of  r a p i d  changes 

i n  ou tpu t  (on t ime s c a l e s  of minutes t o  h o u r s ) ,  such a s  gas  

t u r b i n e s ,  hydropower u n i t s ,  o r  s t o r a g e  dev i ce s  such a s  b a t -  

t e r i e s ,  a r e  l i k e l y  t o  be needed i f  wind machines a r e  employed 

than o the rwi se ;  l a r g e  steam u n i t s ,  wi th  o u t p u t s  c o n s t r a i n e d  

t o  vary  s lowly ,  cannot  e a s i l y  p rov ide  backup f o r  wind genera -  

t o r s .  The a d d i t i o n a l  peaking u n i t s  would s e r ~ v e  t o  p rov ide  

r e s e r v e  power f o r  p e r i o d s  when wind ou tages  c o i n c i d e  wi th  peak 

l oads .  



The availability of storage can alleviate dispatching 

problems arising from wind variability. However, storage and 

wind power are not as closely coupled as is sometimes believed. 

From a utility perspective, storage units are simply a method 

of providing peaking capacity and, as such, must compete with 

alternative peaking devices in any application. This is no 

less true in the case of providing backup for wind power than 

for any other application in which rapid response, low load 

factor capacity is needed. Storage units serving each wind- 

mi.11, or even each windmill array, are an especially unlikely 

combination since this is not an optimal way for utilities to 

employ storage units; a utility investing in storage would use 

it to store low variable cost power for use during periods 

when the marginal variable costs were high, irrespective of the 

source of the low variable cost power. In general, wind power 

would be only one of several sources of the low variable cost 

power. 

The value of windpower to a utility tends to decrease as 

the net capacity of the wind machines becomes a larger fraction 

of the total generating mix. There are several reasons for 

this: As the fraction composed of wind machines increases, 

1) the conventional power displaced by the wind machines tends 

to be lower in co,st (.fractionally more of it is baseload), 

2 )  the reserve requirements per unit of wind capacity increase, 

and 3) .aboye some fraction of the total capacity, wind power 

is increasingly wasted during low load periods when large 



conventional plants are operating at their "minimum1' part load 

capacities. Although the importance of these effects will 

differ from utility to utility, they are likely to limit the 

use of wind machines to 10% to 20% of a utility's total ca- 

pacity. 

An attractive combination of storage and winh power oc- 

curs in situations where dammed hydropower is currently being 

used for baseload power but which could be converted to peak- 

ing duty at a modest cost with the addition of more hydro tur- 

bine units. In particular, it has been suggested tha't hydro- 
. . 

power authorities in the western United States, seeking new 

power sources to supply growing demand, might find wind power 

an attractive possibility. 6'12' An additional factor favoring 

this application is the advantageous tax and financing regu- 

lations governing capital investments by public power author - 

ities which tend to make capital intensive wind power systems 

relatively less expensive for the authorities than for private 

utilities. 

Another favorable application for wind power .is to pro- 

vide power for islands or remote communities in high wind 

areas. Often power in such areas is supplied by diesel or 

turbine plants buxning expensive fuels at low efficiency. The 

cost of power from these plants is high, making wind power 

more competitive in these areas than elsewhere and these rapid 

response units provide ideal backup power for wind systems. 
. . 

As an example . . of some specific quantitative results, a 

General Electric Company study using a utility generation 
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planning model (described in. an earlier section) indicates 

that the value of wind power varies from $200-400 per kilowatt 

depending upon the region of the country and the wind regime 

within that region.' These results assumed 1975 fuel and 

plant costs and a mix of generating units characteristic of 

that expected in the 1980'5. About hal'f of the value could 

be attributed to fuel savings and half to capital expenditure 

savings for conventional capacity. In'the year 2000, with a 

significant fraction of the mix assumed to be composed of cap- 

ital intensive nuclear units, capacity related savings are esti- 

mated to comprise about two-thirds of the value. Assuming a 20% 

increase in plant costs, and a fuel escalation rate of 2%/year 

for coal and uranium fuel, S%/year for oil, and 15%/year for 

gas would increase the total value to about $700/~W for util- 

ities in the Northeast United States if the machines were pur- 

chased in the near future. These latter assumptions provide 

a more realistic view of the value of wind power in the future 

than the 1975 values for plant and fuel costs. 

Estimates of the production and installation costs of 

wind machines are very sens'itive to assumptions regarding the 

cost of the first machine, the effects of production experience, 

and the effects of mass production. Most estimates range from 

$500-700/k~ for the one-hundreth unit produced when a 90% learn- 

ing effect [cost drops by 10% for each doubling in cumulative 

production quantity) is assumed. The General Electric Company 

has contacted with the Department of Energy to construct the 



second of two 1.5 MW wind machines 'for $1586/KW (in 1975 doll 

lars): .Based on this cost, the 90% learning curve results in 

just under $700/KW for the one-hundredth unit. If these rough 

estimates for the pro.duction costs have any validity, then 

there is room for considerable optimism regarding the use of 

windpower by utilities in high wind areas. 

To date, a comprehensive analysis of the environmental 

costs - both positive and negative - of wind power compared 

to conventional generating alternatives has not been made. 

Clearly, air and water pollution are likely to be reduced in 

the aggregate if wind power is used instead of additional 

conventional fuel burning power plants. At this time, the only 

significant negative "environmental" impacts of wind power that 

are known are television and microwave interference and "pollu- 

tion" of the visual environment. If sited carefully, the latter 

problems can be minimized. Thus, a comprehensive comparative 

analysis is likely to reveal net non-economic benefits of wind 

energy. 

CONCLUSION 

Currently available information suggests that the costs 

of producing and installing wind generators compare favorably 

with the value of such machines to utilities in some regions 

of the country. It is safe to assume that there will be some 

use of wind power by U.S. utilities starting in the next few 

years in areas with favorable wind regimes and high fuel costs. 



I s l a n d s  i n  h i g h  wind a r e a s  and hydropower a u t h o r i t i e s  i n  t h e  
. , 

w e s t e r n  U.S. a r e  l i k e l y  i n i t i a l  a p p l i c a t i o n s .  The l o n g e r  term 
. . 

p o t e n t i a 1 , o f  wind power w i l l  become more a p p a r e n t  a s  e x p e r i -  
i ' 

ence  i s  g a i n e d  i n  t h e  p r o d u c t i o n  and o p e r a t i o n  o f  machines .  
. . 

. . 



REFERENCES 

1. Wind Energy M i s s i o n  A n a l y s i s ,  G e n e r a l  E l e c t r i c  Company, 
V a l l e y  Forge  Space  C e n t e r ,  R e p o r t  No. 76 ,  SDS4267, Febru -  
a r y  1977.  

2 .  S .  L inke ,  A .  Teshome, P.D. Yehsaku l ,  "A s t u d y  o f  t r a n s -  
m i s s i o n  and p r o t e c t i o n  e l e m e n t s  f o r  wind e n e r g y  g e n e r a ' t -  
i n g  s y s t e m s , "  Brookhaven N a t i o n a l  L a b o r a t o r y ,  
A p r i l  1978.  

3.  P.C. Putnam, Pouer from t h e  Wind, Van Nos t rand  Re inho ld  
Company, New York, 1948.  

4.  G . E .  J o r g e n s o n ,  M .  L o t k e r ,  R.C .  Meie r ,  D.  B r i e r l y ,  "Design 
Economic and System C o n s i d e r a t i o n s  o f  Large  Wind-Driven 
G e n e r a t o r s , "  I E E E  Power E n g i n e e r i n g  S o c i e t y ,  Win te r  Meet-  
i n g ,  J a n u a r y  1976.  

5. T.S. J a y a d e v ,  "Windmills S t a g e  a  Comeback," IEEE Spectrum, 
November 1976,  p .  45. 

6 .  Wind Energy M i s s i o n  A n a l y s i s ,  Lockheed C a l i f o r n i a  Company, 
R e p o r t  No. LR27611, September 1976.  

7 .  Des ign  S t u d y  o f  Wind T u r b i n e s  50 KW t o  3000 KW f o r  E l e c -  
t r i c  U t i l i t y  A p p l i c a t i o n s ,  Genera l  E l e c t r i c  Company, V a l -  
l e y  Forge  Space  C e n t e r ,  ERDA/NASA-19403-76/2, F e b r u a r y  
1976.  

8 .  ."Design S tudy  o f  Wind T u r b i n e s  50 KW t o  3000 KW f o r  E l e c -  
t r i c  U t i l i t y  A p p l i c a t i o n s , "  Kaman Aerospace  C o r p o r a t i o n ,  
ERDA/NASA-19404-76/2, F e b r u a r y  1976 .  

9 .  S .L .  M a c k l i s ,  "Systems Dynamics o f  M u l t i - U n i t  Wind Energy 
Conver s ion  Systems A p p l i c a t i o n , "  P r o c e e d i n g s  o f  t h e  T h i r d  
Wind Energy Workshop, Vol .  I1 CCONF 770921),  Washington,  D . C .  

10 .  W a l t e r  C .  Mel ton ,  "Loss o f  Load P r o b a b i l i t y  and C a p a c i t y  
C r e d i t  C a l c u l a t i o n  f o r  WECS," P r o c e e d i n g s  o f  t h e  T h i r d  
Wind Energy Workshop, Vol .  I1 (.CONF 770921) , Washington,  
D . C . ,  September 1977 ,  p .  728. 

11. " O p e r a t i o n a l ,  C o s t  and T e c h n i c a l  S tudy  o f  Large  Wind Power 
Systems I n t e g r a t e d  w i t h  a n  E x i s t i n g  ~ l e c t r i c a l  U t i l i t y , "  
Sou thwes t  Resea.rch I ' n s ' t i t u t e ,  1976 .  

1 2 .  C . J .  Todd, P.L. Eddy, R . C .  James ,  W.E. Howell ,  "Cost-  
E f f e c t i v e  E l e c t r i c a l  Power G e n e r a t i o n  from t h e  Wind," 
P r o c e e d i n g s  o f  t h e  1977 Annual Mee t ing ,  American S e c t i o n ,  
I n t e r n a t i o n a l  S o l a r  Energy S o c i e t y ,  Or lando ,  F l o r i d a ,  
J u n e  1977.  




