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SUP~COtiUCTINC

fi,m paper preeencm the latemr design feature- ●nd
eavi.mctd co-to of ● 5000 HIJII11OOOW Superconducting
magvetie Piiergy Storage (SM?S) plant. SHES i- pro-
peei ● e ● commercially viable technology for ●lectric
utility load leveling. fie primary advantage of SKES
o~er other ●lectrical ●nergy ●torage technologies i-
ita high net :oundtrlp ●fficiency. Other featurem in-
clude rapid ●va!.lability and low maintenance ●nd
operating eoata. ~anomic romparieona ● re made with
other ●nergy storage opLi=~ and @th gaa turbinee.

ItI ● diurnal load leveling application, a ●uperconduc-
ti~ coil can be charged from the utility grid during
off-peak houra. The ●e arid in cnnnected to the dc
u~etic coil through a powar conversion system that
includes an inverter / rectifier. Once charged, the
●u~rcond~cting coil conducts current, tiich ●upportc
mu ●lectromagnetic field, with virtually no loaaem.
Duri~ hou:a of peak load, the stored ●nergy la dia-
charSed to the grid by reversing the charginti pro-
ceea. The principle of operation of ● SHES unit 1-
●hewn in Pig. 1. P.)r operation in the ●uparconductins
mode, tba coil la maintained at ●rtremely IOU tempara-
rure by heraioo in ● hth of liquid helium.

DESC,JPTION

The 5000 MIJW1OOO W wES plant conaiata of ● 556
turn, 4 radial Iavar ●eriea~ound ●olenoidal coil ●nd
●ll neceeaary rupporc ●yacema. The coil haa kn ●apect
ratio of 0.019 (19 mecere hiSh ●nd 1000 w-tera in
dla.mater) ●nd la houeed in a circular bedrock trench,
which providea ●upport for the coil structure ●gainet
radial magtietic forces. Pig. 2 18 a cut-away view
●hewing the coil ●nd relat-d component-.

fia coil ●mploye ● 200 M conduccor -da of coppar/
nlobi~titanium ❑uparconduci.or imbaddad in ● high
pur::? nluminum scabilitar. Tha conductor le plosl-
tlormd 18 ● n SI1OY ●luminum ●tructura which supports
c% (.onductor a~ainet m~natic Iosds . The coil
u:z.atea in a superfluid helium bath ●t 1.0 K ●nd ona
●tmosphere. Tha helium 10 mintainad ●t 1.0 K by ●

r9fri~eration Jyat~. To dnimlna comectiva and
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radiative haat tranafer the helltrm vaeael is ●ncloeed
in a tacuum vessel fittmd rith radiation ●hieldm.
DeeiAn of the SMES plant Includes a syatmm for p-
tection of the coil in tho ●vent of m amargency
abut-down mh.ile tia coil ia tharg-d. TIM liquid
helium la removed and the storad ●ergy la dissipated
in the CO1l materiale, WMrmiLU the coil safely to
ambient tmmparature.

Operation of the plant is relatively ●impla. Tha
char~e ●od diaclurse rate- ● re controlled rasotaly by
the utility, uhile tha refrigaratic.n system requires
local contrcl. Di&patch ●fficiency 18 94X. ~er+
fore, ● SHES plant 1- ●conomical to dispatch whn tha
coat of peaking power ●xcemda the comt of ks~-bmd
power by only 6 percent, ●a coaparad to ● 30 to SO
parcant dlffarential raquirad for othor ●nerty storato
tacbmologiaa. Total nnergy ●fficlaacy is about 91X.
Construction of ● 5000 Wb plant im ●stimatad to tug
two yeare and coat ●pproximately $961 nillioo in 19S4
dollars. 2%1s coet 1s co+aticive with other ●nargy
storage technologies.

Work to data hs identlfiod m mmresolwbla tmchnital
imwam, althou~ detailad ●n@naaring work rwina
prior to demonetratlon and c-ercial ●pplication of
tbls technology. Puture ●fforts uI1l focus 08 ●stab-
UaMng dofinitivaly th~ cost of 6~ ● s fumetion of
stored energy, desi~ ●nd cnmscruction of an ●~i-
naering protot~, and materials raaearch mud devalop
●ent that may result in ●dditional cent reductiomm.
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sU’PERComU~IW KAGMTIC -Gy STOMCE SYST’PM

Abmtract - ~Is paper presents the latest denign
feeturee aad ●mcimated coatn of ● 5000 ~/1000 W
Suparconductint Hagmtic Energy Storsge (SYIZS) plant.
SHES ie p..opoaed ● m a commercially viable technology
for electric utility loed IevelinS. The primary
●dvantage of SYU?S over othar ●lectrical ●nergy
●torega tachnologiee ie Ict high net roundtrip effi-
cimcy. Other ftatures lncluda repid ●vailability and
lW uintenance mnd operating costc. Economic com-
parisons ●re m,ada with otb~r ●nerty ●torege optioma
mnd with combuetlon turblnee.

WHLODUCTIO1.

In ● diurnal Ioed I-cling ●pplicetlon, ● ●uper-
ronductin& CO:I an be chargad from the utility grid
duri~ off-peak hourm. The ●c trial ie connacted to
the dc ugnetic coil through ● Power conversion eyetem
(PCS) that includae an inverter/toctlfler. Once
tharSmd, the muperconfucrlng coil conducte current,
which ●upporte am ●lectrougn~clc field, with vi-
tually no loesee. During houre of peek Ioed, tha
●tored ●nergy le dieLaar#ed co the grid through the
PCS by rw.mreing the thsr~ing procese. The principle
of operetion of ● !3F!H unit 18 ●hewn in Fig. 1. For
operetiou in the ●uperconductiug node, the coil ie
●alnteinod at ●stramaly low tem~sreturo by lmmereion
in e bath of liquid helium.

PiS. 1 StiH Principle of Operetion
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To ‘w feaaible, ● utility ●cele SHT?Splent should
have e low ●spect ratio (cnil height/coil diemetar) ●o
that it can be eonetruc:ed In an ope~ tranch [1,2].
Thie paper briefly reporcm ● SHIES design concept
resulting from two DOE-fundtd ●tudiee having tha Seal
of identifyinR- doveloping uid quantifying a low
~apect ratio ●yrtem configuration that Ie technically
feasible ●nd would heve ● commercially viable capital
coet [3,61.

DESCR-XPTION

The 5000 Wh, 1000 W SMY?S plant deaigo conoimta
of ● 536 turn, four redial layer, superconducting
●olenoidal coil plue ●ll ncceaaary support ●wetema.
Piuura 2 ●howa ● ‘bird’e ●ye- WleW d the plant and
Pis. 3 ie ● cut-away view ●hewing the coil ●nd related
compnnentam

rho coil employe ● 200 kA conductnr made of
copperlnlobium-titenim superconductor ●tabillzed by
tigh purity alumin-. The conductor la positioned tn
am ●lloy ●luminum ●tructure (conductor support
●aeambly) which ●upporte the conductor egainat UP
netic Ioadm. fia coil operatac in ● wperfiuid helium
bath st ● oomimAl tampareture of 1.8 K mnd ● nomiaal
preeeure of one ●tmoephere. The heltum, containad bY
a vaasel surrounding the coil, la meiricained ●t 1.8 K
by ● refrigeration ●Y@tem. To ●liminate =onvective
beet tremefer the helim Veooel ie ●urroundod by e
vecuum. TO mlmlmiae radiative beet tranefer, cwo

.0 9&fm

Fig, 2 Overall Plan vi~w of cha 5000 Wh B?4ESPlant
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- fixed teiptrature dlelda are located Lutveen the cold

●ncloce. TO mioitize conduction heat tranmfer, tne
struts arc ●lmo fitted with fixed temperature heat
intercepts. ~e shield and strut intercept tempera-
tures ●re maintained by active cooling. Over 24 houre
the refrigerator condume ●nergy ●quivalent to 2

percent of the usmbla coil ctmrge.

COIL

Tbe CO1l I- s neriem-mund solenoid, with an
●spect ratio of 0.019, and u inductance of 945
Henries. Scored -ergy of th- coil at full and ●ini-
mum charga 10 5250 Wb ●nd 230 IWh. respectively. The
CO!l, wound ●t ● dlamater of 1000 ● is housed in ●

circular bedrock trench, *ich provide- ulthato
wpport for the coil mtruccura against radial loads.
ti cnil im supported over itm full height from both
the inner amd autar treoch walla by radial strutm, the
speci~ of thesa ●trutm is detem.ined by allowable
strasmem in the conductor mpport aemembly. ~an
&rSat, tha magnetically inducmd outward radial force
in transmictod to thm outer trench wall. when fully
discharged, ths radq.zl Iosd 1S directmd inward ~nd is
trmn.aaittcd to the inner trmch mmll. The Inward load
10 the rmult of thermal hoop stresses from COOIIW
the stationary coil. &iml loads are borne Internally
by tha coil windi~ ●tructura. A plea ridw shovin8 ●

coil •~ant, helium Veem-1, struts, and vacuum encln-
●ure 10 Liven in Fig. 4.

Each vindi~ commimtm of ● conductor mud n conductor
support ●asambly. TIM coil turM aro ●hctricmlly
Imolatod from ona mnotbar by vartiml and horizontal
Inwlacor sheecm. ?Igura 5 show tho coil vindi~
pattern and seriam coonactiomm betmon radial layers.
Tbim Parallel hells mindin6 patt~rn was ●olocted in
prefarance to s pncaka pettaro pri-rlly bocauaa it
■implifiae doai~ of tho conductor ●upport ●msambly
emd patitm radial grading of the mupazconductor
contant in the conductor~ homevar, och?r hnafit~
accrue.
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Pig. ~ Plan Viev of tha Coil

IIII
FiE. 5 Radial L\yor C6nnactim Pmttarn

A ●chematic olaaram of ths conductor configuration
1s shovm in PII. 6. It consists of ●kout ona huodrmd
- 1 n suparco;ductor mtranda tibaddod in th surfae~
of s ractangulhr, high-purity ●ltmin= ●tabiliaar.
?or ru~g~dnamm, thm :onductor la 902 covmrad ulth
thin, hish strangth ●luain- ovamap. The aspect
ratio of tha conductor varias with location An the
coil to a:cooodata beari~ loads ●nd to mitim.iaa AC
lomsas. !faxim- ●vara~a AC Iammos arpactad for thla
conductor 18 ●rpactad to M 2.6 kb, and ●ra dainattd
by coupli~ lomsas.
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CONDJ~OR SUPPORT NXZHBLT

T%a cooductor support ●~membly, decai~ad in Piu.
7, consists of ● box shell and uial cupport ■embers
tithln tLe hx Slmll. All encloeed volda are filled
mith heat abeorbint material, probably tar. The box

●bell in subject to temelle ●trems due to coold-,
&nding streeeee, mod radial cmpreemlve ●treee. The
uial ●upport members ineide of tbe box chell mra not
mchmnically continuous in the circumferential direc-
tion end ue thereform ●tresmed only by radial beodin~
mod cumulative UIAI cnmpreeeive bmdm. Tbia detour

l.1~ of cooldouo ●trece frcm e.miel straee lm a key
femture of the deml~.

Fi~re 8 sh@e the coil ~ndi~ insulnt.-r detail.
ltech TInditq le ~meulatad radielly by rertical lneula-
torn emd emially by horizontal i~oulmtoro ●pannlu the
tidth of the coil. Receosem ere mechlned or ●oldod in
the horicontml lnmulatore uo tbmt the uiel compree-
sivm forcme WI1l b borne onlf by the uial ●upport
components of tho cenductor ●upport ●estmbly. During
operation, comprammlon-iaduced ●tatic friction be-een
the imauletora smd the conductor ●upport meoemblies
trmnsfers the ●haar forcm between ●djacent tindingm
due to hendi~. &cordi@y, no 811P bmeen CO-
mmnnte occurs-mod the four-layer ●ememblega restrains~._-—–. ––_—
radial Mbaotic loads se a co~pomite
wmtal inmulacors ●ra constructed
reinforced epay, while the vertical
meda from “Lome●rpensive meterial.

bemm.-The hori-
of C-1OCR glaem
insulecore can M

1---- -.:”=
Pig. 7 Co-ductor ●nd Support Aeemmbly

COLLPROTECTION

12, for mny remon, prt of or ●ll of the conduc-
tor should ks’” ro Ioae its superconducti~ ~NClryO
a coil protactl. amtu ie ●ctlvatad to ●hut dwa the
coil. This syctm mimultmneoumly dump- the 3 million
LAcers of Uquld beUm coolmnt tito a stora~e reecr-
wmir locmtmd below the coil ●nd drlws ●u~rcomductor
&nco ● “mo-:- reslstive state vith cold halium cas
[s]. ~cc the supwrcomductor lC Do-l, currsnt is
ehated hmen the conductor end tha coil windi~
otwmtur- 2m lnveroe proportion to thalr rcmlstancms

3
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Jig. 8 Coil Crose Section Sbaelot Verclcml ●nd
Horizontal Xneolacor Detail

●▼ chelr respective temperacuram. tia current ie
resistively convertad to heat, which im ●beorbed hy
the conductor, tbc conductor ●upport e.mmmbly, and the
hesc ●beorbi~ mmterial coateined in the ●nclomed
voids of the conductor cupport ●ecembly. The thermml
upeclty of the ●tructure ie deiigmed to ●beorb the
thermal energy without causirq therul or mechanical
deaeg~ tti the coil. Mcaume tha conductor 1s in Eood
the~~ crntact with the stmctdre, its temperature
risec only #lightly ●head of the temparsture of the
conduccor ●pport aneembly. Hot ●poto mod exceesive
volta~ee do not occur.

OTHER PLANTComolmll’s

Tha heli~ veenel wellm consist of ●lumin~
●ttached to tht boricontal G-1OLR Inaulatorm. fie top
of the hellum veesel is restrained against internal
preemure by tie rodm extendi~ the height of the coil.

Figures 3 mod 4 illuetrmte the ●rraqement of the
●truts ralativo t- the coil. MCAUDO the radial
mmsnetic force is dlrectad outward while the rhermsl
ceol-doun force ie directed inward, the r~oultent cm
h ●ither iwmrd or outward dtpendin~ on tha level of
●tored energy. ?egardlesm of the direction of the n-t
rmdisl forca, both inner end outer ●truts ●re aluaye
under cnmpreselon, tssurad by ●ppropriat~ pre-
●treeci~ with tha fihlmm. The ●trutm ●ra composed o!
C-10~ Slaswtainforced ●poxy pmnelm.

The ●tmospheric presnure lomd on the vacuum ●ncl~
●uro 1- transferred to the coil wlndl~ otructu:e by
the radial strute. No tenmllo loads are traamitted
to the trench wall. Figure 4 mhowe the •rra~wtmt of
the vacuu enclooure nils. Thm fLoor of the vscu~
●nclosure conmistm of stainlaos ●teel plsta. n- top,
●leo flat, conoiots of steel @hect wlded to the
umderslde of bmmme supported by the concrete Pedemtalo.

The 2MES coil 10 locmt~d hl- Srada tu uke ~me
of the ●atth ●e structure for reslstlq the not rodlal
loads seaerated by the coil. I’be depth of the trmnch
from srada is akut 25 s and •smm~s ● level ●ite.
This ●llwa ●doqumt~ bei~ht for Q. heli~ reservoir,
tho coil and OtILer hmrdware. Tlia tidth of tbe trench
1S 7 ~, h!ch ●llwe ior the coil, struts, chemal
●hielda, Vaeuw ●nclosure, amd vertical concrote
Pmdastale.
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. The &er and outer trench UMI18 ue ●ubject OU17
to comprennlv~ Ioadm. The forcem applied by the “

Table 1 Capital Requirement (?U1lIOIM of Lhllaro*)

rAdiml ●crutm are transferred to tha trench mall tin
vertical concrete pedeatala deeigned to load the r ck
to a Msimum premnure

!!of 1.92 142% (20 tonfft ).
Ttua llmit allova the plant to ha ●lted in Isneoua,
volcanic or nedi.mentmry rock of ■oderaca atrengtb.

OPERATIONAND PERPOMANCE

NormAl operation emd maintenance for ● SHES plant
●bould be relatively ●inple. me charge and diachsr~a
rates would k controlled remotely by tha utility
dlm>atcher. m refrigeration ●YOCeM would require
local control. About 40 equivalent ful~-tima permou-
uel vould b required for 24-hoLu operation of th,
plant; meinteman:e of the rafrigaration, vacuum, power
conditionl~, and other plant myetame; end admiaiacra-
tlon of thm facility.

In a SMJ!S plaGt, tha wjor aner~y loom takea place
at the PCS duri~ coil charSe and diacharga. bsumi~
● 97 percant one-my PCS ●fficiency, th pl~nt could

be .comomically d.apatchad when the cost of aadioq
ganaration ●xceede Cba coat of haea-load clurSi~
pouar by ●bout 6 percant. This comparaa to ● requirad
30 to SO parcent diff~rential for other modaa of
●nergy ●toraSo. Th.I -pitude and dirrction of pwer
throutb the PCS cam h cbn~ad rapidly (i.e., ic tanm
of milliaeconda). Am ● conmcquence, ● SUES plant
vnuld benafit pver ●yatem operators by bein~ uead not
only for bad IevalLng, but fur laad follotin~, ●s ●

tiq genarator, for ●pimming reaerva, for cranaient
etability ●qntatlon, and for ●ubsynchronoua raao-
nance dampiq.

COSTS

Tabla L premebta the ●mcimared total apital
requirement at startup including ●llowance for funde
durin~ construction (APDC), la 1984 dollars. The
●stimated comt of a S?ES plant capable of delivering
nnmioal 5000 MUh daily ●t ● nominal pomar of 1000 HU
la j961 million. This ineludem 2S percent conti~ency
on the coil ●ad other ●ergy ralated components and M
percent contiqency on powar ralated componsnto. A
1982 EPW-fu.ded study [6] ●tatge chat thera uouid be
●t laaat ● ●mall aarkat for ● nominal S000 NW, 1000
NU 9(2S plant continS $1000/kU (computed ae
related coata, $/kW + ●nergy-related cents, 8r&
houre of discharge at full povar) in 1981 dollarm.
Uhan computed on tha same Maim, t~- dcei~ reportad
harain 1s ●acimetad to coat $988/kU in 1984 dollare.
Neslecti~ Iicenein and land, the ovemisht conatru:-

1’tion costs ●re 157 (km for ●nergy ralatcd components
●nd 140 $/kW for povar ralated components, in 1985
dollare.

PiSura 9 comp=raa currant dollar revenum raquire-
mnts (4/kUh diacber~od) ~or !3tKs with othar near-tam
●narty ●cora~e optionsl lead ●cid Mtte:lea, ●alt-
haaad compreeaad ●ir •nmr~ etorase (-9), under-
ground pumped bydro (UPH), ●nd with cambuation tur-
biaaa (CT). Becauaa of ika him •nsr~ ●fficlanc~,
cho valua of O~S ralatlwe to othm ●oart? storata
tecbmoloSiaa ●nd cabuetion turblmea lncra~taa with
th~ comt of charsi~ ●l~ctricitf aod prwa fuels.
This lL komatrated by tha curvaa in pit. 10 which
●re kaad m hcraa~md racae for cbarglog tlactricity
(6 dMh va. 3 d/kUh) aod natural ~ae (~12/nllllom BTu
va. Wmillion BTU), hth in 198S doLlars. Coaald-
●rlq the time frama durl~ mhlch S= will ba a*ail-
●bla (1990’m) am~ tha ~-~aar projectad plant llfa,
●vm tb~aa %Tlcam f~r thsr&i~ elsctrlclt~ ●nd natural
ma ●ra probably Iw. Tablt 2 dalioaatee the tapitai
coet inputs, OMl coat laputn, ●od ●fficianclae umad to
Jarive tha Qcom-c ●craaol~ curvoa in ?1ss. 9 and 10.

h

COMMERCIALIZATIONPO~2AL

Tha work to dat~ baa idefltifiad no Unraeolvabla
technical ioauae, bt ● ●ignlfiunc amount of detailad
emgineeriq work r?aaine prio: to crnrcial applica-
tion of chia technology. The focus of futura ●fforts
●hould be directed towarda ●stabliahi~ tha coat of
SHSS ae m function of stored amargy, ●stablishing an
●ppropriate plant eica that would ●am ●a mn ●wi-
neeri~ proto:ypa amd, utariala ramaar~ emd devalo~
●ent that My ranult in ●dditional coet raductioma.

Othar than a emall (30 W) S!QS coil Inetallad tnd
●ucceasfully operated for lina ●tabilicatioa [7], no
6HES planta bAva bean built to data. Uwover, d-se to
tha bi~h •ncr~ ●fficiency and kdiate lsed fol~.w
ins capability of the SNES technology, and due to th~
favorabla capital costs aom bal~ projactad, cona-
cial intareat in EWES should ~rom ovar the naxt f-
yaars.
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FIs. 9 Rovenuo Rcquiremanc Scraening Curve- for
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