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THE DESIGN OF LARGE LOW ASPECT RATIO E N E R G Y  STORAGE SOLENOIDS FOR ELECTRIC  UTILITY USE 

R.W. Boom*, R.F. Bischke,** G . L .  McIntosh* and Y.M. Eyssa* 

Abstract - The preliminary  conceptual  design of  a low 
aspect  ratio  solenoid  ( large  diameter and small 
height)  for  diurnal  energy  storage  use  is   presented. 
The main advantage of t h i s   des ign   i s   t ha t   t he   t o t a l  
rad ia l   force   i s   on ly  5 - 10% t h a t  of  previous  designs 
resul t ing  in  small  conduction  heat  leak t h r o u g h  the  
in su la t ing   s t ru t s .  The external  pressure i s   l e s s  t h a n  
2 atmospheres which allows  surface  trench  construction 
in  surface  rock;  the  pressures  for  previous  under- 
g r o u n d  bedrock  designs were 20 t o  100 atmospheres. 

A new use for  diurnal  storage  is   presented  in 
which larger SMES storage  units  replace  intermediate 
load  generation. In the example given an allowance of 
$60-100 per kwh could be credi ted t o  SMES. This new 
higher  value comes from replacing  cycl  ing  coal or 
large  oil   burning  intermediate  generation. SMES can 
be used for  intermediate  load  because i t s   s t o r a g e  
e f f i c i e n c y   i s  95%; all  other  storage  systems,  only 50 
t o  80% e f f i c i e n t ,  could n o t  meet the  intermediate  use 
r equi  renent. 

INTRODUCTION 

Superconductive  magnetic  energy  storage  studies 
a t  Wisconsin were las t   reported t o  the  MT conference 
in  Rome in 1975 [I]. 'The system  design which has 
evolved  since  then  consists of a 1 arge  solenoid con- 
s t ructed  in  bedrock which s t o r e s  about 5000 MWh. The 
bedrock s t r u c t u r e   i s  needed t o  economically  carry  the 
magnetic  loads. The conceptual  design  details  of one 
such  diurnal  energy  stor  age magnet is   presented  in 
this   paper ,   the  "low  aspect  ratio  system". 

The Wisconsin  energy s torage magnet winding con- 
s i s t s  of  a rippled  single  layer  solenoid wound from a n  
aluminum-NbTi composite  conductor. The r ipp le  a1 lows 
the  magnetic  loads t o  be t ransmit ted t o  the rock a t  
discrete  locations  through  thermally  insulating 
s t r u t s .  These s t r u t s  have intermediate  cooling  sta- 
t i o n s  t o  reduce  overall   refrigeration  loads.  The high 
current  conductor  is  supported by t h e   s t r u t s  and i s  
housed in a dewar containing  superfluid  l iquid helium 
a t  1.8 K. 

A low aspect  ratio  solenoid  (low  height t o  diame- 
t e r   r a t i o )  has an important  advantage  in  that  the ax- 
ial  height of t h e   c o i l   i s  small enough so t h a t  in te r -  
nal cold  axial   s t ructure  may  be economical. Only 
radial   forces  need t o  be car r ied  t o  bedrock [ Z ] .  
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ELECTRIC SYSTEM USAGE 

In comparison t o  other  storage  units  only  super- 
conductive  magnetic  energy  storage i s  95% e f f i c i e n t .  
The s torage  eff ic iency  is   determined by losses   in   the 
t h r e e  phase  converter  system which connects  the DC 
s torage  coi l  t o  the   th ree  phase AC external power 
system,  via a Graetz  bridge,  transformers,  leads, and 
cur rent  balancing  reactors.  Other advanced stor  age 
concepts  include Compressed Air Energy Storage (CAES) , 
Advanced Bat ter   ies  and Underground Pumped Hydrostor age 
( U P H ) .  CAES burning  fuel is   the   lowest   in   eff ic iency 
a t  50-70%  while Advanced Bat te r ies  may become the  best  
o f   the   res t  a t  70-80% eff ic iency.  Pumped Hydrostor- 
age,  ordinary or UPH, i s   t r a d i t i o n a l l y  66% e f f i c i -  
ent .  Not only  does  efficiency  affect  the  cost of 
delivered  energy b u t  a1 so the   s ize  of  a storage 
u n i t .  One of the  main points  in  the A.D. L i t t l e   s tudy  
of SMES  by B.M. Winer and J .  Nicol i s  t h a t  l e s s  
e f f i c i en t   s to rage   un i t s  need t o  be much larger  in 
order t o  provide  energy  without  premature  depletion 
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F i g .  1. Typical  generation  curve  without SMES. 

I n  a recent  planning  study  at  the  Wisconsin 
E l e c t r i c  Power  Company ( W E P C O )  we have projected  the 
use  for SMES in  the  year 1995. Figure 1 i s  a curve of 
a typical  load  for a 24 hour  period.  This  load  pat- 
tern i s   r e l a t i v e l y  unchanged a s   t o   d i f f e rence  between 
va l ley  and  peak from season t o  season  throughout  the 
year 1995 and i s  s imi la r   to  1981. The main d i f fe rence  
predicted over t he   yea r s   i s   fo r   t he  base  load t o  
i nc rease   a t  a 3% per year  rate.  Note that  base  load 
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genera t i on ,   nuc lea r   o r   coa l   i n   W iscons in ,   wou ld   t o ta l  
3000 MW maximun f o r   c o n t i n u o u s   o p e r a t i o n .  I n  F ig .  2 
i s  shown t h e  same l o a d   w i t h  SMES and now t h e  base .1 oad 
genera t ion   cou ld   be  4000 MW. Since  baseload  genera- 
t o r s   a r e   t h e  most e f f i c i e n t   t h e   i n c r e a s e   b y  1000 MW i n  
b a s e   g e n e r a t o r   r a t i n g   i s  a s ign i f i can t   improvemen t .  
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F ig .  2. T y p i c a l   g e n e r a t i o n   c u r v e   w i t h  SMES. 

The s i m p l e s t   v a l u e   c a l c u l a t i o n   f o r   u s i n g  SMES 
h e r e   i s   t o  compar e a 350 MW c y c l   i n g   c o a l   g e n e r a t o r   t o  
t h e  SMES u n i t ,   s i n c e   e i t h e r   c o u l d   p r o v i d e   t h e   e n e r g y  
i n   t h e   c r o s s - h a t c h e d   r e g i o n   l a b e l e d  "SMES d ischarge" .  
I n  1 9 8 1   d o l l a r s  a c y c l i n g   c o a l   u n i t   c o u l d   c o s t   a b o u t  
$1000 per kW. If SMES i s   g i v e n  a 5g% s p i n   r e s e r v e  
c r e d i t   ( a s   i s   t h e   c o a l   u n i t )   t h e n  SMES would  be  valued 
a t  $100  per kwh o f   energy   de l i vered .   For  a 95% s t o r -  
age e f f i c i e n c y   t h e   a l l o w e d   c o n s t r u c t i o n   c o s t   o f  SMES 
i s  $95  per kwh o f   c o n s t r u c t e d   s i z e .   B o t h   c o a l  and 
SMES un i ts   wou ld   be   f inanced and a m o r t i z e d   i n   t h e  same 
way so t h e  above compar i son i s  compl e te   excep t   f o r  
f u e l   d i f f e r e n c e s   w h i c h   w o u l d   i n c r e a s e   t h e  SMES va lue  
by 10-20% t o  $120  per kwh d e l i v e r e d ,   w i t h   a l l o w e d  
c o n s t r u c t i o n   c o s t s   a t  95% o f  $120 o r  $114  per kWh. 

For   in termediate  load  usage SMES would  d ischarge 
f o r   1 5 h   a t   t h e  350 MM r a t e  and c h a r g e   f o r   9 h   a t  a 
v a r i a b l e   r a t e  up t o  930 MW, see F ig .  2. The t h r e e  
phase Grae tz   b r i dge   wou ld   t hus   be   ra ted   a t  930 MW 
which means t h a t   5 8 1  MW i n   s p i n n i n g   r e s e r v e   d i s c h a r g e  
c a p a c i t y   i s   a l w a y s   a v a i l a b l e   d u r i n g   t h e   1 5 h   d i s c h a r g e  
pe r iod .  To accommodate a l o s s   o f   l o a d   d u r i n g   t h e  15h 
d i scha rge   pe r iod  SMES cou ld   conve r t   f r om 350 MW d i s -  
c h a r g e   t o  up t o  930 MW charge  or  a t o t a l   c h a r g e   o f  
1278 MW i f  t h a t  much power r e v e r s a l   i s  needed. Dur ing  
t h e   9 h   c h a r g i n g   p e r i o d   t h e   c h a r g i n g  power can  be 
changed  from i t s   i n s t a n t a n e o u s   v a l u e   i n   F i g .  2 t o  930 
MW, which accommodates t h a t   l o s s   o f   l o a d   i n   t h e  power 
system.  Should  generat ion  be  suddenly  lost   up t o  930 
MW i n   d i s c h a r g e   c a p a b i l i t y   i s   a l w a y s   a v a i l a b l e ,   b u t  
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f o r   v a r y i n g   l e n g t h s   o f   t i m e   d e p e n d e n t  on t h e   s t a t e   o f  
charge  fo r  SMES. 

Note  f rom  F ig.  2 t h a t  a pumped s t o r a g e   u n i t   w o u l d  
need  930 MW o f   t u r b i n e - g e n e r a t o r   u n i t s   f o r   f u l l   d a i l y  
c h a r g e   t o   g e t   o n l y  242 MW o f   d i s c h a r g e  power f o r  
15h.  Thus, t h e   t u r b i n e   u n i t s   w o u l d   b e   o v e r - r a t e d   b y  a 
f a c t o r   o f  3.84 compared t o   o r d i n a r y  pumped hyd ros to r -  
age usage. The c o n c l u s i o n   i s   t h a t  pumped hyd ros to rage  
c a n n o t   p r o v i d e   t h e   l a r g e  amounts o f   s to red   ene rgy  
needed t o   r e p l a c e   i n t e r m e d i a t e   g e n e r a t o r s .  CAES and 
Advanced B a t t e r i e s  have s i m i l a r   d i f f i c u l t i e s  due t o  
l o w   s t o r a g e   e f f i c i e n c i e s  and  due t o   t h e  need f o r  
1 a rger   charg ing   capac i ty  and t h u s   a l s o   a r e   l e s s   s u i t -  
ab1 e f o r  1 a re   sca le   i n te rmed ia te   s to rage .  

SURFACE -I 

SHALE 7 

Fig .  3. Three  dimensional  view of Low Aspect   Rat io  
5000 MWh s o l e n o i d   i n  a su r face   t rench .  

LOW  ASPECT RATIO  CONFIGURATION 

The c o n f i g u r a t i o n   c u r r e n t l y   u n d e r   c o n s i d e r a t i o n  
i s  a s i n g l e   s o l e n o i d   o f   a s p e c t   r a t i o  6=0.01, where 
@=he igh t  + diameter.  The ske tch  i n  F ig .  3 i s   f o r  a 
5000 MWh u n i t  mounted i n  a t rench   a t   su r face .   Spec i -  
f i c a t i o n s   a r e   l i s t e d  i n  Tab le  1. The r a d i a l   p r e s s u r e  
on t h e   r o c k   i s   o n l y   a b o u t  4x105 N / m 2  as  compared t o  
2x106 N/m2 f o r   p r e v i o u s  8=0.3 des igns  [4]. Other 
d e s i g n   d e t a i l s   o f   t h e   p r e s s u r e ,   f i e l d ,  and f o r c e  
c a l c u l a t i o n s   f o r   r i p p l e d   l o w   a s p e c t   r a t i o   s o l e n o i d s  
a r e   p r e s e n t e d   i n  a companion  paper a t   t h i s   c o n f e r e n c e  
[ S I .  

TABLE 1 

S p e c i f i c a t i o n s  O f  Low A s p e c t   R a t i o   U n i t  

E = 5000 MWh I = 768,000 amps (max.) 
B = .  3.5 t e s l a  V = 2600 v t s  (max.) 
R = 757 m Fr = 2.8~10" N 
H = 1 5 m  p = 3.gx105 N/m2 (average  on   rock)  
N = 108 t u r n s  P = 6MW ( a u x i l l i a r y  power) 
L = 61 h e n r i e s  &E = 3% w e e k l y   f o r  PL 

The r a d i a l   f o r c e  and a x i a l   s t r u c t u r e  dependence 
on 6 used i n   t h e  above d i s c u s s i o n  were p l o t t e d   i n  
Ref.  [6] i n  terms o f  Q f a c t o r s   i n  Eq. (1) and (2 ) ,  
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Maxi a1 = Q c - $ E  

where Maxial i s  the internal   cold  axial   s t ructure ,  p 
i s   t h e   a x i a l   s t r u c t u r e   d e n s i t y ,  u i s   t h e  average 
s t r e s s ,  E i s   t h e   s t o r e d  magnetic  energy and B,,, i s   t h e  
maximum f i e l d  on the  median plane. The value of Qc i s  
only 0.18 for  a ~=0 .01  low aspect  ratio  solenoid  in 
comparison t o  0.46 for  previous  8=0.3  designs. Thus 
internal  cold aluminum a l loy   ax ia l   s t ruc ture  might  be 
economic for  the low aspect   ra t io   design.  All 8=0.3 
designs  require   axial   forces   to  be car r ied  by the  rock 
s t ruc ture   e i ther   in   shear   o r   in te rcepted  by several 
rock  surfaces  in  multi-tunnel  designs. 

TABLE 2 

Refr igerat ion Power Requirements f o r  5000 MWh, 
3.5 Tesla Low Aspect  Ratio  Unit 

Power Losses One Shield Two Shields  

Radial S t r u t s  4.61 2.18 
Dewar 1.73 1.50 
Leads 1 .o 1 .o 
LC Losses 0.80 0.80 

Total Power 8.14 MW 5.48 MW- 

The value  of Qfr i s  18 for  B=O.Ol and 125  for 
8=0.3 ( i n  SI  u n i t s ) .  For the low aspec t   ra t io   co i l  
the  heat   leak  through  radial   s t ruts   is  14% o f  the  heat 
leak  for  8=0.3  solenoids and the  axial  heat  leak i s  
zero. The s t rut  r e f r i g e r a t i o n  per day i s  1% E. The 
t o t a l   r e f r i g e r a t i o n   f o r   r a d i a l   s t r u t s ,   l e a d s ,  AC 
1 osses and i n s u l a t i o n   i s  3% per week of the  energy 
delivered per week, see  Table 2. 

AXIAL AND RADIAL  SUPPORT  CONCEPTS FOR LOW 
ASPECT RATIO  MAGNETS 

For  low aspect  ratio  energy  storage magnets 
radial   forces   are  much smaller t h a n  in  previous  de- 
s igns,  b u t  axial   forces   are   s t i l l   h igh,   a l though  cold 
s t r u c t u r e   i s   t o l e r a b l e  due t o  short   axial   lengths.  
For example, a 3.5 t e s l a ,  5,000 MWh magnet having a 
winding radius  of 757 m has an average  radial   force 
per t u r n  of 0.055 MN/m and a mid-plane  cumulative 
axial   force of 63.3 MN/m. A r ipp le   des ign   i s  needed 
since  otherwise  the  radial  thermal  contraction  of 
aluminum windings would be 2.4 m. The composite 
conductor must be l imi ted   to   l ess   than  0.2% s t r a i n ,  
due t o  high puri ty  aluminum requirements. 

Analysis of t h e  impact  of these  forces  and con- 
s t r a in t s   l eads   t o  an approach which separa tes   the  
radial  and axial  supports [ 7 ] .  Conceptual  designs  for 
the two supports  al low  for  fabrication  in a fac tory  
with  only hand tools  required  for on s i t e  assembly. 
This   approach  s implif ies   instal la t ion o f  t h e  dewar 
wall   plates  because  the  lateral   r igidity of the  axial  
s u p p o r t s   i s   s u f f i c i e n t   t o  permit  mechanical  attachment 
of  the  plates.  Field  welding  will be primarily  for 
vacuum seal ing,  not  mechanical i n t e g r i t y .  

The axial  support  concept i s  shown in  Fig. 4. 
High s t rength 7075-T6 aluminum forgings  are  construc- 
t e d   t o  match t h e  thermal  coefficient and modulus o f  
e l a s t i c i t y  of the conductor. A pinned and keyed 
des ign   i s  used which permits  al l   fabrication  in the 
fac tory  and assembly by stacking one element on  top  of 
another.  Fiberglass-epoxy  straps on top and bottom 
support and e l e c t r i c a l l y   i n s u l a t e   t h e  conductor  tying 
the two forgings  together  to make a l a t e r a l l y   r i g i d  
assembly.  Longitudinal  attachments  provide  stability 
t o  the e n t i r e   a x i a l  assembly and c lose   the   e lec t r ica l  
c i rcui t   to   a l low  energy dumping by mutual inductance. 
Provis ion   i s  made for  mechanical  attachment of the  
dewar walls so t h a t  no addi t iona l   s t ruc ture   i s  needed. 
This method keeps the v e r t i c a l l y   f l a t   s u r f a c e s  from 
d i s t o r t i n g  due to   internal   pressure.  The above design 
i s  based on c lose ly  spaced  conductor  support  straps 
which hold t h e  conductor e s s e n t i a l l y   f l a t   i n   t h e  
horizontal  plane  with  very low s t ress   in   the   ax ia l  
direction.  This method leaves most of the  allowable 
conductor  strain  for  radial   loads.  In tu rn ,   t he  
design can be simplified  with a longer  ripple and 
radial   support   points   far ther   apar t .  
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Fig. 4.  Axial support  concept  for low aspect   ra t io  
design. 

Separation of the  axial  and radial  supports 
permits  the  radial  s t ruts  t o  be designed  for   re la t ive-  
l y  small  loads.  This  has an important  bearing on the  
t o t a l  magnet heat load  since  the struts react   forces  
a t  1.8 K t o   t he   t unne l  wall a t  300 K. Proposed  design 
of a radial  strut with one heat   intercept   is  shown in  
Fig. 5.  The s t r u t  assembly i s  a modular design  with 
one unit   required  for each turn of t h e  magnet a t  each 
radial  support  point. The assembly  will be completely 
shop fabricated and at tached  to   the dewar wall and 
vacuum jacke t  by stud welded pins  or  bolts.  Aside 
from the aluminum support  shoe and support  termination 
sockets ,   forces   are   reacted by 9.5 cm dia. epoxy- 
f i b e r g l a s s  tubes which combine high s t rength,  low 
thermal  conductivity and  low cost. 



The r e l a t i v e   w e i g h t s   o f  some components o f   t h e  
low  aspect   ra t io   des ign  are  compared i n  Table 3 t o  an 
o l d e r   f i v e   t u n n e l   d e s i g n ,   s u c h  as t h e   d e s i g n   i n  MT-5 
[l]. The c o l d   s t r u c t u r e   f o r  a ( s ing le   dewar )   l ow  
a s p e c t   r a t i o   c o i l   i s   n o t  much l a r g e r   t h a n   t h e   c o l d  
a x i a l   s t r u c t u r e   f o r  a 5 t u n n e l   u n i t ,   i n   w h i c h   a x i a l  
f o r c e s   a r e   i n t e r c e p t e d  by t h e   f o u r   r o c k   i n t e r c e p t i n g  
l a y e r s  and no t  a1 lowed t o  accumulate. The r a d i a l  
s t r u c t u r e   i s  much less   wh ich   accounts   fo r   the   very   low 
heat  leak.  

RADIAL SUPPORT 

ROW( 
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SUPPORT SHOE 

-4XlAL SUPPORT 
ELEMENTS 

I_ 

I RADIAL STRUT ARRANGEMENT 

F ig .  5. S t ru t   assemb ly   w i th   on   sh ie ld   a t  77 K. 

Table 3 

SMES Component Weights 

Dewar Conductor  Radial   Cold 
S t r u t   A x i a l  

5 t u n n e l   u n i t  1.0 1.0 1.0 1.0 
1 tunne l - l ow  

a s p e c t   r a t i o  .82 1.2 0.08 1.12 

SAFETY 

The d e s i g n   o f   a l l  SMES c o i l s   i s   p r e d i c a t e d  on t h e  
s a f e   d i s c h a r g e   o f  a magnet  or   magnet  subsect ion  dur ing 
unexpected  catast rophies.  NO ord inary   superconduct ing  
normal t r a n s i t i o n   c a n  become a problem  because o f   t h e  
e x t r e m e   o v e r - s t a b i l i t y   o f   t h e   c o n d u c t o r .  It i s   f e l t  
t h a t   t h e   w o r s t   c r e d i b l e   a c c i d e n t ,   w h i c h   m i g h t   o c c u r  
o n l y  once o r   t w i c e   i n  a c o i l   l i f e t i m e ,   i s  a v e r y   r a p i d  
d r o p   o f   t h e   h e l i m   l e v e l   t o  expose one or  more t u r n s .  
P r e v e n t a t i v e  measures i n c l u d e   r a p i d   d i s c h a r g e ,   e x t r a  
h e l i u m   a d d i t i o n ,   f o r c i n g   t h e   w h o l e   c o i l   n o r m a l   f o r  
un i fo rm  ene rgy   depos i t i on ,   cu r ren t   sha r ing   w i th   me ta l -  
l i c   s t r u c t u r e ,  and d i s c h a r g i n g  a bad subsect ion.  A 
key   po in t  will be t h e   e a r l y   d e t e c t i o n   o f  a problem. 

One cou ld   expec t   tha t   the   ma jor   p rob lems  cou ld  
i n c l u d e  a f a u l t y   c r y o g e n   s u p p l y ,  a d e t e r i o r a t i n g  
vacuum or a d e t e r i o r a t i n g   r e s i s t i v e   r e g i o n  i n  t h e  
conduc to r .   These   i t ems   a re   sub jec t   t o   de tec t i on  and 
repa i r   be fo re   any   rap id   d i scha rges   a re   requ i red .  
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STRAY FIELD 

The s t r a y   f i e l d   f o r  a l o w   a s p e c t   r a t i o   s o l e n o i d  
i s  3 t o  5 t i m e s   l a r g e r   t h a n   t h e   s t r a y   f i e l d   f o r   l a r g e  
a s p e c t   r a t i o   s o l e n o i d s  due t o   l a r g e r   m a g n e t i c  moments. 
The e x t e r n a l   f i e l d   f a r   f r o m  any s o l e n o i d   v a r i e s   a s  
l / r 3 .  F i g u r e  6 i s  a p l o t   o f   m a g n e t i c   f i e l d   c o n t o u r s  
f o r   t h e  5000 MWh,  3.5 t e s l a   l o w   a s p e c t   r a t i o   u n i t .  

S T R A Y  F IELD IN GAUSS 
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Fig .  6. E x t e r n a l   f i e l d   c o n t o u r s   i n  gauss; c o i l   c e n t e r  
i s   a t   o r i g i n  and w i n d i n g s   a r e   a t  757 m. 
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