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A b s t r a c t  

The  use o f   superconduct ing   magnet ic   energy  
s to rage  (SMES)' i s  assessed  f rom  an   opera t iona l   po in t  
o f  v iew.   The  useab le   s to rage  s ize   fo r  an SMES u n i t   i s  
d e t e r m i n e d   f o r   r e a l   u t i l i t y   l o a d  demand c u r v e s   o f  
p r e v i o u s   y e a r s .  The SMES s i z e   t o  be  added i n   t h e  
f u t u r e   t h e n  becomes  an e x t r a p o l a t e d   s i z e   f r o m   t h e   s i z e  
t h a t   w o u l d   h a v e   b e e n   s u i t a b l e   i n   p a s t   y e a r s .  Some 
genera l   conc lus ions   a re :  SMES should  be  used f o r  
l a r g e   s c a l e   l o a d - l e v e l i n g   r a t h e r   t h a n   s m a l l   s c a l e  
p e a k i n g ;   t h e   m o s t   l i k e l y   d u t y   c y c l e   i s  8 hours  
c h a r g i n g   a t   n i g h t  and  15   hours   d ischarg ing   dur ing   day  
t i m e ;   t h e   h i g h   e f f i c i e n c y   ( 9 8 % )   o f   s t o r a g e   l e a d s   t o  
l i f e t i m e  15% f u e l   c o s t   b e n e f i t s  vs. i n t e r m e d i a t e  
c y c l i n g   g e n e r a t i o n   a n d  30% f u e l   c o s t   b e n e f i t s  vs. a l l  
o ther   s to rage;   and SMES i s  a new s o u r c e   o f   s p i n n i n g  
r e s e r v e   w i t h   r a p i d   5 0  msec complete  power  reversa l .  

I n t r o d u c t i o n  
An SMES s o l e n o i d   o f   s u p e r c o n d u c t i v e   t u r n s   s t o r e s  

energy   w i thout   ohmic  l osses  i n  t h e  c o i  1 and l o s e s   o n l y  

c o n v e r s i o n   s y s t e i ?  The o b j e c t i v e  o f   t h i s   p a p e r   i s   t o  
2% energy i n  round t r i p  th rough   the   ac /dc  

d e s c r i b e  a method t o  d e t e r m i n e   t h e   u s e f u l   s i z e   o f  SMES 
i n  a g i v e n   a c t u a l   u t i l i t y  system. An economic 
a n a l y s i s   o f   a d d i n g  SMES t o  a u t i l i t y   i n  comparison t o  
a l t e r n a t i v e   e x p a n s i o n   p l a n s   c o u l d   t h e n   b e  made. It 
will become c l e a r   f r o m   t h e   f o l l o w i n g   e x p o s i t i o n   t h a t  
SMES r e q u i   r e s   c o n s i d e r a t i o n s   c l o s e l y  a1 l i e d   t o   d a i l y  
power   d ispa tch ,   and  tha t  i t s   h i g h   e f f i c i e n c y   o f  
s t o r a g e   a n d   r a p i d   p o w e r   r e v e r s a l   l e a d   t o  new uses 
u n i q u e   t o  SMES. 

Load  Curve  Analysis 
A method t o   a n a l y z e   p r e v i o u s   y e a r s '   l o a d   c u r v e s  

f o r   s t o r a g e   u s e   o p p o r t u n i t i e s   i s   p r e s e n t e d .  The 
example  chosen i s   t h e  combined  1982 t o t a l   l o a d   c u r v e  
o f   f ou r   W iscons in   compan ies :   W iscons in   E lec t r i c  Power 
Co., Wisconsin Power  and L i   g h t  Co., W iscons in   Pub l i c  
Se rv i ce  Co., and  Madison Gas a n d   E l e c t r i c ,  C O . ~  L e t  
t he   yea r l y   hou r   by   hou1   l oad   be  P = P ( t )  and t h e  
average  dai ly  power  be P (T) ,   see  F ig .  1 w i t h   a r e a s  A 
= B. S i n c e   t h e   e f f i c i e n c y   o f   t h e   s t o r a g e   u n i t   i s   n o t  
loo%, t h e   e n e r g y   s t o r e d   a t   n i g h t   i s   e q u a l   t o   t h e  
e n e r g y   d e l i v e r e d   d u r i n g   t h e   d a y   p l u s   t h e   e n e r g y  
l o s t .  Based on t h a t ,  a new d a i l y   a v e r a g e   l o a d  Y = 
Y(T) i s   c a l c u l a t e d  as f o l l o w s :  

1 (1) 
where n i s   t h e   e f f i c i e n c y ,  and t ' l  and t l 3   a r e   t i m e s  
shown i n  F ig .  1. The maximum d a i l y   s t o r a g e   D s ( T )   i s  

DS(T) = (P - Y )  d t  . t 2  
( 2 )  

t, I 

Ds(T) i s   t h e  maximum s ize .energy   s to rage  un i t -   needed 
on a s p e c i f i c   d a y  so t h a t   t h e  power  generated a l l  day 
i s  constant   and  equal  t o  Y(T). R e a r r a n g i n g   t h e   d a i l y  
s t o r a g e   D S ( T )   f o r  365  days i n  a descend ing   o rde r   g i ves  

t h e   d a i l y   s t o r a g e   d u r a t i o n   c u r v e ,   F i g .  2. F i g u r e  2 
shows s t o r a g e   s i z e   a s  a f u n c t i o n   o f   t h e  number o f   d a y s  
a u n i t  o f  t h i s   s i z e   i s  used a t   f u l l   c a p a c i t y   i n  
1982.  From t h i s   c u r v e  a s t o r a g e   u n i t   s i z e   i s   s e l e c t e d  
based  on  the number o f  days   per   year  i t  c o u l d   o p e r a t e  
a t   f u l l   c a p a c i t y .  

Once a s i z e  S i s  chosen,  an i t e r a t i o n   t e c h n i q u e  
i s  used t o   c a l c u l a t e   t h e  new ( r e s i d u a l )   ' l o a d   c u r v e  
Z ( t ) ,   see   F ig .  3. The procedure i s  t w o - f o l d :   t o   f i n d  
t h e   l a r g e s t   Y c ( T )   t h a t   s a t i s f i e s   t h e   c o n d i t i o n s :  

where t h e   n o t a t i o n   i s   t a k e n   f r o m   F i g .  3. Next f i n d  
t h e   s m a l l e s t  Yd(T) t h a t   s a t i s f i e s   t h e   c o n d i t i o n s :  

Day T 

Fig.  1 Load  Curve f o r  Day  T. P' (T )  i s  average 
load. Y(T) i s   t h e   w e i g h t e d   a v e r a g e   l o a d   w i t h  
s t o r a g e   l o s s e s   t a k e n  i n   c o n s i d e r a t i o n .  
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The new l o a d   c u r v e   Z ( t )   i s   c a l c u l a t e d  as f o l l o w s  
f o r  tc (T)  s t c t ( T )   Z ( t )  = Yc(T), 

f o r  td (T)  < t s td  ( T I   Z ( t )  = Yd(T), 
e 1  2 

1 C2 

a n d   f o r   a l l   o t h e r   v a l u e s   o f  t Z ( t )  = P ( t ) .  

Rear rang ing   Z( t )  i n  a descending  order ,  a l o a d  
d u r a t i o n   c u r v e   i s   o b t a i n e d   ( F i g .  4). 

SMES S i z e   S e l e c t i o n  
To s e l e c t   t h e   v a r i o u s   s i z e s   o f  a SMES f o r  a g i ven  

e l e c t r i c   u t i l i t y  system, t h e   l o a d  and  generat ion 
c h a r a c t e r i s t i c s   o f   t h e   u t i l i t y   s y s t e m   m u s t  be 
examined. SMES p rov ides  a s u p p l y   o p t i o n   w h i c h  w i  11 
a l l o w   t h e   g e n e r a t i o n   t o  be schedule!, t o  its most 
e f f i c i e n t   p o i n t   w h i l e   t h e  SMES f o l l o w s   t h e  
v a r i a t i o n s   i n   t h e   c u s t o m e r   l o a d s   p l a c e d  on t h e   u t i l i t y  
system. The b a s i c   v a r i a t i o n s   i n   s y s t e m  demands occu r  
on a d i u r n a l   b a s i s .  The h o u r - t o - h o u r   v a r i a t i o n  i n  
system demands f rom a da i  l y  maximum t o  a da i  l y  minimum 
i s   t h e   b a s i s   f o r  an a p p l i c a t i o n   o f  SMES. Actual   1982 
h o u r l y  demands a l o n g   w i t h   a c t u a l   g e n e r a t i o n  
c h a r a c t e r i s t i c s   a r e   u s e d   i n   t h e   s i m u l a t i o n   o f  a SMES 
dispatched  system. 

From  Fig. 2 i t  i s  seen t h a t  a 3000 MWh SMES u n i t  
could  have  operated a maximum charge-d ischarge  cyc le  
365  days  per  year t o   l e v e l  demands. A 6500 MWh SMES 
u n i t   c o u l d   h a v e   o p e r a t e d  a maximum charge-d ischarge 
c y c l e  on  weekdays  250  days p e r   y e a r .   I n   a d d i t i o n  a 
6500 MWh SMES u n i t   c o u l d   h a v e   o p e r a t e d   p a r t i a l  70% 
charge -d i scha rge   cyc les  on  weekends. 

W i t h   t h e   i t e r a t i o n  scheme d e s c r i b e d   e a r l i e r ,   s e e  
Fig.  1, the   1982   ac tua l   resu l tan t   annua l   l oad   du ra t i on  
curve  i s  d e r i v e d   f o r   t h e   u s e   o f   6 5 0 0  MWh SMES, see 
F ig .  4. T h i s   c u r v e  shows the   impac t  a 6500 MWh SMES 
has on the   sys tem  annua l   load   dura t ion   curves .  The 
1 a r g e r   t h e  SMES s t o r a g e   c a p a c i t y   i n  MWh, t h e  more 
energy   p roduc t i on   f rom  the   sys tem 's   genera t i on  
c a p a c i t y   i s   s h i f t e d   t o   t h e  minimum load  per iods .  

F igu res  5 and 6 show t h e   e f f e c t   o f  a 6500 MWh 
SMES u n i t  on t h e   w e e k l y   l o a d s   f o r  a t y p i c a l  summer 
peak   (annua l   peak )   and   t yp i ca l   w in te r / sp r ing   l oad  
p e r i o d s   r e s p e c t i v e l y .   F o r   t h e  summer peak week, i t  
would  have  been  possible t o   s e t   t h e  power  generat ion 
requ i rements  on o n l y   t w o   s e t t i n g s  a day  and a SMES 
un i t   wou ld   fo l low  the   cus tomer   load .   Th is   wou ld   have 
r e s u l t e d   i n  an e a s i e r   o p e r a t i o n ,   l e s s   c y c l i n g   o f   t h e  
g e n e r a t i o n   u n i t s   a n d  a sav ing  i n   t h e  power  cost.  This 
s a v i n g   i n  power  generat ion  cost  i s  achieved  by  meet ing 
t h e   h i g h   l o a d  demand d u r i n g   t h e   d a y   w i t h   t h e   l o w   c o s t  
base o r   i n t e r m e d i a t e   l o a d   g e n e r a t i o n   d u r i n g   t h e  
n i g h t .  The p e n a l t y   p a i d   f o r   t h i s   t r a n s f e r   o f   e n e r g y  
f r o m   l o w  demand s i d e   n i g h t s   t o   h i g h  demand days i s  
l e s s   t h a n  2% i n   t h e  case o f  SMES. F o r   t h e  
w i n t e r / s p r i n g   t y p i c a l  week (F ig.   6)   the  6500 MWh SMES 
u n i t   l e v e l i z e d   t h e   g e n e r a t i o n   r e q u i r e m e n t s   t o  a much 
c l o s e r   t w o   s e t t i n g   p e r  weekday.  The  weekend i s   h e l d  
c o n s t a n t ,   b u t   a t  a l o w e r   l e v e l   t o   a c c o u n t   f o r   r e d u c e d  
weekend demands. 

Conclusions 
The SMES s i m u l a t i o n   p r o v i d e s  an o p t i o n a l  way o f  

meet ing   peak   per iod  demand t h r o u g h   d i r e c t   s t o r a g e   o f  
e l e c t r i c a l   e n e r g y .   T h i s   s u p p l y  management c a p a b i l i t y  
c a n   p r o v i d e   b e t t e r   u t i l i z a t i o n   o f   b a s e - l o a d  
capac i t y .  The planner  has t o   c o n s i d e r   t h e  
r e d i s t r i b u t i o n   o f   e n e r g y   b e t w e e n  minimum  and  peak 
usage  per iods.  Even though  load  management i s  a 
compl imentary means t o  reduce  i l saye   dur iny   da i l y   peak  
p e r i o d s   t h e r e  will always  remain a r e s i d u a l   o f   h i g h e r  
h o u r l y  demands d u r i n g   d a y t i m e   h o u r s   f o r   w h i c h  a supp ly  
management device  such as SMES can be used t o   b e t t e r  
o p t i m i z e   g e n e r a t i o n   c a p a c i t y .  It i s   t h i s   r e s i d u a l  
ene rgy   t ha t   t he   p lanner   mus t   cons ide r   f o r  a supp ly  
management o p t i o n   a v a i l a b l e   t h r o u g h  SMES. 

-_--_-I 

ORYS 

Fig .  2 S to rage   s i ze  S vs.  days o f  u s e   p e r   y e a r   f o r  
t h e   f o u r   W i s c o n s i n   u t i l i t i e s   i n  1982. 

'd 
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F ig .  3 Load l e v e l s   f o r   s t o r a g e   s i z e  S .  
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Fig.  4 Load d u r a t i o n   c u r v e s   w i t h   a n d   w i t h o u t   6 5 0 0  MWh 
SMES f o r   t h e  c o m b i n e d   f o u r   u t i l i t i e s   o f  
Wisconsin (WEPCO,  WPL, MGE). 
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recommendation f o r   t h e  SMES s izes  chosen t o  be sca led  
a c c o r d i n g l y .  In  some cases t h i s   i s  an  easier  and  more 
a c c u r a t e   p r o c e d u r e   t h a n   e x t r a p o l a t i n g   l o a d   c u r v e s   f o r  
w h i c h   f u t u r e   s t o r a g e   s t u d i e s   a r e   t o   b e  made. 

e f f i c i e n c y   v a r i a b l e  power o u t p u t  seems more  amenable 
t h a n   o t h e r   s t o r a g e   s y s t e m s   t o   t h e   a c t u a l   i t e r a t i o n  
method o f   a d d i n g / s u b s t r a c t i n g   t h e   s t o r e d   e n e r g y   ' p e r  
day. T h i s   c r e a t e s   t w o   d a i l y   f l a t   g e n e r a t i o n   o u t p u t  
c u r v e s ;   o n e   f o r   t h e   d a y t i m e   a n d   t h e   o t h e r   f o r  

6000 The f i n a l   c o n c l u s i o n   i s   t h a t  SMES w i t h   i t s   h i g h  
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- 
1 n igh t ime.  Such f l a t  demand c u r v e s   a r e   l e s s   e a s i l y  

U planning  method  presented  here i s  thought  t o  be  more 
A u s e f u l   f o r  SMES than   ex i s t i ng   b lock   l oad ing   p rog rams  

5 
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S ince   t he   "power   capac i t y "   o f  a SMES~ i s   v a r i a b l e  
( w i t h i n   l i m i t s   o f   t h e   s y s t e m   c o n n e c t i n g  i t  t o   t h e  
e l e c t r i c a l   s y s t e m   a n d   i t s   r e l a t i v e l y   i n e x p e n s i v e  
c o n v e r t e r   c a p a c i t y )   t h e   a b i l i t y   t o   p r o v i d e   i n s t a n t  f 
p o w e r   c a p a c i t y   d u r i n g   o p e r a t i o n a l   d i f f i c u l t i e s   i s   a l s o  
an i m p o r t a n t   a b i l i t y   o f  a SMES system.  That  and i t s  
" l o a d   f o l l o w i n g "   c h a r a c t e r i   s t i ' c   p r e s e n t  a new 
o p e r a t i o n a l  to:l f o r  power  system  operators i n  meet ing  
the  customers  ever  changing demand f o r   e l e c t r i c a l  
energy. 

The planning  method  used may be o f   g e n e r a l  
i n t e r e s t   f o r   e l e c t r i c  power u t i l i t i e s .  The m e r i t  i s  
t h a t   a c t u a l   l o a d   c u r v e s   d u r i n g   t h e   p r e v i o u s   y e a r   o r  
y e a r s   a r e   a n a l y z e d   f o r   s i z i n g  SMES. Then f o r   f u t u r e  
years   the   assumpt ion  o f  lodd  g rowth   percentage  w i th  
a p p r o x i m a t e l y   t h e  same l o a d   p a t t e r n s  becomes  a 


