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ABSTRACT

Superconducting Magnetic Energy Storage (SMES) bhas potential as &
viable technoology for use in electric utility load leveling. The
advantage of SMES over other energy storage technologies 1s its high
net roundtrip energy efficlency. This paper reports the major features
and coeto of a jointly developed 5000 MWwh SMES plant design.

INTRODUCTION

In a diurnal load leveling application, a superconducting coil can
be charged froa the utility grid during off-peak houre. The ac grid is
counactad to the dc magnetic coil through a power counversion aystenm
(PCS) that 4includes &an inverter/rectifier. Once charged, the
superconducting coil conducts current, which supports an
electromaguetic field, with virtually no losses. During hours of peak
load, the stored energy is discharged to the grid through the PCS by
reversing the charging process.

To be feasible, a utility scale SMES plant should have a low aspect
ratio (coil height/coil diameler) so that it can be constructed in an
open treoch1:2,  Thie paper briefly reports a SMES design concept
rasulting from a DOE~funded ltudy3 having the goal of identifying,
devaloping and quantifying a low aspect ratio systea coofiguration that
is technically feasible and would have a commercislly viable capital
cost.

FUNCTIONAL DESCRIPTION

The 3000 Mwh, 1C00 MW SMES plant design consiste of & 336 turm, four
radial 1layor, superconducting solepoidal coil plus all necessary
support systems. Figure 1 shovs a "bird's eye"™ view of the plant and
Fig. 2 18 a ~ut-avay viev showing the coil and related components.
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Figure 1 OVERALL PLAN VIEW OF THE 8000 MWH SMES PLANT

The coil employs a 200 kA conductor made of copper/niobium-titanium
superconductor stabilized by high purity alumf{oum. The conductor is
positioned in an alloy alumioum structure (conductor support assembly)
which supports the conductor against magnetic loads. The coil operates
in a superfluid helium bath at a nowinal temperature of 1.8 K and a
noninal pressure of one atmosphere. The helium, contained by a vessal
surrounding the coil, is wmaintained at 1.8 K by a refrigeratfon
system, To eliminate counvective heat transfer the helium vessel 1is
surrounded by a vacuum. To minimize radiative heat transfer, two fixed
temperature shields are located between the cold helium vessel wall and
the anbient temperature vacuum enclose. To minimiie conduction heat
transfer, the struts are also fitted with fixed temperature lieat
intarcepts. The shield and strut iutercept texzperaturee sre maintained
by active cooliug. Over 24 hours the refrigerators consume energy
ejuivalent to 2 percent c¢f the usable coil charge.

COIL

The coil is a series-wound solenoid, with an aspect racio of 0,019,
and an inductance of 943 Henries, Stcred energy of the coil at full
and minimua charge is 3230 MWh and 250 MwWh, respectively. The coil,
wound at a diameter of 1000 m 1s housed in a4 circular bedrock tremch,
wvhich provides nltimate support for the coull ptructure against radial
loads. The coil 1s supported over its full height from toth the inner
and outer trench walls by radial struts, the spacicg of these struts is
determined by allowable stresses in the conductor support asseadly.
When charged, the wmagnetically 4induced outward radial forece 1ia
transnitted to the outer trench wall. When fully discharged, the
radial load ia directed {aoward and 4is transaitted to the imner treanch
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Figure 2 SUPEACONDUCTING MAGNETIC ENERGY STORAGE PLANT

wvall, The inward load is the result of thermal hoop str:sses froa
cooling the stationary coil. Axial loads are borme internally by the
coil winding setructure. A plan view showing a coil segment, helium
vessel, struts, and vacuum enclosure is given in Pig. 3.

Each winding coosists of a conductor aad a coanductor support assemtly,
The coil turns are electrically isolated from one another by vertical
and horizontal 4insulator s'cets. Pigure 4 shows the coil winding
pattern and series connections between radial layers. This parallel
helix winding pattern was sclected in preference to a pancaka patterm
primarily because it simplifies design of the conductor support
assembly and permits redial grading of the superconductor conteat ir
the conductor; howaver, other benefits accrue.

A schematic diagrem of the conductor configuration is shown in
Fig. 3. It cousists of about ooe hundred - 1 mm superconductor strands
imbedded 41in the surface of a ractangular, high-purity aluminum
stabilizer. PFor ruggedoesm, the conductor is 90T covered with thin,
high strength alusinun overwrap. The aspect ratio of the conductnr
varies with locetion in the coil to accommodate bearing loads and to
minimice AC losseas., Maximum average AC losres expected for this
conductor {s expected to be 2,6 kW, and are dominated by coupling
losses,

CONDUCTOR SUPPORT ASSEMBLY
The conductor support assembly, detailes in Prig. 6, consiats of a

box shell and axial support members within the box shell. All enclosed
voidas are filled with heat absorbine material. nrohahlv ravr. Tha hne
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Figure 3 PLAN VIEW OF THE COIL
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shell 1is subject to teansile stress due to cooldown, bending stresses,
and radial compressive stress. The axial support members inside of the
box shell are not mechanically continous in the circumferential
direction and are therefore stressed only by radial bending and
cumulative azial compressive loads. This decoupling of cooldown atress
from axlal stress 12 a key feature of the design.
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Figure 6. CONDUCTOR AND SUP:r. T ASSEMBLY

Figure 7 shows the coil winding insulator detail. Each winding is
insulated raodially by vertical fusvlatozs and axially by horizontal
insulators spanning the width of the cnil. Recesses are machined or
molded in the horizontal insulators so that the axial compressive
forces will be borne only by the axial support components of the
conductor support assembly, During operation, compresaion-induced
static friction betwetn the 1insulators and the conductor support
asgemblies transfers the shear force between adjacent windings due to
bending. Accordingly, no slip between components occurs and the

four-layer assemblage restrains radial magnetic loads as a composite.

beam. The horizontal Iinsulators are constructed of G-10CR glass
reinforced epoxy, while the vertical i{nsulators can be made from less
expensive material.

COIL PROTECTION

If, %or any reason, part of or all of the conductor should begin to
lose 1ites superconducting capacity, & coil protection system 1is
activated to shut down the coil. This system sinultaneously dumps the
3 million 1liters of 1liquid helium coolant into a storage reservoir
located below tha coil and drives ;uperconductor iato a “pormal”
resistive state with cold helium gas’?. Once the superconductor 1is
normal, curreat 1s shared between the conductor and the cvil winding
structure in inverse nprcportion to their resistances at their
reapective temperatures, The curient is resistively converted to heat,
which is absorbted by che conductor, the corductor support assembly, and
the heat abmorbing material contaiced in the enclosed voida of the
conductor support assembly, The thermal capacity of tha structure is
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mechanical damage to the coil, The electrical resistivity of the high
puricy aluminum stabilizer in the conductor is substantially lower than
that of the alloy aluminum coil winding structure at all teamperatures
up to melting. A dircet result of these properties 1s that, once
normal, the local conductor tremperature will tend to be higher thao the
local structure temperature at all times during a protective energy
dump. However, because the counductor is in good thermal contact with
the structure, 1its temperature tracks only slightly ahead of the
temperature of the conductor support assembiy. Hot spots and excessive
voltages do not occur.

OTHZR PLANT COMPONENTS

The helium vessel valls consist of alumioum attached to the
borizontal C-10CR iamsulators. The top of the helium vessel s
restrained agaicst interncl pressure by tie rods extending the height
of the coil.

FPigures 2 and 3 illustratc the arrangement of the struts relative to
the coil. Beacause the radial magnetic force is directed outvard while
the thermal cool-down force is directed inward, the resultant can be
either inwvard or outward depending on the level of stored energy.
Regardless of the direction of the net radial force, both inner and
outer strute are alwaysu under coampressiou, assured by appropriate
pre-stressing wich the shins., The struts are composed of G-10Ck
glass-reinfurced epoxy psoels.

The stmoepheric presnsre load oa the vacuum enclosure is transferred
to the coil windii} structure by the radisl struts. No teasile loads



the vacuum enclosure walls. The floor of the vacuum enclosure consists
of stainlazss steel plate. The top, also flat, consists of steel sheet
welded to the underside of beams supported by the concrete pedestals.

The SMES coil is located below grade to make use of the earth as
structure for resisting the net radial 1loads generated by the coil.
The depth of the treanch from grade is about 25 m and assumes a level
site. This allows adequate height for the helium reservoir, the coil
and other hardware. The width of the trench is 7 m, which allows fnr
the coil, struts, thermal shields, vacuum enclosure, and vertical
concrete pedestals.,

The inner and outer trench walls are subject only to compressive
loads. The forces applied by the reiial struts are transferred to the
trench wall via verticsl concrete pedestals designed to load the rock
to a maximum pressure of 1.92 MPa (20 ton/ft2)., This limit allows
the plant to be sited in 1igneous, volcanic or sedimentary rock of
moderate strength.

OPERATION AND PERFORMANCE

Normal operation and maintenance for a SMES plant sghould be
relatively simple. The charge ard discharge retes would be controlled
reazotely by the utility dispatcher, The refrigeration system would
require local control, About 40 equivaleat full-time personnel would
be required for 24-hour operation of the plant; maintenance of the
refrigeration, vacuum, pover cond tioning, and other plant systems; and
aiministration of the facility.

In a SMES plant, the major energy loss takes place at the PCS 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 energy storage. The magnitude and direction of
power through the PCS can be changed rapidly (i.e., in tens of
milliesconds). As a consequ=nce, a SMES plant would benefit pover
system operaturs by being usel not only for load leveling, but for load
following, as a owing generator, for spinning reserve, for transieat
stability augmentation, and for subsynchronous resonaoce damping.

COSTS

Table 1 presents the estimated total capital requirement at startup
including allowance for funds during construction (APDC), 1in 1984
dollars. The estimated cost of a SMES plant capable of delivering
pominal 5000 Mwh daily at a nominal power of 1000 MW is $961 millionm.

A 1982 EPRI-funded ltudy4 states that there would be at least a
snall market for a nomipal 5000 Mwh, 1000 MW SMES plant costing
$1000/kW (computed as power-related costs, $/kW + energy-related costa,
$/kWh x bours of discharge at full power) in 1981 dollars. When
computed on the same basis, the design reported herein is estimated to
cost $988/kW in 1984 dollars. Pusthermore, because of its high energy
efficiency, the value of SMES relative to other energy stnrage
technologies will fncrease with the cost of charging energy.

COMMERCIALIZATION POTENTIAL

The work to date has identified no unresclvable technical 1issues,
but a significant smount of detailed engineering work remains prior to



Table | TOTAL CAPITAL REQUIREMENT (MILLIONS OF DOLLARS)

1984 Dollars
Storage Related Power Related

Costs Cosis Totals

Direct Process Capnal:
Materials and Ofisite Fabrication 407.8 79.0 4886
Construction 93.7 24 4 118.1
Total Drrect Process Capital 501.3 103 .4 604.7
Indirect Process Capnal 212 .18 29.0
Total Process Capital 5225 111.2 633.7
General Facilities 24 - 24
Engineenng ana Home Office 26.2 5.6 nas
Geotechnical 21 - 21
Licens:ng 25 - 25
555.7 116.8 6725
Contingency 138 9(25%) 17.5(15%) 1564
Total Plant Investment 694.6 134.3 828.9
AFDC 830 50 88.0
Total Plant Invesiment! At Startup 7776 1393 9169
Preproduction 79 14 93
inveniory and Rairigerants 265 - 26.5
Land 79 — 7.9
Total Capnal Requirement 8199 140.7 960 6

commercial application of this technology. The focus of future efforts
should be directed towards establishing the cost of SMES as a function
of stored energy, establishing an appropriate plant size that would
serve as aun englineering prototype and, materials research and
development that may result in additional cost reductions.

Other than a swmall (30 MJ) SMES ccil installed and successfully
operated for 1line stabilization, no SMES plants have been built to
date. However, due to the high energy efficiency and immediate load
following capability of the SMES technology, and due to the favorable

c.pital costs now being projected, commercial interest im SMES should
grow over the next few years.
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