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Energy Stora8e (SMES)
in slactric utility

baa potential ●s ●

load hVClinR. Tho

●dvanta8e of SfiS over other ●nergy storage tochnologias is l;s high
net roundtrip ●norgy ●fficiency. This pmpar report. the major fcaturem
and co~ta of ● jointly daveloped 5000 Wh SNES phnt decign.

INTRODUCTION

In ● diurnal load level?n~ application, ● superconducting coil can
be chargad from the utility grid during off-peak hour,. he ●c grid is
couuactad to ttm dc ugmtlc coil through a powar conversion oystem
(PCs) that Includem m invarter/ractlfiar. once char80d, th~
superconducting coil conducts currant, which supports ●n
●lactromagnatic fiald, with virtuaLl~ no loso~s. During hours of peak
load, tha storad ●mrgy is discharged to tha grid through tha PCS by
ravorslng tha char8inS procams.

To ba faasiblg, ● utlLity scalQ SKES plant ohould havt ● low aopact
ratio (coil haight/coil diamctar) so that it can be constructed ih an
opm tronch1~2. Thlc ~p~r brl~fly reports ● SHIM dacign concapt
ra~ulting from ● DW-funded atud~ havlns the seal of identifying,
davaloping ●nd quantifying ● low aspect ratio ●ymtem configuration that
1s technically foamible ●nd would hav~ a commercially viable capital
coot ●

FUNCTIONAL DESCRIPTION.

Tho 3000 NW, MOO MU SNES plant desf~ conol-ts of ● 556 turn, four
radial layuro mup~rconductins ●olapoidal coil plum all n~c~asary
●ipport ●yatans. ?itur- 1 dIows ● “bird’t ●ye” vhw of tha plant ●nd
Fit. 2 la m .wt-away VIW •howi~ tha coil ●nd r~latsd compomntm.
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The coil employ- ● 200 M conductor made of copper/niobium-titanium
superconductor stabilized by hi8h purity alumtnum. The conductor 10
positioned in an alloy ●luminum ●tructuro (conductor support aamembly)
which supports the conductor ●gainst magnetic Ioadm. The coil operates
in a superfluid helium bath at a nominal temperature of 1.8 K ●nd a
nominal pressure of one ●tmosphere. Th@ halium, contained by a vessal
surrounding the coil, la maintained ●t 1.8 K by ● rafrigerat~on
#yetem. To elim.inato convective heat tranmfer the helium vesaal is

surrounded by ● vacuum. To minimize radiative heat tranefer~ two fixad
temperature shieldn ●re locatad between tb~ cold helium vamaal wall ●nd
the ●mbient temperature vacuum ●nclone. To miufmiue conduction h~at
tranmfer, tha atnitm ●re ●lmo fitted with fixed tem~arature host
intarcepta. Tha shield ●nd strut iutercept tamperaturec
b~ ●ctiw cooliug. Over 24 hours th~ refrigerators
●quivalent to 2 prcent Gf th usable coil charge.

COIL

.
are maintained
conoume energy

The coil is ● series-wound ●olanoitl, tith ●n ●opect ratio of 0.019,
●nd an inductance of 945 Henries, Stered onersy of the coil ●t full
●nd ❑inimum cher~e IS 5250 MUb ●nd 250 ?IW, rempoctiv~ly. Ih@ COil,
wound at ● diamotar of 1OO(I m iD housed in d circular b~drock tranch,
which providee ultimate support for the ctlit otructure a8ainat r~dlal
loads, Tha coil IS supported over Itm full heitht from both tha inner
and outer trench valLm by radial strut-, the spaciug of these struts io
determined by allow~bla stresses in the conductor cupport ●nsemb’1.y.
When charsed, the magnetically induced outward radial force la
traaamltted to the outer tranch wall. Wan fuLly dinchar8ad, the
radial load la directtd Inward and is tran~mittod to the lmnar traneh
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wall. The lnwurd load 1S the result of themaL hoop str~asea from
cooling the stationary coil. Axial Ioada art home internal Iy by the
coil tinding structure. A plan view ●hewing a coil segment, helium
vessel, ●trute, and vacuum ●nclosure irn given in Fig. 3.

Each winding consists of ● conductor and ● conductor sup~ort assembly.
The coil turns ●re ●lectrically Inolated from one another by vertic~l
●nd horizontal insulator s’ cet~. Figure 4 shows the coil winding
pattern and ●aries connection between radikL layers. This parallel
helix winding pattern was ●elected in preference to ● pancakt pattern
primarily becauae it simplifies design of the conductor support

assembly and pemitc r-dial grsding of tha superconductor content ir,
the conductor; hownver, other benefits ●ccrue.

A schematic dia~rua of the cond!Jctor configuration 10 shown In
Pi8. 5. It coneistm of about one hundred - 1 mm●uporconductor ●tranda
imbaddad in tha surface of ● rectangular, hfgh-purity ●luminum
stabilizer. ?Or ruggednacm, tbe conductor is 90% covered with thin,
hi~h strength ●lumlnutu ovemap. The ●apect ratio of the conductor
varies with location in the coil to ●ccommod~te bearin8 loads ●nd to
minimice AC Io-aes. Maximum ●verage AC Ioerec expected for thin
conductor io expected to be 2,6 kid, ●nd are dominatad by co~lpling
10SSQS ●

CONDUCTORSUPPORTASSEMBLY

The conductor support ●--ambly, datailef~ in ?1s. 6, conmimts of a
box ohalL ●nd ●xial ●upport mernbere within tha box shell. All ●nclomed
voids ●re flllad with heat abmorblnu mmtcrl~l. WFnbmhlw ●fiw *. Lm.
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F~ 3 PLAN VIEW OF THE COIL

shell is subject to tensile stress due to cooldon, bending •tres~es~
and radial compressive stress. The ●xial support ●embers inside of the
box shell ●re not mechanically contln’!ous in the circumferential
direction and ●re therefore stressed only by radial bending ●nd
cumulative axial compreaaive loads. This decoupling of cooldown #tress
from ●xial stress ia a key feature of the demign.

COIL LEADS

■

Figure 4. RADIAL LAYER
CONNECTIONPATT8RN

9
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Figure 6. CONDUCTORAND SUPk. ?T ASSEMBLY

Figure 7 shows the coil winding ~naulator detail. Each winding 10
Insulated radially by vertical fnaulatora and axially by horizontal
insulato]n spanning the width of the coil. Receaseo are ❑achined or
molded in the horizontal lnaulatora no that the axial compressive
forces till be borne only by the axial ●upport components of the
conductor support ●meembly. During operation, compreaaion-induced
static friction betweeti the Insulator ●nd the conductor ●upport
●teemblies trancfera the shear force between adjacent tiadinga due to
bending. Accordingly, no slip between components occurs and the
four-layer a~sembhge reatrainm rndial magnetic loads ●s ● composite.
beam . The horizontal lnaulatora are constructed of G-1OCR glass
reinforced epoxy, while the vertical inau’~atora can be made from less
expenmive material.

COIL PROTECTION

If, 8or any reason, part of or all of tha cmductor should begin to
lome ita Wperconducting capacAty, ● coil protection systam is
activated to shut down the coiL. Thin system tiraultaneouoly dumps the
3 million liters of liquid helium coolant into a stora~e reaemoir
located below tha coil ●nd driveo

!
uperconductor into a “normaL”

resistive state with cold helium gam . Once the superconductor i-
normal, curreat la shared between the conductor ●nd the c“JiLwinding
●tructure in inver8e pr~portion to their reaiatancem ●t their
reapectlve temperatureao The euri?nt f- reolstively converted to heat,
which is ●bcorbed by the conductor, the coc+uctor ●upport ●ssembly, and
the heat ●brnorblng material contaised in the ●cloaed voids of the
conductor ●upport ●mm~mblyo The thermal capacity of the structure io. . . . . . . . . . .

t I
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Figure 7 COIL CROSS SECTION SHOWINC VERTICAL
AND HORIZONTAL INSULATOR DETAIL

mechanical damage to the coil. The electrical resist ivity of the high
puri.y aluminum atabillzer in the conductor 10 aubatantially lower than
that of the ●lloy aluminum coil winding structure at all temperatures
up to melting. A diruct result of these properties 10 that, once
normal, the local conductor temperature will tend to be higher than the
local structure temperature ●t all times during a protective energy
dump. However, becauae the conductor is in good thermal contact with
the structure, its temperature tracks only slightly ahead of the
temperature of the conductor support aaaembLy. Hot spots and excessive
volta8es do not occur.

ommi Pm comoms

The helium vessel waLLa consist of ●luminum attached to the
horizontal C-1OCR insulators. The top of the helium vessel im
restrained agaicfit inte-1 pressure by tie rods ●xtendinu the height
of the coil.

Figures 2 ●nd 3 illuatratc the arrangement of the strut- relative to
the coil. Because the radial magnetic force is directed outward while
the thermal cool-down force im directed inward, the reeultant can be
●ither inward or outward dependin8 on the level of ctored energy.
Reg8rdleaa of the direction of the net radial forc~~ both inner ●nd
outer ●truta ●re ●lwayd under compremsfou, ●asured by ●ppropriate
pre-streeaing with the shinm. The ●trutu ● re composed of c-1OCR
glaas-reinforced ●poxy pausln.

The stmoepheric prtia~Jre load ou,the vacuum ●nclooure la transferred
to the coil wfmil~~ structure by the radial struts. No teneile loada. . . . . . . ..-. -. . . .-



the vacuum emclosure walls. The floor of the vacuum ●nclosure consiato
of stainless steel plate. The top; also flat, Consists of steel mheet
weLded to the underside of beam supported by the concrete pedestals.

The SNES coil $* located below grade to make use of the ●arth as
structure for resisting the net radial loads generated by the coil.
The depth of the trench from grade is about 25 m and aeaumes a level
site. Thim ●llows adeq~te height for the helfu reservoir, the coil
and other hardware. The width of the trench is 7 m, which allows for
the coil, struts, thermal shields, vacuum enclosure, and vertical
concrece pedemtalo.

The inner and outer trench wells are subject only to compressive

loads. The forces applied by the raiial struts are transferred to the
trench walL via vertical concrete pedestala designed to load the rock
to a maxim~um pressure of 1.92 NPa (20 ton/ft2). This limit allows

the plant to be afted in igneous, volcanic or sedimentary rock of
❑oderate strength.

OPEMTION AND PERFORMANCE

Noruml operation and maintenance for a SKES plant should be
relatively simple. The charge acd discharge re-teswould be controlled
reaotely by the utility dispatcher. The refrigeration syatcm would
require local control. About 40 ●quivalent full-time personnel would
be required for 24-hour operation of the plant; maintenance of the
refr18eration, vacuum, power conditioning, and other plant systems; and
administration of the facility.

In a SMES plant, the major energy loss takes place at the WX during
coil charge and discharge. Assuming a 97 percent one-way PCS
efficiency, the plant could be economically dispatched when the cost of
adding Generation exceeds the cost of base-load charging power by about
6 percent. This compares to a required 30 to 50 percent differential
for other modes of ●nergy storage. The magnitude and direction of
power through the PCS can be changed rapidly (i.e., in tens of
milli~sconds). As a consequence, a SHES plant would benefit power
aymtem operatursiby being use< not only for load leveling, but for load
following, ae a owing generator, for spfnnlng reserve, for transient
stability augmentation, and for subsynchronoua resonance damping.

COSTS

Table 1 preaenta the estimated total capital requirement at startup
including allowance for funds during constmction (APDC), in 1984
dollara. The ●stimated cost of a SMES plant capable of delivering
nominal 5000 Wh dally at a nominal power of 1000 w is $96L million.

A 1982 EMI-funded study4 mtatee that there would be at least a
small market for a nominal 5000 M, 1000 MU SKES plant costing
$1000/kU (computed aa power-related coata, $/kW + energy-related costs,
$/kUh x hours of diecharge at full power) in 1981 dollars- When
computed on the oame baeia, the design reported herein is ●stimated to
cost $988t’kW in 1984 dollars. Furthermore, because of ita high energy
efficiency, the vaLue of SMES relative to other ●nergy storage
technologies will fncrease with the coat of charging energy.

CONMERCI.AL12ATIONPOTENTML
.

The work to data has identified no unracolvable technical laaueo,
but ● ●igniflcant amount of detblled enatneerina work remains prior to
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commercial application of thla technology. The focus of future efforts
should be directed towards eetabllahing the coat of SKES an a function
of stored energy, ●stablishing an appropriate plant nlze that would
serve as an engineering prototype and, materials research and
development that may result in additional cost reductions.

OLher than s small (30 KJ) SMES CC1l installed and successfully
operated for line etabllizatlon, no SMES plants have been built to
date. However, due to the high ●nergy ●fficiency and immediate load
foLLowlng zapablllty of the SMES technology, and due to the favorable
c“.pital costs now being projected, commercial interest in SUES should
grow over the next few years.
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