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AN OVERVIEW OF RELCOMP, THE RELIABILITY AND COST 
MODEL FOR ELECTRICAL GENERATION PLANNING 

W.A. Buehring,  K . A .  Hub, and J . C .  VanKuiken 

RELCOMP i s  a  system p lann ing  t o o l  t h a t  can  b e  used t o  
a s s e s s  t h e  r e l i a b i l i t y  and economic performance o f  a l t e r n a -  
t i v e  expansion p a t t e r n s  of  e l e c t r i c  u t i l i t y  g e n e r a t i n g  sys-  
tems. Given i n p u t  i n f o r m a t i o n  such a s  c a p a c i t y ,  fo rced  out-  
age  r a t e  ,. number of  weeks of  annual  scheduled maintenance,  
and economic d a t a  f o r  i n d i v i d u a l  u n i t s  a long w i t h  t h e  ex- 
p e c t e d  u t i l i t y  l o a d  c h a r a c t e r i s t i c s ,  t h e  n o n o p t i m i z i n g  
model c a l c u l a t e s  a  system maintenance schedu le ,  t h e  loss-of-  
l o a d  p r o b a b i l i t y  , u n s e r v e d  demand f o r  e n e r g y ,  mean t i m e  
between sys tem f a i l u r e s  t o  meet t h e  l o a d ,  r e q u i r e d  r e s e r v e  t o  
meet a  s p e c i f i e d  system f a i l u r e  r a t e ,  expec ted  energy gene- 
r a t i o n  from each  u n i t ,  and system energy c o s t .  Emergency 
i n t e r t i e s  and f i r m  purchases  can  b e  included i n  t h e  a n a l y s i s .  

The c a l c u l a t i o n  can b e  broken down i n t o  f i v e  d i s t i n c t  
c a t e g o r i e s :  maintenance s c h e d u l i n g ,  system r e l i a b i l i t y ,  
c a p a c i t y  requ i rement ,  energy a l l o c a t i o n ,  and energy c o s t  . 
This '  b r i e f  d e s c r i p t i o n  o f  t h e  program i s  in tended  t o  s e r v e  
a s  p r e l i m i n a r y  documentat ion f o r  RELCOMP u n t i l  a  more com- 
p l e t e  document i s  p repared .  I n  a d d i t i o n  t o  t h i s  documen- 
t a t i o n ,  a  sample problem and a  d e t a i l e d  inpu t  d e s c r i p t i o n  
a r e  a v a i l a b l e  from t h e  a u t h o r s .  

The purpose of  t h i s  document i s  t o  p rov ide  an overview o f  t h e  capa- 
b i l i t i e s  of t h e  R e l i a b i l i t y  and ,Cost 'Model f o r  E l e c t r i c a l  Genera t ion  Plan- 
n i n g ,  RELCOMP. The f ramework for.RELCOMP was d e r i v e d  f rom a  g e n e r a t i n g  
system r e l i a b i l i t y .  model, SYSREL, developed a t  Argonne Na t iona l  Labora to ry  
i n  t h e  e a r l y  1 9 7 0 s . *  The i m p r o v e m e n t s  and a d d i t i o n s  t o  SYSREL h a v e  r e -  
s u l t e d  i n  a  new model, RELCOMP, , with  g r e a t l y  expanded c a p a b i l i t i e s  b u t  no 
documentat ion p r i o r  t o  t h i s  r e p o r t .  I n  t h e s e  few 'pages  t h e  b a s i c  f e a t u r e s  of  
t h e  improved model a r e  p resen ted  wi thou t  e x t e n s i v e  numerical  examples.  A more 
complete  r e p o r t  on RELCOMP i s  expec ted  t o  be a v a i l a b l e  i n  mid-1980. 

RELCOMP i s  a  nonopt imizing computer program t h a t  de te rmines  t h e  ex- 
pected r e l i a b i l i t y  and c o s t  o f  e l e c t r i c a l  u t i l i t y  g e n e r a t i n g  system conf igu-  
r a t i o n s .  The model i s  o r i e n t e d  toward use  by sys tem p l a n n e r s  and i n d i v i -  

*Hub, K . A . ,  e t  a l . ,  E Z e c t r i c a l  U t i l i t y  G e n e r a t i n g  System ReZiab iZ i ty  A n a l y s i s  
Code, SYSREL, ANL/AA-4 ( S e p t .  1 9 7 5 ) .  



d u a l s  i n t e r e s t e d  i n  r easonab ly  a c c u r a t e  r e l i a b i l i t y  r e p r e s e n t a t i o n s  o f  u t i l i t y  
g e n e r a t i n g  sys tems.  Comparisons of  a l t e r n a t i v e  c o n f i g u r a t i o n s  of  a  g e n e r a t i n g  
system u s u a l l y  a r e  made on t h e  b a s i s  o f  e q u i v a l e n t  g e n e r a t i n g  ,system r e l i a -  
b i l i t y ,  o f t e n  measured i n  t e r n s  of  an index such a s  loss-of- load p r o b a b i l i t y .  
Cost comparisons not  normal ized wi th  r e s p e c t  t o  r e l i a b i l i t y  can y i e l d  mis- 
l e a d i n g  and i n c o r r e c t  r e s u l t s .  EULCOMP can  be  used t o  ana lyze  shor t - t e rm 
problems, such a s  t h e  e f f e c t  o f  load management on g e n e r a t i n g  c o s t  and re-  
l i a b i l i t y ,  a s  w e l l . a s  long-run expansion a l t e r n a t i v e s .  A s e p a r a t e  s e t  o f  
procedures  has  been developed and coupled w i t h  RELCOMP t o  a l low a n a l y s i s  o f .  
i n t e r m i t t e n t  power s o u r c e s ,  such a s  wind (documentat ion i s  for thcoming) .  

The t ime pe r iod  analyzed by RELCOMP can range from 1 t o  20 y e a r s .  The 
c a l c u l a t i o n s  a r e  g e n e r a l l y  performed on a  b iweekly  b a s i s  (26 p e r i o d s  pe r  y e a r )  
i n  o r d e r  t o  p r o p e r l y  r e p r e s e n t  scheduled maintenance and t o  p rov ide  informa- 
t i o n  on t h e  g e n e r a t i n g  s y s t e m ' s  performance d u r i n g  s p e c i f i c  t ime p e r i o d s  of  a 
year  a s  w e l l  a s  a n n u a l l y .  The primary inpu t  t o  RELCOMP i n c l u d e s :  

1. Expected e l e c t r i c i t y  demand over  t ime ( p e r i o d i c  load 
d u r a t i o n  curves  and peak l o a d s ) ,  

2. The g e n e r a t i n g  system c o n f i g u r a t  ion o v e r  t ime,  

3 .  C h a r a c t e r i s t i c s  f o r  each g e n e r a t i n g  u n i t  ( f o r c e d  ou tage  
r a t e ,  average r e p a i r  t ime ,  scheduled maintenance per  
y e a r ,  h e a t  r a t e s ,  f u e l  t y p e ,  s p i n n i n g  r e s e r v e  capa-  
b i l i t y ,  c a p i t a l  c o s t ,  o p e r a t i n g  and maintenance (OCM) 
c o s t ) ,  

4.  Fuel  p r i c e s ,  

5. F i r n  purchases  o r  s a l e s ,  

6 .  Emergency i n t e r t i e s ,  and 

7 .  Spinning r e s e r v e  g o a l s  ( i f  any) .  

The primary o u t p u t  from RELCOMP i n c l u d e s  t h e  fo l lowing :  

1. A maintenance schedu le  f o r  the  sys tem,  

2 . .  R e l i a b i l i t y  performance of the  g e n e r a t i n g  sys tem,  a s  
measured by loss-of- load . p r o b a b i l i t y  (LOLP), t h e  f r e -  
quency of  f a i l u r e s  t o  meet t h e  l o a d ,  t h e  average dura- 
t i o n  o f  f a i l u r e s  t o  meet t h e  l o a d ,  t h e  mean t ime be- 
tween f a i l u r e s  (MTBF) t o  meet the  l o a d ,  t h e  expected 
unserved energy ,  and .. t h e  loss-of-energy p r o b a b i l i t y .  
A l l  o f  t h e s e  r e s u l t s  a r e  a v a i l a b l e  on a  b iweekly  b a s i s  
and a s  a n n u a l  a v e r a g e s .  I n  a d d i t i o n ,  t h e  e f f e c t  o f  
emergency  i n t e r t i e s  o n  LOLP and u n s e r v e d  e n e r g y  i s  
determined f o r  each pe r iod  a s  w e l l  a s  f o r  each y e a r .  

3 .  The amount o f  dependable  c a p a c i t y  t h a t  should  be added 
( t h e  r e s e r v e  d e f i c i t )  o r  s u b t r a c t e d  from t h e  g e n e r a t i n g  
system t o  meet a  s p e c i f i e d  LOLP o r  HTBF, 

4. The expected genera t  ion  i n  k i lowat t -hours  (kwh) from 
each g e n e r a t i n g  u n i t  f o r  each pe r iod  and f o r  each y e a r ,  



5. The q u a n t i t y  o f  each f u e l  used,  

6. The expected g e n e r a t i n g  system energy c o s t  i n  rnills/kWh, 
and a l l  t h e  component c o s t s ,  i .e . ,  c a p i t a l , ,  0&M, f u e l ,  
and f i r m  purchases  o r  s a l e s ,  

7 .  The o p e r a t i n g  c o s t s  f o r  each g e n e r a t i n g  u n i t ,  and 

8,. The p r e s e n t  v a l u e  of  t h e  c o s t s  o v e r  s e v e r a l  y e a r s ,  d i s -  
counted t o  t h e  f i r s t  year  of  t h e  s tudy .  

An overview o f  RELCOMP's key inpu t  and key ou tpu t  i s  shown i n  F i g .  
1.1. As shown i n  t h e  f i g u r e ,  t h e  main s e c t o r s  o f '  t h e  program schedu le  main- 
t e n a n c e  and c a l c u l a t e  g e n e r a t i n g  s y s t e m  r e l i a b i l i t y ,  e n e r g y  a l l o c a t i o n , ,  , 

and g e n e r a t i n g  system c o s t .  A f i f t h  s e c t o r ,  t h e  r e s e r v e  d e f i c i t  c a l c u l a t i o n ,  
i s  d i s c u s s e d  s e p a r a t e l y  i n  t h e  fo l lowing  pages because  i t  is unique t o  RELCOMP 
and because  i t  h a s  proved e s p e c i a l l y  u s e f u l  i n  some s t u d i e s  t h a t  r e q u i r e d  
r e l i a b i l i t y  n o r m a l i z a t i o n .  
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2  MAINTENANCE. SCHEDULING 

The o b j e c t i v e  o f  t h e  maintenance.  schedu le  i s  t o  schedu le  downtime 
approximate ly  f o r  t h o s e  p e r i o d s  when, from a  r e l i a b i l i t y  p e r s p e c t i v e ,  t h e  
sys tem l e a s t  needs t h e  g e n e r a t i n g  u n i t .  For each g e n e r a t i n g  u n i t  t h e  number 
of  weeks of  scheduled downtime i n  each yea r  can be  s p e c i f i e d .  A p a r t i c u l a r  
downtime f o r  any u n i t  c a n  b e  p r e s p e c i f i e d  i f  d e s i r e d ,  e . g . ,  f o r  n u c l e a r  re-  
f u e l i n g .  An e n t i r e  sys tem maintenance schedu le  c a n  be i n p u t  i f  i t  i s  a l -  
r eady  known ; 

The schedu le  maintenance i s  assumed t o  occur  i n  c o n s e c u t i v e  p e r i o d s  
f o r  any g e n e r a t i n g  u n i t .  T h a t .  i s ,  two s e p a r a t e  maintenance p e r i o d s  i n  a  
s i n g l e  y e a r  f o r  a  p a r t i c u l a r  g e n e r a t i n g  u n i t  a r e  n o t  a l lowed e x c e p t  when t h e  
maintenance p e r i o d  ex tends  beyond t h e  end o f  t h e  y e a r .  I n  t h a t  c a s e ,  pe r iod  
1 i s  assumed t o  fo l low p e r i o d  26 when two-week p e r i o d s  a r e  used.  For example, 
i f  a  g e n e r a t i n g  u n i t  r e q u i r e d  t h r e e  p e r i o d s  ( s i x  weeks) o f  maintenance and t h e  
s t a r t  of maintenance i s  p e r i o d  25,  then  t h e  f i n a l  maintenance p e r i o d  f o r  t h a t  
u n i t  would be pe r iod  1. 

When t h e  RELCOMP maintenance s c h e d u l e r  i s  r e s p o n s i b l e  f o r  t h e  schedul-  
i n g ,  t h e  fo l lowing  approach is used.  The peak load f o r  each p e r i o d  i s  ad- 
j u s t e d  f o r  any f i r m  purchases  o r  s a l e s .  Firm purchases  would reduce t h e  
e f f e c t i v e  l o a d ,  and f i r m  s a l e s  would i n c r e a s e  t h e  e f f e c t i v e  l o a d .  A l l  gene- 
r a t i n g  u n i t s  t o  b e  scheduled a r e  o r d e r e d  accord ing  t o  t h e  annual megawatt- 
weeks of  maintenance r e q u i r e d .  The s c h e d u l e r  t h e n -  proceeds  t o  schedu le  t h e  
u n i t  r e q u i r i n g  t h e  most megawatt-weeks such t h a t  t h e  minimum expec ted  r e s e r v e  
margin f o r  any pe r iod  i s  maximized. Th i s  procedure  i s  r e p e a t e d  u n t i l  a l l  
u n i t s  a r e  scheduled.  Expected r e s e r v e  margin i s  d e f i n e d  by Eq. 1: 

where : 

E j  = expected r e s e r v e  margin  ( f r a c t i o n )  f o r  pe r iod  j ,  

C i j  = c a p a c i t y  o f  t h e  i t h  u n i t  scheduled t o  be 
a v a i l a b l e  i n  t h e  j t h  pe r iod  ( W e ) ,  

F i  = fo rced  ou tage  r a t e  ( f r a c t i o n )  f o r  u n i t  i ,  and 

P j  = peak load f o r  pe r iod  j a d j u s t e d  f o r  f i r m  purchase  
o r  s a l e  agreements ( W e ) .  

Th i s  d e f i n i t i o n  of r e s e r v e  margin d i f f e r s  from t h e  u s u a l  one by t a k i n g .  i n t o  
account  t h e  fo rced  ou tage  r a t e s  of  t h e  u n i t s  scheduled t o  be a v a i l a b l e .  The 
expected r e s e r v e  margin i s  n o t  n e c e s s a r i l y  p o s i t i v e  f o r  a l l  p e r i o d s .  Expected 
r e s e r v e  margin  was used i n s t e a d  o f  r e s e r v e  margin because  t e s t s  of  t h e  sched- 
u l i n g  procedure  showed t h a t  improved system r e l i a b i l i t y  i s  more l i k e l y  when 
one u s e s  expected r e s e r v e  margin.  

l%e sys tem,  s c h e d u l e ,  u n i t  by u n i t ,  i s  g i v e n  i n  t h e  RELCOMP o u t p u t .  
A summary t a b l e  of  r e s u l t s ,  such a s  i n  Tab le  2 . 1 ,  i s  a l s o  a v a i l a b l e  i n  t h e  



Table  2 .1 .  Maintenance Summary f o r  a T y p i c a l  RELCOMP Problem 
(Annual Summary wi th  26 Biweekly P e r i o d s )  

Scheduled 
Per iod Buy/ Scheduled Mainte- Expected 

Per iod  Load S e l l  Capaci ty  nance Per iod  Capac i t y  Expected 
Number (PIWe) ( M W ~ )  (MWe ) ( M W ~ )  Reservea (MWe) Reservea 

a F r a c t i o n  o f  load .  

RELCOMP o u t p u t . *  The t y p i c a l  example i n  Tab le  2 .1  shows t h a t  no maintenance 
was scheduled i n  t h e  summer p e r i o d s ,  when t h e  annual  peak l o a d  was expec ted .  
I f  a 50-MWe g a s  t u r b i n e  wi th  two weeks of  r e q u i r e d  maintenance were added t o  
t h i s  sys tem,  t h e  maintenance would be scheduled f o r  pe r iod  24 because  t h e  
expected r e s e r v e  margin  i s  l a r g e s t  f o r  t h a t  p e r i o d .  

*Expected c a p a c i t y  i n  Table  2 .1  . i s  j u s t '  2 C i j  (1 - F i ) ,  as .  g iven  i n  Eq.  1. 
i=l 



3 SYSTEM RELIABILITY: STATE PROBABILITY, DURATION. 
OF OUTAGE, AND CAPACITY FORCED OUT 

For each biweekly p e r i o d ,  t h e  model de te rmines  t h e  f requency o f  com- 
i e b ined fo rced  o u t a g e s  on t h e  b a s i s  o f  t h e i r  p r o b a b i l i t y  and d u r a t i o n .  Only t h e  

fundamentals  o f  t h e  p r o b a b i l i s t i c  approach used i n  RELCOMP a r e  g iven  h e r e .  

Genera t ing  u n i t s  a r e  grouped accord ing  t o  c a p a c i t i e s ,  fo rced  o u t a g e  
r a t e s ,  and r e p a i r  r a t e s .  Each group o f  u n i t s  i s  s e q u e n t i a l l y  examined f o r  a  
biweekly p e r i o d .  Each p o s s i b l e  ou tage  combinat ion f o r  t h e  g roup  i s  e s t i m a t e d ,  
and t h r e e  p i e c e s  o f  i n f o r m a t i o n  a r e  a s s o c i a t e d  wi th  an outage:  

1. The p r o b a b i l i t y  o f  o c c u r r e n c e ,  

2 .  The expected d u r a t i o n  i f  it were t o  o c c u r ,  and 

3 .  The c a p a c i t y  fo rced  o u t .  

I n  t h e  c a l c u l a t i o n s  f o r  a  s i n g l e  group c o n s i s t i n g  o f  n  i d e n t i c a l  u n i t s ,  
t h e  p r o b a b i l i t y  ( P r ) .  o f  r u n i t s  b e i n g  fo rced  o u t  a t  a  s i n g l e  t ime i s  g i v e n  by: 

n  ! r n-r 
P  = f  ( 1 - f )  
r r! (n  - r ) !  

where f  i s  t h e  forced-outage r a t e ,  o r  t h e  p r o b a b i l i t y  o f  f i n d i n g  t h e  u n i t  i n  
a  f a i l e d  s t a t e  a t  any t ime t h a t  i t  is  c a l l e d  upon t o  o p e r a t e .  The f a c t o r i a l  
c o e f f i c i e n t  r e p r e s e n t s  t h e  number of combinat ions  o f  n  t h i n g s  t a k e n  r a t  a  
t ime ,  o r  the  number o f  ways o f  choosing r components o u t  of n  components. 

  he average  d u r a t i o n  of an  r - fo ld  o u t a g e ,  T,, is.: 

where T i s  t h e  average t ime t o  r e p a i r  a  s i n g l e  u n i t .  Th i s  i s  t h e ' a v e r a g e  t ime 
f o r  t r a n s i t i o n  from a  s t a t e  w i t h  r u n i t s  fo rced  o u t  t o  a  s t a t e  wi th  e i t h e r  
r + 1 o r  r - 1 u n i t o  f o r c e d  o u t .  

The t h i r d  .p iece  of  in fo rmat ion  a s s o c i a t e d  w i t h  each s t a t e  i s  t h e  mega- 
wa t t  ou tage ;  t h a t  i s ,  r t imes  t h e  megawatts p e r  u n i t  i n  t h e  group.  

A f t e r  c a l c u l a t i n g  a l l  p o s s i b l e  s t a t e s  f o r  two groups ,  a  meshing pro- 
cedure  i s  c a r r i e d  o u t  t o  r educe  t h e  in fo rmat ion  t o  a  s i n g l e  d a t a  s e t .  The 
number o f  megawatts on fo rced  ou tage  a s s o c i a t e d  wi th  t h e  meshed p o i n t  
i s  t h e  sum of  t h e  megawatts fo rced  o u t  a s s o c i a t e d  wi th  t h e  d a t a  p o i n t  from 
Group A (MA) p l u s  t h e  megawatts f o r c e d  o u t  a s s o c i a t e d  wi th  t h e  d a t a  p o i n t  from 
Group B (MB):  

The p r o b a b i l i t y  o f  o c c u r r e n c e  o f  t h e  meshed p o i n t  i s  t h e  p r o b a b i l i t y  o f  
occur rence  f o r  t h e  s i t u a t i o n  from Group A t imes  t h e  p r o b a b i l i t y  of  occur rence  
f o r  t h e  d a t a  p o i n t  from Group B :  



The average  ou tage  d u r a t i o n  f o r  d a t a  p o i n t  AB is: 

The meshing procedure  i s  r e p e a t e d  u n t i l  a l l  groups have been condensed 
t o  a  s i n g l e  d a t a  s e t  r e p r e s e n t i n g  t h e  p o s s i b l e  ou tage  s t a t e s .  

The f requency (F)  of  occur rence  f o r  a n  ou tage  combination i s  t h e  r a t i o  
of t h e  p r o b a b i l i t y  of  occur rence  and t h e  d u r a t i o n :  

Th i s  f requency i s  f o r  an ou tage  of magnitude equa l  t o  t h e  number of  megawatts 
fo rced  o u t ,  a s s o c i a t e d  w i t h  P and T. 

The number of megawatts fo rced  o u t  f o r  each ou tage  p o s s i b i l i t y  is  com- 
pared w i t h  t h e  c r i t i c a l  megawatts, namely t h e  sys tem c a p a c i t y  l e s s  scheduled 
maintenance . l e s s  the  pe r iod  peak load .  I f  t h e  megawatts fo rced  o u t  a r e  l a r g e r  
than  t h e  c r i t i c a l  megawatts, t h e  pe r iod  load d u r a t i o n  curve  i s  examined t o  
de te rmine  t h e  f r a c t i o n  of time t h a t  t h e  ou tage  s t a t e  would cause  a  system 
f a i l u r e  t o  meet t h e  load .  I f  t h e  megawatts fo rced  o u t  a r e  l e s s  than  t h e  c r i -  
t i c a l  megawatts ,  t h a t  outage s t - a t e  does no t  c o n t r i b u t e  t o  t h e  system f a i l u r e  
f requency.  Each p o i n t  i s  examined, and t h e  sum of t h e  f r e q u e n c i e s  f o r  a l l  
p o s s i b l e  s t a t e s  y i e l d s  t h e  f a i l u r e  f requency f o r  t h e  p e r i o d .  I f  emergency 
i n t e r t  i e s  a r e  a v a i l a b l e ,  t h e  c r i t i c a l .  megawatts a r e  a d j u s t e d  upward accord- 
i n g l y .  

I n  a d d i t i o n  t o  t h e  f r e q u e n c y  o f  f a i l u r e  t o  mee t  t h e  l o a d  i n  t h e  
p e r i o d ,  t h e  average d u r a t i o n  of f a i l u r e  i s  determined.  An approximate  p e r i o d  
LOLP i s  a l s o  o b t a i n e d  i n  t h i s  s e c t  ion  of t h e  model,  a l though  a  more a c c u r a t e  
LOLP c a l c u l a t i o n  and o t h e r  r e l i a b i l i t y  i n d i c e s  a r e  determined i n  t h e  energy 
a l l o c a t i o n  c a l c u l a t i o n ,  t o  be d i s c u s s e d  l a t e r ,  

The annual  summary of r e s u l t s  i n c l u d e s  t h e  mean t ime between system 
f a i l u r e s  t o  meet the  l o a d ,  which i s  j u s t  t h e  . i n v e r s e  of t h e  annual  f a i l u r e  
f requency:  

MTBF = 1/F (8) 

Of c o u r s e ,  c a l c u l a t i o n s  such a s  those  o u t l i n e d  above do not need t o  
be c a r r i e d  o u t  f o r  every  p o s s i b l e  ou tage  comb i n a t  i o n  f o r  l a r g e  g e n e r a t i n g  
sys tems.  For example, Table  3 .1  shows a  t y p i c a l  g e n e r a t i n g  system of 10 
groups w i t h  a  t o t a l  of 79 g e n e r a t i n g  u n i t s .  The p o s s i b l e  ou tage  s t a t e s  i n  a  
pe r iod  wi th  no scheduled maintenance t o t a l  160,056,000.  RELCOMP uses  t h r e e  
t echn iques  t o  t r i m  t h e s e  e x t e n s i v e  c a l c u l a t i o n s  wi thout  s i g n i f i c a n t  l o s s  of  
accuracy.  F i r s t ,  when more than 100 s t a t e s  have been examined, a l l  s t a t e s  
w i t h  p r o b a b i l i t i e s  o f  Less  t h a n  a n  i n p u t  p a r a m e t e r  ( C R Z T E R )  t i m e s  t h e  
average p r o b a b i l i t y  f o r  a l l  p o s s i b l e  s t a t e s  a r e  dropped from memory. Second, 
t h e r e  i s  no need  t o  c o n s i d e r  t h e  p o s s i b i l i t y  o f  18 u n i t s ,  e a c h  h a v i n g  a  
fo rced  ou tage  r a t e  of 2 .7%,  be ing  a l l  fo rced  ou t  a t  t h e  same t ime ,  a s  i n  
group 6  i n  Table  3 . 1 .  From Equat ion 2, t h e  p r o b a b i l i t y  of  such an even t  i s  
5 .8  x  Thus, a second inpu t  paramerer (EPSIL) i s  used t o  e l i m i n a t e  



remote p o s s i b i l i t i e s  w i t h i n  a  s i n g l e  group. The t h i r d  c a l c u l a t i o n  trimmer is 
an au tomat ic  procedure  t h a t  i s  used when t h e  number o f  s t a t e s  i n  memory ex- 
ceeds  3,000.  A l l  ou tage  s t a t e s  a r e  s o r t e d  accord ing  t o  t h e  number o f  mega- 
w a t t s  fo rced  o u t ,  and ou tage  s t a t e s  t h a t  f a l l  w i t h i n  c e r t a i n  l i m i t s  of  mega- 
w a t t s  a r e  combined i n t o  a  s i n g l e  d a t a  p o i n t .  For  example, i n  Table  3 . 1 ,  
a f t e r  group 6 was inc luded ,  t h e  number o f  s t a t e s  was 4 ,584.  The number o f  
s t a t e s  i n  memory d r o p s  t o  332 a f t e r  i n c l u d i n g  group 7 because  t h e  procedure  
was used.  The t y p i c a l  r e s u l t s  i n  Table  3 .1  demonstra te  t h a t  t h e  c a l c u l a t i o n s  
f o r  a  l a r g e  u t i l i t y  system can be trimmed t o  r e a s o n a b l e  s i z e .  

f 

Table  3 .1 .  Example of  C a l c u l a t i o n  Trimmers 

-- - - - - - - - - 

Group Number of  Forced Outage T o t a l  S t a t e s  T o t a l  S t a t e s  
Number U n i t s  Rate A f t e r  Group Meshing Used 



4 ADDITIONAL RESERVE REQUIREMENT (RESERVE DEFICIT) 

The amount of  c a p a c i t y  r e q u i r e d  t o  meet a  s p e c i f i e d  r e l i a b i l i t y  c r i -  
t e r i o n  i s  e s t i m a t e d  by a n  e m p i r i c a l  e q u a t i o n ,  which has  a c c e p t a b l e  accuracy  
o v e r  r e a s o n a b l e  ranges  o f  parameter  v a r i a t i o n s .  I f  t h e  sys tem needs  addi-  
t i o n a l  c a p a c i t y  t o  meet t h e  r e l i a b i l i t y  s t a n d a r d ,  a  r e s e r v e  d e f i c i t  e x i s t s .  
I f  t h e  system h a s  more c a p a c i t y  t h a n  necessa ry  t o  meet t h e  s t a n d a r d ,  e x c e s s  
c a p a c i t y  o r  a  n e g a t i v e  r e s e r v e  d e f i c i t  e x i s t s .  The fo l lowing  e q u a t i o n  pre- 
s e n t s  t h e  r e l a t i o n s h i p  used i n  t h e  c a l c u l a t i o n s  when a  p a r t i c u l a r  MTBF i s  
s p e c i f i e d :  

DELMEG = 0 . 7  (CAPAC - ADEQL) [(TIITDIE) l l B B  - I ]  

RELCOMP e s t i m a t e s  DELMEG, t h e  q u a n t i t y  o f  dependable  c a p a c i t y ,  which i f  added 
t o  t h e  system would cause  t h e  c a l c u l a t e d  MTBF ( v a r i a b l e  TIME i n  Eq. 9) t o  
equa l  t h e  i n p u t  MTBF r e l i a b i l i t y  c r i t e r i o n  ( v a r i a b l e  T l  i n  Eq. 9 ) .  A posi -  
t i v e  DELMEG i n d i c a t e s  a  c a p a c i t y  s h o r t a g e .  CAPAC i s  t h e  i n s t a l l e d  c a p a c i t y  
and ADEQL i s  t h e  average  o f  biweekly peak l o a d s  a d j u s t e d  f o r  f i r m  power pur- 
chases  and s a l e s ,  scheduled maintenance,  and emergency i n t e r t i e  power. BB i s  
a  sys tem dependent program c o n s t a n t  used f o r  c a l c u l a t i o n ;  t y p i c a l  v a l u e s  a r e  
i n  t h e  range of  5  t o  8. By making s e v e r a l  r u n s  f o r  t h e  sys tem,  w i t h  v a r y i n g  
c a p a c i t y ,  t h e  i n v e s t i g a t o r  c a n  f i n d  an a p p r o p r i a t e  v a l u e  of  BB. The accuracy  

I 

of t h e  DELMEG e s t i m a t e  can be  checked by making a n o t h e r  r u n  w i t h  t h e  appro- 
p r i a t e  c a p a c i t y  added t o  t h e  sys tem.  A u s e f u l  f e a t u r e  of  t h i s  approach i s  
t h a t  a  r e s e r v e  d e f i c i t  i s  c a l c u l a t e d  wi thou t  i t e r a t i o n  once t h e  parameter  
BB h a s  been s p e c i f i e d .  

DELMEG i s  dependable  c a p a c i t y ,  unad jus ted  f o r  fo rced  o u t a g e  of  a c t u a l  
c a p a c i t y  t h a t  would  b e  added  t o  t h e  s y s t e m .  T h e r e f o r e ,  a  good t e s t  f o r  
DELMEG i s  t o  a d j u s t  emergency i n t e r t i e s  upward o r  downward and o b s e r v e  t h e  
change i n  r e l i a b i l i t y  and r e s e r v e  d e f i c i t .  I f  DELMEG i s  +50 MWe, i n d i c a t i n g  
a  need o f  an a d d i t i o n a l  5 0  MWe t o  meet t h e  r e l i a b i l i t y  c r i t e r i o n ,  i t  i s  un- 
l i k e l y  t h a t  t h e  a d d i t i o n  of a  s i n g l e  50-MWe u n i t  w i l l  s a t i s f y  t h e  need be- 
cause  o f  t h e  fo rced  ou tages  and scheduled maintenance a s s o c i a t e d  wi th  t h e  
a c t u a l  g e n e r a t i n g  u n i t .  

I f  an LOLP i s  t h e  s p e c i f i e d  r e l i a b i l i t y  c r i t e r i o n  i n s t e a d  o f  MTBF, a n  
a d j u s t e d  Eq. 9  i s  used t o  f i n d  t h e  a d d i t i o n a l  c a p a c i t y  needed t o  meet t h e  
s p e c i f i e d  LOLP. The LOLP may b e  a p p r o x i m a t e d  a s  t h e  f r e q u e n c y  t i m e s  t h e  
average d u r a t i o n  o f  o u t a g e s ,  o r  t h e  average d u r a t i o n  d i v i d e d  by mean t ime 
b e t w e e n  f a i l u r e s .  However,  t h e  LOLP u s e d  i n  t h e  c a l c u l a t i o n  o f  r e s e r v e  
d e f i c i t  i s  t h e  more a c c u r a t e  LOLP determined i n  t h e  energy a l l o c a t i o n  sub- 
r o u t i n e ,  d e s c r i b e d  i n  t h e  nex t  s e c t i o n .  



5 ENERGY ALLOCATION 

A f t e r  t h e  r e l i a b i l i t y  c a l c u l a t i o n s  have been c a r r i e d  o u t  f o r  a  b i -  
weekly p e r i o d ,  s u b r o u t i n e  ENCALC i s  c a l l e d  t o  a s c e r t a i n  t h e  energy genera ted  
by e a c h  u n i t  s c h e d u l e d  t o  b e  i n  o p e r a t i o n  f o r  t h e  b i w e e k l y  p e r i o d .  The 
energy a l l o c a t i o n  i s  based on a n -  e x t e n s i o n  o f  t h e  loss-of- load p r o b a b i l i t y  
a n a l y s i s  which u s e s  p r o b a b i l i s t i c  s i m u l a t i o n .  

The l o s s - o f - l o a d  method r e q u i r e s  c a l c u l a t i o n  o f  two p r o b a b i l i t y  
cu rves  v e r s u s  c a p a c i t y .  One c u r v e  i s  t h e  incrementa l - load p r o b a b i l i t y ,  i . e . ,  
t h e  p r o b a b i l i t y  t h a t  t h e  load w i l l  f a l l  i n  a  p a r t i c u l a r  r a n g e  of  megawatts. 
The second curve  is t h e  p r o b a b i l i t y  t h a t  a  p a r t i c u l a r  number of megawatts  w i l l  
be  f o r c e d  o u t  a t  any t ime .  An equ iva len t - load  curve  i s  then  found by con- 
v o l u t i n g  t h e  two c u r v e s ;  t h e  r e s u l t a n t  c u r v e  i s  compared t o  t h e  a v a i l a b l e  
c a p a c i t y  f o r  g e n e r a t i o n .  

With some u n i t s  a l r e a d y  l o a d e d ,  t h e  energy t h a t  i s  expected t o  be  
genera ted  by t h e  nex t  p a r t i c u l a r  u n i t  t o  be loaded i s  determined by p r e r  
p a r i n g  a  c u m u l a t i v e - p r o b a b i l i t y  c u r v e  from t h e  inc rementa l  equ iva len t - load  
curve .  The average  v a l u e  o f  t h e  p r o b a b i l i t y  t h a t  co r responds  t o  t h e  appro- 
p r i a t e  range o f  c a p a c i t y  i n  t h e  e q u i v a l e n t  load  i s  t h e  f r a c t i o n  o f  t ime t h a t  
t h e  u n i t  w i l l  b e  c a l l e d  u,pon t o  o p e r a t e .  

The c a l c u l a t i o n s  f o r  an a c t u a l  s y s  tem have many c o m p l i c a t i n g  f a c t o r s .  
One o f  t h e s e  is  t h a t  t h e  u n i t s  a r e  n o t  always 100% on o r  o f f  a t  any g iven  
t ime.  T h i s  p a r t i c u l a r  dilemma c a n  b e  p a r t i a l l y  accounted f o r  i n  t h e  loss-of-  
load a n a l y s i s  by s p l i t t i n g  t h e  u n i t s  i n t o  b l o c k s  o f  c a p a c i t y  t h a t  have d i f -  
f e r e n t  p o s i t i o n s  i n  t h e  load ing  o r d e r .  The b l o c k  t h a t  is  f u r t h e r  down i n  t h e  
l o a d i n g  o r d e r  might r e p r e s e n t  t h e  load-fol lowing p o r t  ion  of  t h e  u n i t  ' s  capa- 
c i t y .  Breaking t h e  g e n e r a t i n g  u n i t s  i n t o  b locks  does  n o t  t o t a l l y  e l i m i n a t e  
t h e  d , i f f i c u l  t y ,  b u t  does  produce more r e a l i s t i c  c a p a c i t y  f a c t o r s  i n  most 
c a s e s .  

A g e n e r a t i n g  u n i t  i s  e i t h e r  a v a i l a b l e  o r  no t  a v a i l a b l e  because  o f  
scheduled maintenance i n  any p e r i o d .  The load ing  o r d e r  f o r  t h e  a v a i l a b l e  
g e n e r a t i n g  u n i t s  i s  determined i n  one of  t h r e e  ways: 

1. Inpu t  by t h e  u s e r ,  

2 .  Automat ica l ly ,  by o r d e r i n g  . t h e  u n i t s  accord ing  t o  v a r i -  
a b l e  c o s t  (sum o f  f u e l  and v a r i a b l e  0&M c o s t ) ,  and 

3 .  Same a s  2 excep t  a  s p i n n i n g  r e s e r v e  g o a l  o v e r r i d e s  t h e  
economics. The sp inn ing  r e s e r v e  g o a l  f o r  t h e  sys tem i s  
a n  i n p u t  m u l t i p l e  o f  t h e  c a p a c i t y  f o r  t h e  l a r g e s t  opera- 
t i n g  u n i t  and a n  inpu t  m u l t i p l e  o f  t h e  pe r iod  peak.  l o a d .  
I f  che s p i n n i n g  r e s e r v e  g o a l  i s  s a t i s f i e d ,  t h e  economic 
load ing  o r d e r  i s  fo l lowed .  

The l o a d i n g  o r d e r  is  a n  impor tan t  f a c t o r  i n  de te rmin ing  . f u e l  u s e  and sys tem 
energy c o s t s .  

7Loss-of-load p r o b a b i l i t y ,  l o s s  o f  energy (unserved demand), and l o s s -  
of-energy p r o b a b i l i t y  (unserved energy d i v i d e d  by energy demand) , a r e  c a l -  
c u l a t e d  f o r  t h e  sys tem w i t h  and wi thou t  emergency i n t e r t i e s  f o r  e v e r y  p e r i o d  
and on a n  annual  bas i s .  



6  ENERGY COST 

The energy c o s t  s u b r o u t i n e ,  ECOST, u t i l i z e s  t h e  energy g e n e r a t i o n  
c a l c u l a t i o n s  and i n p u t  c o s t  d a t a  t o  de te rmine  annual and cumula t ive  genera- 
t i o n  c o s t s .  The c o s t  d a t a  r e q u i r e d  f o r  each u n i t  a r e :  

1. C a p i t a l  c o s t  i n  d o l l a r s  p e r  kWe, 

2 .  Fue l  c o s t  i n  c e n t s  p e r  l o 6  Btu,  

3 .  V a r i a b l e  o p e r a t i o n  and maintenance c o s t  i n  m i l l s  p e r  kWh, 

4. ' Fixed o p e r a t i o n  and maintenance c o s t  ( i n  a d d i t i o n  t o  
t h e  v a r i a b l e  c o s t )  i n  d o l l a r s  pe r  k i l o w a t t - y e a r ,  and 

5 .  For each b lock  o f  c a p a c i t y  i n  t h e  u n i t ,  t h e  expected 
h e a t  r a t e  f o r  t h e  mode o f  o p e r a t i o n  i n  thousands o f  Btu 
pe r  kWh. 

An annual. c a p i t a l  cha rge  r a t e  i s  i n p u t  t o  a l l o w  c a l c u l a t i o n  o f  annual  
g e n e r a t i o n  c o s t s .  T h i s  c a p i t a l  c h a r g e  r a t e  i n c l u d e s  f a c t o r s  s u c h  a s  a  
weighted average  c o s t  o f  money, d e p r e c i a t i o n ,  f e d e r a l  income t a x ,  s t a t e  and 
l o c a l  t a x e s ,  i n t e r i m  rep lacements ,  and p r o p e r t y  i n s u r a n c e .  

Each g e n e r a t i n g  u n i t  i s  r e p r e s e n t e d  i n  RELCOMP by one t o  t h r e e  b l o c k s  
of  c a p a c i t y .  Each b lock  h a s  i t s  own average  h e a t  r a t e  and load ing  o r d e r  
p o s i t i o n .  The c o s t s  of g e n e r a t i n g  power f o r  each b l o c k  o f  c a p a c i t y  a s  we l l  
a s  f o r  t h e  u n i t s  a r e  c a l c u l a t e d .  For t h e  b l o c k s ,  t h e  f u e l  c o s t  i n  m i l l s  p e r  
kWh a r e  c a l c u l a t e d  on t h e  b a s i s  o f  an average h e a t  r a t e  f o r  t h e  b lock .  The 
inc rementa l  p o r t i o n  o f  t h e  O&M c o s t  i s  added t,o t h e  f u e l  c o s t  f o r  each b lock  
t o  determine t h e  v a r i a b l e  c o s t  of  o p e r a t i o n  f o r  each b l o c k .  The annua l i zed  
c a p i t a l  . c o s t s  and- f i x e d  0&M c o s t s  a r e  added t o  t h e  v a r i a b l e  c o s t s  t o  o b t a i n  
t h e  t o t a l  c o s t s  f o r  each g e n e r a t i n g  u n i t .  The t o t a l  y e a r l y  c o s t  f o r  t h e  
system i s  t h e  sum of t h e  g e n e r a t i n g  u n i t  c o s t s  p l u s  any f i r m  purchase  o r  
s a l e  and r e s e r v e  c o s t s .  

A presen t -va lue  e s t i m a t e  i s  made through t h e  use  of  a n  i n p u t  d i s c o u n t  
f a c t o r .  The d i s c o u n t i n g  of  c o s t s  i s  performed by r e f e r e n c i n g  t h e  c o s t s  t o  
t h e  f i r s t  d a y  o f  t h e  f i r s t  y e a r ;  a n  assumpt ion i s  made t h a t  t h e  annual  c o s t s  
occur  a t  .midyear. Th i s  p resen t -va lue  approach i s  e s p e c i a l l y  u s e f u l  when 
s tudy ing  m ~ l t ~ y e a r  expansion p l a n s .  The p r e s e n t  v a l u e  o f  t h e  power c o s t s  
f o r  t h e  p l a n  i s  g iven  a t  t h e  end of t h e  l a s t  y e a r .  

The c a l c u l a t e d  c a p a c i t y  r e q u i r e d  t o  meet t h e  r e l i a b i l i t y  c r i t e r i o n  
can  be included i n  t h e  annual and cumulat ive  g e n e r a t i o n  c o s t  by p r o v i d i n g  
v a l u e s  f o r  e a c h  o f  t h e  f i v e  c o s t  f a c t o r s  l i s t e d  a b o v e  and t h e  e x p e c t e d  
c a p a c i t y  f a c t o r  f o r  t h e  a d d i t i o n a l  c a p a c i t y  r e q u i r e m e n t .  F i r m  p u r c h a s e  
c o s t s  and f i r m  s a l e  revenues  a r e  i d e n t i f i e d  s e p a r a t e l y  i n  t h e  c o s t  c a l c u l a -  
t i o n s .  B e n e f i t s  and c o s t s  of emergency i n t e r t i e s  w i t h  ne ighbor ing  u t i l i t i e s  
a r e  assumed t o  b a l a n c e ;  however, t h e  expected energy demanded from t h o s e  in -  
t e r t i e s  i s  c a l c u l a t e d .  

A s e p a r a t e  c o s t  r o u t i n e  h a s  r e c e n t l y  6een developed i n  o r d e r  t o  va ry  
economic parameters  wi thou t  . i . ~ ? c a l c u l a t i n g  rhe  r e l i a b i l i t y  r e s u l t s .  Sub- 
r o u t i n e  ECOST u s e s  a  s i n g l e  s e t  o f  economic pa ramete r s .  




