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I---- DISCLAIMER I 

ABSTRACT 

VALUE ANALYSIS OF WIND ENERGY SYSTEMS TO ELECTRIC UTILITIES 

David Percival and Jim Harper ' 

Solar Energy Research Institute 
1617 Cole Boulevard 

Colden, Colorado 80401 

A method has been developed for .determining the 
value of utility-operated wind energy systems to 
electric utilities. The analysis is performed by a 
package of computer models that interface with most 
conventional utility' planning models. Weather data 
are converted to wind turbine output powers, which 
are used to modify the utility load representa- 
tion. Execution of the utility planning models with 
both the original and modified load representation 
yields the gross and marginal value ($/rated kW) of 
the added wind energy systems. This value is then 
compared with cost estimates to determine if for 
economic reasons the wind energy systems should be 
included in future generation plans. 

INTRODUCTION 

The Solar Energy Research Institute (SERI) has 
developed a method for determining the value of 
utility-operated wind energy systems to electric 
utilities. The method is executed by computer 

- models available from SERI. These models interface 
with most conventional electric utility planning 
models and thus allow the utility planner to include 
wind Energy Conversion Systems (WECS) in future gen- 
eration planning. 

Currently, utility planning models cannot account 
for WECS or other intermittent solar technoiogies In 
future generation plans. The proposed method 
accounts for WECS by appropriately mndifying the 
projected utility load (customer demand) that is 
input to these planning models. Briefly, wind data 
are converted to WECS power nl~tpllts, which are used 
to modify the utility load representation. - The 
utility planning models are executed with both the 
modified load representation and the nri.glna1 ~~nmod- 
ified load representation. Comparison of both of 
these results in a financial model determines the 
gross and marginal value ($/rated kW) of the added 

WECS. Key variables in determining these values in- 
clude the wind resource and utility cost informa- 
tion. 

This SERI methodology uses probabilistic techniques 
to represent the variability of the wind resource 
and to modify the utility load representation. Pre- 
vious studies on WECS value analysis (1,2,3,4) 
either did not use probabilistic methods .or failed 
to carry the probabilistic approach through the 
entire methodology. 

Figure 1, shows the relationship of all the computer 
models involved in the methodology. Five of the 
models are available from SERI (WTP, WEIBUL, ROSEW, 
ULMOD, and FINAM), and the two utility planning 
models (expansion and production cost) are available 
to most utilities. 

These SEKI models can perform the value analysis 
with either probabilistic or simple hourly tech- 
niques. If the hourly technique is chosen, the pro- 
gram WTP is used to initiate the analysis. If the 
probabilistic technique is selected, the program 
WEIBUL is used instead of WTP. 

Weather Data 

As Figure 1 shows, the value determination procedure 
begins with the processing of hourly weather data by 
computer programs WTP or WEIBUL to produce either 
hourly wind velocity data or wind probability dis- 
tributions, respectively. Both programs accept 
SOLMET, TMY, TDF-14, and Aerospace weather data 
sources. 

If the hourly technique is chosen, WTP (Weather Tape 
Preprocessor) converts the hourly weather data into 
the proper units and fills in any missing data by 
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interpolation. The single hourly wind speed from 
the weather tapes is an approximate one minute aver- 
age value at the beginning of each hour. This value 
is assumed to be constant over the enti.re hour when 
wind power calculations are made; in fact, the wind 
speed can vary from zero to some maximum many times 
during the hour. Figure 2 illustrates these wind 
speed fluctuations that are not represented by this 
hourly modeling. 

To more accurately represent the long-term variabil- 
ity of the wind rpsnlirce, it is recommended that the 
program WEIBUL be used instead of GITP when more than 
one year of weather data is available. WEIBUL 
creates a probabilistic representation of the wind 
resource from as much hourly data for the site as 
can be obtained. The resulting Ueibull distribu- 
tions are created for each hour of a monthly typical 
day, thus 288 (12 typical days per year x 24 hourly 
distributions per day) Weibull distributions charac- 
teti.ze t h e  wind resource for a typical year at this 
site. 

As illustrated in Figure 3, each Weibull distribu- 
tion is described by a scale factor C and a dimen- 
sionless shape factor K. The scale factor has the 
same units as wind speed and is approximately 1.1 
times the average wind speed. To calculate these 
paramctcrs, thc appropriate' wind ve1,octti es are 
sorted into velocity intervals. Fru~n this distribu- 
tion, either a linear least squares curve fit or a 
maximum likelihood curve fit can be used to deter- 
mine the 1ra.ll.ies of C and K. F i g m e  4 illustrates a 

maximum likelihood curve fit to wind speed observa- 
tions. The Weibull curve is fitted only to points 
above a user input cut-in wind speed to obtain as 
accurate a curve fit as possible. 

Several sources have pointed out the appropriateness 
of the Iqeibull distribution ( 5 , 6 , 7 ) ,  and sample 
cases to date have confirmed' this. The Weibull dis- 
tribution is also superior to other probabilistic 
distrihl~tions owing to the scale factor, even though 
some curve 'fits (such as a high-order polynomial) 
could fit the wind data much more accurately. Since 
the scale factor is related to the average wind 
speed, judicious scaling of this factor can account 
for average wind speed differences at different 
sites. Thus if the same shape of the wind speed 
distribution can be assumed, then the [Jeibull dis- 
tributions created for one site can be appropriately 
scaled up or down to another site with a higher or 
lower average wind velocity. 

Since the power in a wind stream is' proportional to 
the velocity cubed, the additional accuracy achieved 
in this 1Jeibull probabilistic modeling could be 
important in the calculation of available wind 
energy. Also, the unpredictability of the wind 
velocity , is important to reflect in electric utility 
studies for reliability considerations. 

Wind Power Calculations 

The results from WEIRUL are sent to the program 
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F i g u r e  4 - WEIBUL Curve . F i t  

ROSEJ . (Represen ta t ion  of S o l a r  E l e c t r i c  - Wind) t o  
caLe11la~e ilia ' l ~ ~ u L d L l 1 I L l c s  af d i f f e r e n t  lovo lo  o f  
WECS power ou tpu t .  The 'Weihu l l  d i s t r i b u t i o n s  a r e  
d i v i d e d  i n t o  s e c t i o n s  a s  fo l lows :  below cu t - in  wind 
v e l o c i t y ,  from r a t e d  through cut-out  wind vsl .nct ty ,  
above cu t -ou t  wind v e l o c i t y ,  and up t o  t e n  i n t e r v a l s  
between cu t - in  and r a t e d  wind v e l o c i t y .  F i g u r e  5 
i l l u s t r a t e s  t h e s e  s e c t i o n s .  The p r o b a b i l i t y  t h a t  
t h e  wind v e l o c i t y  j.s i n  any one of t h e s e  s e c t i o n s  
c a n  be e a s i l y  c a l c u l a t e d  from t h e  I J e i b u l l  ,wind d i s -  
t r i b u t i o n .  The accompanying r e p r e s e n t a t i v e  WECS 
power o u t p u t  f o r  each of t h e s e  s e c t i o n s  can  be found 
i n  one of two ways. F i r s t ,  a  v e l o c i t y  wind power 

' t a b l e  can  be i n p u t  t o  ROSEW, w i t h  a  g iven  wind 
v e l o c i t y  r e s u l t i n g  i n  a  cor respond ing  power ou t -  
put .  Th i s  t a b l e  c a n , b e  o b t a i n e d  from t h e  p e r f o r -  
mance h i s t o r y  of a n  o p e r a t i n g  machine o r  a n o t h e r  
r e l i a b l e  source.  Second, one can c a l c u l a t e  t h e  

power from t h e  wind power e q u a t i o n :  

'where 

C  = Power c o e f f i c i e n t  (aerodynamic e f f i c i e n c y )  
a s  a  f u n c t i o n  of machine t i p  speed r a t i o ;  

P = a i r  d c n s i t y ;  

V = wind v e l o c i t y ;  and 

= gearbox,  g e n e r a t o r ,  and t r a n s f o r m e r  e f f i -  
c iency.  

The f i r s t  method i s  recommended i f  a  v e r i f i a b l e  
v e l o c i t y  power curve  is  a v a i l a b l e .  

Velocity 

F i g u r e  5 - Wind Turb ine  Power Curve 
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For  each  v e l o c i t y  i n t e r v a l  t h a t  was c r e a t e d  between 
c u t - i n  and r a t e d  wind v e l o c i t i e s ,  a  r e p r e s e n t a t i v e  
wjnd v e l o c i t y  i s  needed t o  e s t i m a t e  t h e  e l e c t r i c a l  
power o u t p u t  f o r  t h i s  i n t e r v a l .  The a v e r a g e  ve loc -  
i t y  f o r  t h e  i n t e r v a l  cou ld  be used ,  but  t h i s  i g n o r e s  
t h e  c u b i c  r e l a t i o n s h i p  between v e l o c i t y  and power. 
To accoun t  f o r  t h e  c u b i c  r e l a t i o n s h i p ,  t h e  f o l l o w i n g  
p r o c e d u r e  i s  used:  each i n t e r v a l  is  d i v i d e d  i n t o  a  
number of s l o t s ,  w i th  t h e  p r o b a b i l i t y  of  t h e  wind 
o c c u r i n g  i n  each  s l o t  be ing  c a l c u l a t e d  from t h e  
W e i b u l l  d i s t r i b u t i o n .  Using t h i s  p r o b a b i l i t y  d a t a ,  
one  d e t e r m i n e s  t h e  "power -p robab i l i t y  weighted"  wind 
speed :  . 

where 

V i n t  = i n t e r v a l  "power -p robab i l i t y  weighted"  
wind speed;  

n  = number of s l o t s  p e r  i n t e r v a l s ;  
- 
V s  = a v e r a g e  v e l o c i t y  p e r  s l o t ;  

Ps = p r o b a b i l i t y  of wind i n  s l o t ;  and 

Pint = p r o b a b i l i t y  6f wind bellkg Lri i n t e r v a l .  

T h i s  wind speed  r e p r e s e n t s  t h e  i n t e r v a l  more accu- 
r a t e l y  t h a n  t h e  i n t e r v a l  mean wind speed  i n  power 
c a l c u l a t i o n s .  

The VECS power c a l c u l a t e d  s o  f a r  i g n o r e s  t h e  p o s s i -  
b i l i t y  t h a t  some component of t h e  WECS o r  i ts accom- 
pany ing  e l e c t r i c a l  sys t em may f a i l  and p r e v e n t  any 
e l e c t r i c a l  g e n e r a t i o n .  The f o r c e d  o u t a g e  r a t e  of  
t h e  WECS is  t h e  p r o b a b i l i t y  t h a t  such  a  f a i l u r e  
would o c c u r  d u r i n g  the'  t ime  t h a t  t h e  WECS is a v a i l -  
a b l e  f o r  o p e r a t i o n  and n o t  down f o r  maintenance.  

s T h e  p r e f e r r e d  method o f '  f o r c e d  o u t a g e  t r e a t m e n t  i s  
t o  a p p r o p r i a t e l y  a d j u s t  t h e  p r o b a b i l i t i e s  of WECS 
e l e c t r i c a l  o u t p u t .  

The r e s u l t s  of ROSEW u s i n g  Weibu l l  d i s t r i b u t i o n s  
c o n s i s t  of power -p robab i l i t y  p a i r s  (WECS e l e c t r i c  
pnwer o u t p u t  and a s s o c i a t e d  p r o b a b i l i t y  of occur-  
r e n c e )  f o r  z e r o  power o u t p u t ,  r a t e d  poue r  o u t p u l ,  
and  e a c h  power o u t p u t  f o r  t h e  i n t e r v a l s  between c u t -  
i n  and r a t e d  wind speeds .  I f  WTP h a s  been used t o  
p r o c e s s  t h e  wea the r  d a t a  i n s t e a d  of  WEIBUL, t h e n  
ROSE[J c a l c u l a t e s  a  s i n g l e  WECS power o u t p u t  f o r  e a c h  
h o u r  of t h e  yea r .  E i t h e r  way, t h i s  ROSEW o u t p u t  is  
i n p u t  t o  t h e  program ULMOD ( U t i l i t y  Load Modi f i ca -  
t i o n ) .  

Load M o d i f i c a t i o n  

ULVOD can  accoun t  f o r  WECS e l e c t r i c i t y  p r o d u c t i o n  i n  
u t i l i t y  p l a n n i n g  models by r e d u c i n g  t h e  f o r c a s t e d  
u t i l i t y  l o a d s  by t h e  amount of i n t e r m i t t e n t  genera-  
t i o n .  S i n c e  bo th  u t i l i t y  l o a d s  and wind r e s o u r c e s  
are d i u r n a l ,  t h e  l o a d  must be r educed  h o u r l y  by 
u s i n g  e i t h e r  a l l  days  of  e a c h  month o r  a  t y p i c a l  
week each  month. Th i s  s i m p l e  r e d u c t i o n  i n  h o u r l y  
l o a d s  is an  a c c e p t a b l e  model ing p r o c e d u r e  because  of 
t h e  e x t r e m e l y  low v a r i a b l e  c o s t  of e l e c t r i c i t y  pro-  
d u c t i o n  from t h e  IECS. The u t i l i t y  w i l l  a lways  

a c c e p t  t h i s  low v a r i a b l e '  c o s t  ene rgy ,  e x c e p t  p o s s i -  
b l y  i n  a  c a s e  when s i g n i f i c a n t  WECS c a p a c i t y  c o u l d  
b r i n g  t h i s  new reduced r e s i d u a l  load below t h e  mini-  
mum a l l o w a b l e  base  load  f o r  hydro  o r  l a r g e  c o a l  o r  
n u c l e a r  u n i t s .  T h i s  r a r e  s i t u a t i o n  n i g h t  r e q u i r e  
e i t h e r  t h e  dumping of e x c e s s  GlECS g e n e r a t i o n  o r  
ag reemen t s  w i t h  n e i g h b o r i n g  u t i l i t i e s  t o  p u r c h a s e  
t h i s  e x c e s s  energy.  

The p o w e r - p r o b a b i l i t y  p a i r s  ( f o r  each  hour  of  a  
t y p i c a l  day each  mon.th) t h a t  r e s u l t  from a  1 J e i b u l l  
exec r l t i on  of ROSEW a r e  used by ULMOD, t o  r e f l e c t  t h e  
WECS e l e c t r i c a l  o u t p u t .  T h i s  is done by s u b t r a c i i n g  
t h e  IJECS h o u r l y  o u t p u t  d i s t . r , i b u t i o n  from t h e  appro-  
p r i a t e  h o u r l y  u t i l i t y  load .  The r e s u l t  is  a  d i s t r i -  
b u t i o n  of r e s i d u a l  l o a d s  f o r  e a c h  o r i g i n a l  u t i l i t y  
l o a d ,  e a c h  r e s i d u a l  w i t h  a n  a s s o c i a t e d  p r o b a b i l i t y  
o f  occur rence .  T h i s  i n t e r m e d i a t e  r e s u l t  may be used 
i n  a  v a r i e t y  of ways. I f  d e s i r e d ,  each  h o u r ' s  d i s -  
t r i b u t i o n  o'f r e s i d u a l  l o a d s  may be  p r o b a b i l i t y  
we igh ted  i n t o  a  s i n g l e  h o u r l y  r e s i d u a l  load.  T h i s  
would be e q u i v a l e n t  t o  s u b t r a c t i n g  t h e  e x p e c t e d  o r  
a v e r a g e  h o u r l y  WECS o u t p u t  from t h e  u t i l i t y  l o a d ,  
and t h e  p r o b a b i l i t y  i n f o r m a t i o n  i s  l o s t .  T h i s  t y p e  
of r e s u l t  is c a l l e d  . the  Expected Res idua l s .  

The p r e f e r r e d  t r e a t m e n t  is  t o  u s e  a l l  t h e  hou t i y  
r e s i d u a l  d i s t r i b u t i o n s  f o r  e a c h  month t o  c r e a t e  a  
s e t  of h o u r l y  r e s i d u a l  l o a d s  which'may be used  by 
any of a  number of u t i l i t y  p l a n n i n g  models ( l o s s  o f  
load p r o b a b i l i t y ,  p r o d u c t i o n  c o s t ,  o r  e x p a n s i o n  
p l a n n i n g ) .  S i n c e  t h e s e  models c a n  t y p i c a l l y  u s e  
o n l y  one l o a d  v a l u e  p e r  h o u r ,  t h e  s e v e r a l  r e s i d u a l  
l o a d  v a l u e s  p e r  hour  must be somellow c o n s o l i d n t e d .  
A l so ,  i t  is  u s u a l l y  i m p o r t a n t  t o  m a i n t a i n  t h e  ch ro -  
nology of t h e  u t i l i t y  l o a d s .  ULMOD h a n d l e s  t h e s e  
p o i n t s  i n  t h e  f o l l o w i n g  manner: F i r s t ,  a l l  t h e  
r e s i d u a l  l o a d  d i s t r i b u t i o n s  (one d i s t r i b u t i o n  p e r  
h o u r )  f o r  a  month a r e  o r d e r e d  by decend ing  r e s i d u a l  
l o a d s ,  w i t h  e a c h  r e s i d u a l ' s  a s s o c i a t e d  p r o b a b i l i t y  
b e i n g  r e t a i n e d .  T h i s  s t e p  removes t h e  c h r o n o l o g i c a l  
o r d e r  of  t h e  r e s i d u a l s .  The nex t  s t e p  is t o  r e d u c e  
t h i s  number of r e s i d u a l  p o i n t s  u n t i l  i t  e q u a l s  t h e  
number of h o u r s  i n  t h e  month. This is  done by 
s t a r t i n g  a t  t h e  h i g h e s t  v a l u e  of t h e  decend ing  o r d e r  
r e s i d u a l  l o a d s  and a c c u m u l a t i n g  t h e  p r o b a b i l i t y  of  
t h i s  l o a d  and enough of t h e  f o l l o w i n g  l o a d ' s  proba-  
b i l l t i c o  t o  y i e l d  s t . n t a l  p r o b a b i l i t y  of 1.0. These  
l o a d s  i n  t h i s  g roup  a r e  p r o b a b i l i t y  we igh ted  t o  
y i e l d  a  s i n g l e  load .  T h i s  a c c u m u l a t i o n  p r o c e d u r e  i s  
r e p e a t e d  f o r  a l l  t h e  r e s i d u a l s  e q u a l  t o  t h e  number 
of h o u r s  i n  t h e  month ( t h e r e  w i l l  be no p o i n t s  l e f t  
ove r ) .  These  r e s u l t s  a r e  c a l l e d  Accumulated Resid- 
u a l s .  

To r e c o v e r  t h e  c h r o n o l o g i c a l  i n f o r m a t i o n  l o s t  i n  t h e  
s o r t i n g  p r o c e s s ,  t h e  Expected R e s i d u a l s  a r e  d e t e r -  
ml.ned, as ment ioned e a r l i e r ,  and a l s o  s o r t e d  i n t o  
decend ing  o r d e r .  T h i s  t ime  t h e  a s s o c i a t e d  day 
h o u r  of o c c u r r e n c e  is  r e t a i n e d .  The day and hour  of  
t h e  l a r g e s t  Expected R e s i d u a l  is  assumed t o  c o r r e -  
spond t o  t h e  l a r g e s t  Accumulated R e s i d u a l .  By 
c o n t i n u i n g  f o r  a l l  p o i n t s ,  t h e  E s t i m a t e d  Chronologi-  
c a l  Accumulated R e s i d u a l s  a r e  de te rmined .  

The added a c c u r a c y  o b t a i n e d  by u s e  of  t h e  Accumu- 
l a t e d  R e s i d u a l  l o a d s  is e s p e c i a l l y  i m p o r t a n t  n e a r  
t h e  peak demand of t h e  u t i l i t y  due t o  t h e  impor t ance  
of t h e s c  h o u r s  i n  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 .  Fur- 
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thcr hac'i(:round and details oE these residual load 
mani?~~lations are explained thoroughly in Refs. 8, 
9 ,  and 11. 

If the We.ihull method was not chosen and single 
hourly UECS powers were sent to IJLMOD, then these 
powers are simplv subtracted from the forecasted 
load. 

ULMOD can also accommodate utility load forecasting 
uncertainty, a very important consideration in util- 
ity planning. Reference 10 contains an in-depth 
discussion of load forecasting uncertainty in rela- 
tion to solar generation variability. ULMOD accom- 
modates the load uncertainty by allowing up to five 
input amounts by wl~ich the forecasted loads might 
vary from the forecasted mean and a probability that 
each variation will occur. Each of these five 
vslues represents an interval of MlJ loads (such as 
segments of a Gaussian distribution), each interval 
having a probability of occurrence. Usually one of 
these int,ervals will be centered around the mean 
forecast (zero MlJ variance). 

Utility Planning Models 

Next, the monthly load representations that have 
been determined by ULMOD are sent to the utility 
planning models - an expansion model and/or a pro- 
duction cost model. Both models are commonly used 
among the electric utility industry and are not 
available from SERI. 

The expansion model is an automated technique for 
optimally developing a schedule of conventional 
generating unit additions. An expansion scenario is 
usually considered optimal if there is no other 
feasible scenario with a lower. cumulative present 
worth of utility revenue requirements dnring the 
planning horizon. Typical input parameters include 
descriptions of each current and future generation 
.type, financial parameters, utility load shapes, 
Cuture encrgy and peak. req~~irements. and the minimum 
amount of capacity in excess of the expected peak 
demand (reserve margin). The result of an expansion 
planning model includes a year-by-year schedule of 
conventional unit additions and possibly estimates 
of the operation of available generation capacity 
with associated costs and fuel usage. Due to the 
approximations usually required to keep the expan- 
sion problem within reasonable computer time limits, 
the operation estlmaces produced arc uoually less 
precise than those available with a detailed produc- 
tion cost model, 

Typical utility production cost models (PCM) esti- 
mate speci.f ic monthly operating expanses of the 
utflity system for one or more years. Input data 
required include descriptions of each generating 
unit, fuel costs, load descriptions, and description 
of electricity aaleo or purchases to other utili- 
ties. P a s  usually consider the system's requirerl 
spinning reserve and approximate the scheduling of 
each generating unit's planned maintenance. Poten- 
tial equipment failures (forced outages) are usually 
accounted for by either capacity deration 'or proba- 

bilistic techniques. The latter method is usually 
preferred. The prohabilistic P a s  also give two 
reliability measures that are gaining. popularity: 
the amount of expected unserved energy and the 
expected number of hours of capacity deficiencies. 
Both measures are related to the traditional loss of 
load probability results. 

The value of 'WECS to the utility that is to be found 
contains two components. The operations component 
of WECS value consists of savings of fuel, opera- 
tions, and maintenance costs to the utility due to 
the addition of MECS. The capacity component of 
WECS value consists of savings to the utility due to 
conventional capacity that will not be required in 
the future due to the addition of WECS. This second 
component is often referred to as WECS capaclty 
credit or load carrying capability. 

Determination of the operations component of value 
consists of comparing the utility's conventional 
operating costs before and after the addition of 
WECS to the utility system. Thus, execution of an 
expansion or production cost model for a base case 
with zero WECS generation (unmodified load shape), 
and a chnngo oace fnr earh WECS penetration scenario 
(modified load shapes from ULMOD) is required. The 
difference in the total operating costs between the 
base and change case divided by the WEC rated capac- 
ity gives the operating component of value in 
$/rated kW. 

If it is felt that the year-to-year production cost 
estimates of the expansion model are sufficiently 
accurate, then the use of a detailed production cost 
model may be avoided. Whether this is possible 
depends on the expansion model used, the desired 
precision of the results, and the complexity of the 
generating system. Several test comparisons of the 
expansion model cost estimates with those of the 
detailed production cost model are advisable. 

The capacity component of value is found by using 
the expansion model for both the base and change 
cases. Comparison of these results will indicate 
the amouut of conventional capacity (in NJ) that is 
not required due to the WECS capacity assumed. In 
obtaining this capacity credit, one must give atten- 
tion to the utility system's reliability index (such 
as loss of load probability) for both the base and 
change case by use of a probabilistic production 
cost model or a loss of load probability (LOLP) 
model. Only when the reliability index is the same 
for the base and change case can a capacity credit 
for the WECS be indicated. O~LLC this cnpnaity 
credit has been found, simple application of the 

displaced conventional generating unit's total 
installed cost will yield a capacity component of 
WECS value ($/rated kW). 

Financial Model 

As the last step in the WECS value determination, 
FINAM performs the previously described economic 
comparison between the base case (no IJECS genera- . 
tion) and each of the change cases. Some utilities 
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nay. p r e f e r  t o  u s e  t h e i r  own c o r p o r a t e  model i n s t e a d  
of  CT?liV.l t o  perform t h e  n e c e s s a r y  c a l c u l a t i o n s .  A l l  
+ ? l c ~ ~ l n t i o n s  i n  FTYM4 a r e  based on p r e s e n t  wor th  
economics .  A naxinum of  t e n  change c a s e s  can he  
a n a l y z e d  s i m u l t a n e o u s l y .  The r e s u l t s  of  FINA?! a r e  
t h e  g r o s s  and marg ina l  p r e s e n t  v a l u e  i n  $ / r a t e d  kIJ 
f o r  t h e  1.1ECS c a p a c i t y  of each  change c a s e .  FINAM 
can  a l s o  perform a  wide v a r i e t y  of s e n s i t i v i t y  
s t i ~ d i e s  t o  de te rmine  t h e  impact  of c e r t a i n  economic 
p a r a m e t e r s  on t h e  r e s u l t s .  

Use o f  R e s u l t s  

The I?ECS ' marg ina l  v a l u e  r e s u l t s  produced from FINAM 
a r e  ex t r eme ly  u s e f u l  t o  t h e  u t i l i t y  p l a n n e r .  By 
lisirig t h e  e q u a t i o n  of t h e  marg ina l  v a l u e  c u r v e  pro- 
duced from FINAN, one c a n  d e t e r m i n e  t h e  maximum 
amount of WECS t h a t  can be economica l ly  j u s t i f i e d  
f o r  a d d i t i o n  t o  t h e  . u t i l i t y  by f i n d i n g  t h e  p o i n t  . o n  
t h e  marg ina l  v a l u e  cu rve  t h a t  e q u a l s  t h e  i n s t a l l e d  
c o s t  f o r  t h e  WECS be ing  c o n s i d e r e d  ( s e e  F i g u r e  6 ) .  
The i n s t a l l e d  c o s t  of t h e  IJECS must i n c l u d e  t h e  pre-  
s e n t  worth  t o t a l  of a l l  c o s t s  a s s o c i a t e d  w i t h  t h e  
1JECS o v e r  i t s  o p e r a t i n g  l i f e t i m e .  

.Recause  most wind machines  a r e  r a t e d  a t  d i f f e r e n t  
wind s p e e d s ,  a compar ison bctween d i f f e r e n t  wind 
mach ine ' s  v a l u e s  ( $ / r a t e d  kW) is  n o t  v a l i d .  Only a n  
i n s p e c t i o n  of  a  s p e c i f i c  wind mach ine ' s  marginal .  
v a l u e  compared w i t h  i n s t a l l e d  c o s t  w i l l  i n d i c a t e  i t s  
e c o n v ~ ~ ~ i c  performance f o r  t h i s  s p e c t f i c  u t i l i t y  
sys tem.  

Sample  R e s u l t s  

Work t o  d a t e  w i t h  wind d a t a  o b t a i n e d  e v e r y  two min- 
u t e s  h a s  shown s u c c e s s f u l  Weibu l l  c u r v e  f i t s ,  w i t h  
a n n u a l  IJECS c a p a c i t y  f a c t o r s  u s i n g  t h e  Weibu l l  d i s -  

t r i b u t i o n  be ing  w i t h i n  o n e ,  p e r c e n t  of t h e  a c t u a l  
c a p a c i t y  f a c t o r .  

A n a l y s i s  of a  l a r g e ,  p redominan t ly  o i l - f i r e d  u t i l i t y  
h a s  been performed i n  p a r a l l e l  w i th  two s u b c o n t r a c -  
t o r s  p o s s e s s i n g  d i f f e r e n t  me thodo log ies  and computer  
models. Comparison of r e s u l t s  have v e r i f i e d  t h e  
i n t e n d e d  performance of t h e  computer models WEIRUL, 
ROSEW, ULMOD, and FINAV. A t o t a l  v a l u e  f o r  NOD-2 
wind t u r b i n e s  was de te rmined  t o  be $1644/kN assuming  
a  5% p e n e t r a t i o n  (5% of peak demand), a  s i t e  w i t h  a 
31% a n n u a l  YOD-2 c a p a c i t y  f a c t o r ,  and r e a s o n a b l e  
economic a s sumpt ions .  R e s u l t s  o b t a i n e d  by t h e  sub-  
c o n t r a c t o r  me thodo log ies  v a r i e d  from t h i s  r e s u l t  by 
a b o u t  22, w i t h  t h e  d i f f e r e n c e s  accoun ted  f o r  by 
m e t h o d o l o g i c a l  d i f f e r e n c e s  i n  t h e  l o a d  m o d i f i c a t i o n  
and p r o d u c t i o n  c o s t i n g  s e c t i o n s .  

F u t u r e  A c t i v i t i e s  

SERI p l a n s  t o  i n c l u d e  t h e  e f f e c t  of s p a t i a l  d i v e r s i -  
t y  of t h e  wind r e s o u r c e  i n  t h e  wind model t o  b e t t e r  
r e p r e s e n t  t h e  a g g r e g a t e  performance of many wind 

. r i l r h i n ~ s .  Once this  is  i n c l u d e d ,  t h e  problem o f  
f i n d i n g  a  u t i l i t y ' s  "avoided c o s t "  of  s m a l l  d i s t r i -  
b u t e d  wind machines  c o u l d  be e f f e c t i v e l y  hand led .  
T h i s  d e t e r m i n a t i c n  of avo ided  c o s t  is c u r r e n t l y  of  
g r e a t  i n t e r e s t  t o  u t i l i t i e s  due t o  l e g i s l a t i v e  
a c t t o n  (PURPA 210). O p e r a t i o n a l  r e a l i t i e s  of wind 
t u r b i n e s  such  a s  c o n t r o l  s t a r t u p  t i m e s  and b l a d e  
o r i e n t a t i o n  w i l l  a l s o  be i n c l u d e d  i n  t h e  wind model 
when more d e f i n i t e  i n f o r m a t i o n  on t h e s e  f a c t o r s  is  
a v a i l a b l e .  O t h e r  f u t u r e  e f f o r t s  w i l l  be t o  e x t e n d  
t h e  a n a l y s i s  c a p a b i l i t y  t o  p h o t o v o l t a i c  and s o l a r  

, t h e r m a l  sys tems.  SERI is  a l s o  c o n s i d e r i n g  mod i f i ca -  
t i o n s  t o  ULMOD t h a t  w i l l  i n c l u d e  s t o r a g e  d e d i c a t e d  
t o  t h e  s o l a r  g e n e r a t i o n  sys tem.  

WECS Generation Capacity (MW) 

F i g u r e  6 - WECS t l a ~ g l l l d  Va luc  Coot Comparisnn 
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